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°

A
AlEt,
AliBuj
AlMe,
AlR4
atm

C

Cp
DSC

Et
EP
Flu

GPC

iBu
Ind

iPr

kcal
kJ

angstrom
triethylaluminum
triisobutylaluminum
trimethylaluminum
trialkylaluminum
atmospheric pressure
degrees Centigrade
cyclopentadienyl
differential scanning calorimetry
ethene

ethyl, 1,2-ethene
ethene/propene copolymer
fluorenyl

gram

gel permeation chromatography
hour(s)

hertz

isobutyl

indenyl

isopropyl

kelvin

kilo-calorie

kiro-joule

liter(s)

nPr

PE
Ph
PP

ppm

rac-

meter(s), mili

moles per liter

MICro

methylaluminoxane

methyl

minute(s)

number-average molecular weight

mole(s)

weight-average molecular wieght
molecular weight distribution
nuclear magnetic resonance
(normal)propyl

propene

polyethene

phenyl

polypropene

parts per million

alkyl

racemic

second(s)

time

tert-butyl

glass transition temperature

melting point



Metallocene catalysts

Cp,TiCl,
Cp,Z1Cl,
Cp*,ZiCl,
Ind,ZrCl,
Et(Ind),ZrCl,
Et(Ind),HfCl,
Me,Si(Ind),ZrCl,
Me,Si(Ind),HfCl,
Me,Si(H,Ind),ZrCl,

Me,Si(2,3,5-MeCp),Z1Cl,
Me,Si(2-Melnd), ZrCl,

iPr(Cp)(Flu)ZrCl,

Ph,C(Cp)(Flu)ZrCl,

Cation-forming reagents

B(C4Fs);
PhyCB(C¢Fs),

bis(cyclopentadienyl)titanium dichloride
bis(cyclopentadienyl)zirconium dichloride
bis(pentamethylcyclopentadienyl)zirconium dichloride
bis(indenyl)zirconium dichloride
ethenebis(indenyl)zirconium dichloride
ethenebis(indenyl)hafnium dichloride
dimethylsilylenebis(indenyl)zirconium dichloride
dimethyIsilylenebis(indenyl)zirconium dichloride
dimethylsilylenebis(tetrahydroindenyl)zirconium dichloride

dimethylsilylenebis(2,3,5-trimethylcyclopentadienyl)zirconium
dichloride

dimethylsilylenebis(2-methylindenyl)zirconium dichloride
isopropylidene(cyclopentadienyl)(9-fluorenyl)zirconium
dichloride
diphenylmethylene(cyclopentadienyl)(9-fluorenyl)zirconium
dichloride

tris(pentafluorophenyl)borane
triphenylcarbeniumtetrakis(pentafluorophenyl)borate
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Chapter 1

1-1. Olefin Polymerization with Group 4 Metallocene Catalysts

1-1-1. Metallocene Catalysts for Olefin Polymerization

Group 4 metallocene complexes have long been known and were used for olefin
polymerization catalysts. Groups of Natta and Breslow independently discovered the first
homogeneous Ziegler—Natta catalyst of CpyTiCl; using dialkylaluminumchloride (RAICI) as a
cocatalyst.1,2  The catalyst system showed very low activity for ethene polymerization and
was used as a homogeneous system to define the active centers for olefin polymerizations.
Subsequent studies were aimed at the identification of reaction mechanisms and the kinetic
study of olefin polymerization with the catalyst system.3

Reichert and Mayer found that addition of a small amount of water enhanced the activity of
olefin polymerization with Cp2TiCl’g—ethylaluminumdichloride (EtAIClp) system.* Before this
discovery, water was considered to be.a poison for olefin polymerization catalysts.
Subsequent studies were conducted by Long and Breslow on the effects of water in CpTiCly—
methylaluminumdichloride (MeAIClp) system.5 In the catalyst system, MeAlCly was partially
hydrolyzed by the water to form dimeric aluminoxane (CIMeAl-O-AlCIMe), and
polymerization activity for ethene was observed.

A remarkable increase in activity for ethene polymerization was found by Sinn and Kaminsky
when water was added to bis(cyclopentadienyl)zirconium dimethyl (CpZrMe3)-AlMes3 system
which was inactive without water.67 Formation of MAO by partial hydrolysis of AlMe3 was
supported by its direct synthesis and characterization. In 1980, Kaminsky and Sinn found the
catalyst system, which was composed of group 4 metallocene catalysts and MAO, afforded to
give high activity for ethene polymerization.”  The discovery brought the way to expand
possibilities of olefin polymerizations and properties of the resulting polyolefins. A
considerable number of studies have been made on the group 4 metallocene catalysts and the

olefin polymerizations from both the academic and industrial points of view.

1-1-2. Aluminoxane



Chapter 1

Oligomeric alkylaluminoxanes have been known, for example, as initiators for
polymerization of oxiranes.8  The aluminoxanes are obtained through the reaction of
alkylaluminums with water. The water should be present in a dilute or less accessible form
such as in wet solvents or hydrated salts, since the reaction between water and alkylaluminums
is extremely fast and highly exothermic. ~Several methods for synthesis of aluminoxanes have
been reported in the literature.”

The type of aluminoxane affects the polymerization activity for olefins with metallocene-
aluminoxane systems. MAO seems to be more effective as a cocatalyst than other
aluminoxanes such as ethylaluminoxane (EAO) and isobutylaluminoxane (IBAO).10 A
modified form of methylaluminoxane (MMAO) containing isobutyl groups was synthesized to
improve the solubility in aliphatic hydrocarbons.!1

The structure of MAO has been investigated by IR (infrared), UV (ultraviolet), NMR
spectroscopy, chromatography, and other means.5-12  The exact structure of MAO is still a
matter of controversy. There are different equilibria between residual AlMe3 and/or MAO
oligomers.120-g  The cyclic and linear structures of MAO with different oligomerization degree
are considered as shown in Figure 1-1.  Sinn er al. conducted phase separation of MAO

solution in toluene and determined the cage structure.12p

c|:|-|3 CH,
H;C CH; H,C /CH3
>AI O—Al 0-—-A|< \AI O— Al 0—AI
HsC n CHj | h I
o
Linear Structure Cyclic Structure

Figure 1-1. Plausible structures of MAO.

1-1-3. Metallocene-MAO Catalyst System
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Many functions have been attributed to MAO.  One function of MAO is alkylation of
halogenated metallocene complex. The monomethyl compound is formed in the first step and
excess MAO leads to the dialkylated species in the CpaZrCl-MAO system.102.12f Tt is at least
necessary that one alkyl group is bonded to the metallocene for the activation.13  MAO
stabilizes the cationic metallocenealky! by acting as counter-ion and prevents the catalyst from
bimolecular reduction.”-14:15  MAO also scavenges impurities such as water and oxygen from
the reaction medium.15 A large amount of MAO is required (Al:Zr ratios of about 1000:1 or
higher) for the polymerization to reach its optimum activity.

It has been established that the active center in olefin polymerization is a cationic metallocene.
The formation of cationic [CppZrR]* in Cp2ZrMe-MAO system was confirmed by 917r and
13C NMR spectroscopy in the solution, and stﬁdied by XPS in the solid-state.120:16  The
cation is stabilized by a weak coordinative contact with Al-O units or bridging CH3 as shown in
Figure 1-2.9%17.18  This information led to the discovery of highly-active cationic metallocene

catalysts for olefin polymerizations.

CH; CH;  CHy

\\“AI/O\LI/O\I-I\I'/ CH,
C"\ZEr - ﬁ”ﬁ’ 5" ',g— /Iu—o
cp” é\ CH, C'°22'r’\c|_l3 n
"‘\0/"\'\6/"“\0.—"'
CH,  CHy

Figure 1-2. Plausible structures of active site in Cp,ZrCl,-MAO.

1-1-4. Cationic Metallocene Complexes with Cation-forming Reagent

Cationic metallocenes are prepared by combining at least two components. ~ The first is a
metallocene and the second is an ion exchange compound comprising a cation and a non-
coordinating anion. Borane reagents such as tetraphenylborate (B(Ce¢Hs)47) and carborane

(C2BoH{2") were used for cation-forming reagents, while the resultant cation showed low

3
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activity due to the strong interaction with the counter anions.!9  The use of fluorinated
boranes, such as Ph3CB(C6F5)4 or dimethylanilinium-tetrakis(pentafluorophenyl)borate
(NHMe,PhB(CgFs)4), for a cation-forming reagent led to highly active metallocene
catalysts.16d,19¢,d,20  An jon pair [LoZrMe]*[B(CgF5)4l” (where L is substituted
cyclopentadienyl or indenyl ligand) is formed through reactions of LyZrMej with
Ph3CB(CgFs)4 or NHMe;PhB(CeFs5)4 as shown in Scheme 1-1(a). Cationic metallocene
complexes can also be formed through a reaction with B(CeFs5)3 (Scheme 1-1(b)) and show

highly activity for olefin polymerizations.2!

(a)
L,ZrMe, + [PhaClIB(CeFs)q] >

[L,ZMe]* + [B(CeFs)l + PhsCMe
2 6'5

L,ZrMe, + [NHMe,Ph][B(CgF5)4]

Y

[L,ZMe]* + [B(CeFsll + NMePh + CH,

(b)
LZZTMGZ + B(CGF5)3 > [LZZrMe]+ + [MeB(CGF5)3]-

Scheme 1-1.

Crystalline structure of (MepCsH3)ZrCH3* --- H3CB(CeF5)3- was obtained by Marks et al.
using X-ray analysis.21b  Partially coordinative contact still exists between the cationic Zr
center and its counterion. The olefin coordinates to this compound by n-complexation then
inserts into the Zr—Me bond.

Cationic metallocene complexes with cation-forming reagents show higher activity than those
with MAO. A great advantage is that the molar ratio of borane reagent to Zr is about 1:1
enough for activation. On the other hand, these systems are easily deactivated by impurities.

Addition of AlR3, such as AlEt3 or AliBus, can stabilize these catalyst systems.20a.d
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1-2. Stereospecific Polymerization of Propene with Metallocene

Catalysts

1-2-1. Isospecific Polymerization of Propene with Metallocene Catalysts

Two types of stereochemical controls are considered in isospecific polymerization of
propene. One is chain-end control derived from asymmetric configuration of the last inserted
propene. The other is enantiomorphic-site control by chirality of the catalyst. ~Stereochemical
structures of polypropene can be determined by 13C NMR spectroscopy and the resonances
from methyl groups have been assigned to the ten steric arrangements of five adjacent monomer
units (pentad fraction) as shown in Figure 1-3. Only nine resonances are observed in the
pentad fractions since the mmrm and rmrr pentads have the same chemical shift. Steric defect
of --mmmrmmmm-- is predominantly observed in the chain-end controlled isotactic
polypropene. ~ While the defect of --mmmrrmmm-- is typically observed in the case of
enantiomorphic-site control (Figure 1-4).

In 1984, Ewen reported the isospecific polymerization of propene with non-bridged
(bis(cyclopentadienyl)titanium diphenyl, Cp2TiPhy) and Cy-symmetrical ansa-titanocene
(ethenebis(indenyl)titanium dichloride, Et(Ind),TiCly) catalysts using MAO as a cocatalyst.22
In the case of using Cp,TiPhy, polymerization should be conducted at low temperature (below
_40 °C) to obtain the isotactic polymer although the isotacticity of the obtained polypropene was
Jow ([mmmm] = 50%). The stereochemical structures of the polypropene indicated chain-end
control model. On the other hand, isotactic polypropene ([mm] = 80% polymerized at —60 °C)
derived from enantiomorphic-site control was obtained with Et(Ind);TiCl;. Kaminsky and
Brintzinger et al. synthesized rac-type ansa-zirconocenes, rac-Et(Ind)2ZrCly and rac-
Et(H4lnd),ZrCly, and conducted highly isospecific polymerization of propene activated by
MAO (Figure 1-5).9d

Since the discovery of rac-bis(indenyl) type Cp-symmetrical metallocene catalysts for

isospecific polymerization of propene, much effort has been expended in development of the
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lmmm|r |mlm|rm \I’ I’|I’ m

| B T
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| — T |
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Chain-End Control Enantiomorphic-Site Control

Figure 1-4. Steric defects of isotactic polypropene.
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Figure 1-5. (2) rac-Et(Ind),ZrCl,, (b) rac-Et(H,Ind), ZrCl,.

metallocene catalysts by modification of the bridge and the indenyl ligand.  Yamazaki et al.
reported isospecific polymerization of propene with rac-Me;Si(2,3,5-Me3Cp)(2',4',5'-
Me3Cp)ZrCl,-MAO and obtained highly isotactic polypropene ([mmmm] = 97-98%).23
Spaleck et al. synthesized rac-Me;Si(2-Me-4-naphthyl Ind)>ZrCl; and conducted highly
isospecific polymerization of propene ([mmmm] = 91%) with high activity.24 Kaminsky et al.
developed rac-Et(2,4,7-Me3Ind);ZrCl; and reported highly isospecific polymerization of
propene with high molecular weight.25.26

A Ci-symmetrical metallocene, iPr(3-tBuCp)(3-rBulnd)ZrCly, for highly isotactic
polypropene has been developed by Showadenko Co., Ltd.27 Ewen also reported the
isospecific polymerization of propene with a C1-symmetrical iPr(3-BuCp)(Flu)ZrCl,.28 In

these catalysts, only one vacant site is available for propene coordination.

Propene insertion mainly proceeds with 1,2-regioselectivity in the isospecific polymerization
with metallocene catalysts. However, a small amount of 2,1- and 1,3-inserted regioirregular
units were observed in isotactic polypropene as shown in Figure 1-6.2% Busico et al. reported
that total fraction of regioirregular units was independent of polymerization temperature, while
molar ratio of 1,3-inserted units to 2,1-inserted ones increased with an increase of

polymerization temperature.30 They also found the increase of 2,1-inserted units with an

7
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increase of propene concentration. The 1,3-inserted units could be formed by isomerization of
the 2,1-inserted propagating chain via B-H elimination followed by re-insertion.  These
regioirregular units affect properties of the isotactic polypropene. In general, melting point of
the isotactic polypropene obtained with metallocene catalysts are lower than that obtained with
conventional Ziegler—Natta catalysts. Improvement of regioselectivity should be one of the

most important subjects for development in the metallocene catalysts.

——c—i—i—c——b—i—c— ¢ ¢
—C—C—C—C—C—C—C—C—
Y
—C—C—(—C—C—C—C—
C

2,1-Insertion Units 1,3-Insertion Uunit

Figure 1-6. Formations of regioirregular units.

1-2-2. Syndiospecific Polymerization of Propene with Metallocene Catalysts

Two types of stereochemical controls can be considered also in syndiospecific polymerization
of propene. One is the chain-end control and the other is enantiomorphic-site control. ~ Steric
defect of --rrrmrrr-- is predominantly observed in the chain-end controlled syndiotactic
polypropene. While the defect of --rrrmmirr-- is typically observed in the case of

enantiomorphic-site control (Figure 1-7).

Chain-End Control Enantiomorphic-Site Control

Figure 1-7. Steric defects of syndiotactic polypropene.
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Ewen synthesized highly syndiotactic polypropene by using Cs-symmetrical metallocene,
iPr(Cp)(Flu)ZrCl;-MAO (Figure 1-8).31  The steric defect of [rmmr] was observed
predominantly in this syndiotactic polypropene.  The result indicated that syndiospecific
polymerization of propene proceeded with alternating monomer insertions to the two different
sites of Cs-symmetrical metallocene in the enantiomorphic-site control.  On the other hands,
the steric defect of [rmrr] was also detected. This steric defect originated from migration of the
propagating polymer chain to the vacant site, and increased with a decrease of propene

concentration.

Figure 1-8. iPr(Cp)(Flu)ZrCl,.

Modifications of iPr(Cp)(Flu)ZrCl; complex have been investigated.32 Razavi et al.
conducted propene polymerization with PhpC(Cp)(Flu)MCl; (M = Zr, Hf)-MAO and reported
an increase of molecular weight of resulting syndiotactic polypropene.322  Asanuma et al.
synthesized X(Cp)(2,7-tBusFlu)ZrCly (X = iPr, PhpC), and reported an increase of

syndiotacticity in propene polymerization using these catalysts.32d
1-2-3. Various Polypropenes Prepared by Metallocene Catalysts

Development of metallocene catalysts has enable us to synthesize new-type polypropenes.
Ewen et al. reported that iPr(3-MeCp)(Flu)ZrCly -MAO produced hemiisotactic polypropene as

shown in Figure 1-9.33  The hemiisotactic polypropene is obtained because one of the two

9
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coordination sites in the metallocene catalyst is less stereospecific than the other site due to the

steric hindrance of Me substituent on the Cp ligand.

s
-
- - - -
TN
S

Figure 1-9. iPr(3-MeCp)(Flu)ZrCl, and hemiisotactic polypropene.

Waymouth er al. reported synthesis of isotactic-atactic stereoblock polypropene with
elastomeric properties using non-bridged (2-RInd)2ZrCly (R = Ph, 3,5-Me;Ph, 3,5-
(CF3),Ph)-MAO as shown in Figure 1-10.34  This catalyst appears to isomerize, by restricted
rotation of its indenyl ligands, between chiral and achiral coordination geometry during chain
growth.  Collins et al. also reported the synthesis of elastomeric polypropene with

MerX(Cp)(Ind)MClp (X =C, Si; M =Tij, Zr, Hf)-MAO.35

Isotactic Block Atactic Block

Figure 1-10. Propene polymerization with iPr(2-phenyl Ind),ZrCl,.
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1-3. Copolymerization of Ethene or Propene with Other Olefins
by Metallocene Catalysts

1-3-1. Copolymerization with o-Olefins

Copolymerization of ethene with o-olefin is an industrially important process. The length
of side chain in the copolymer can be controlled by the introduced comonomer and that allows
manufacture of liner low density polyethene (LLDPE).  Metallocene catalysts show high
activity for ethene/a-olefin copolymerization and have higher reactvities for a-olefins than
conventional Ziegler—Natta catalysts. The copolymers produced are characterized by narrow
molecular weight distribution and chemical composition with a random distribution of the
comonomers.

Ethene/propene copolymierization has been carried out with a large number of metallocene
catalysts and under various polymerization conditions.36:37  Copolymerizations of ethene with
conventional higher a-olefins, such as 1-butene, 1-hexene, and 1-octene, have been also
conducted.37.38  Monomer sequence distributions and monomer reactivity ratios were studied
by 13C NMR spectroscopy of the copolymers obtained. The monomer reactivity ratio was
changed with the metallocene ligands, and reactivity ratios of a-olefins were decreased in the
following order according to the chirality of metallocene catalysts: syndiospecific (Cs-
symmetrical) > isospecific (C-symmetrical) > aspecific (C2,-symmetrical).382  The LLDPEs
obtained with metallocene catalysts have excellent physical properties due to the narrow
composition distribution and the random distribution of comonomers.  Further higher -
olefins such as 1-decene, 1-dodecene, 1-hexadecene, and 1-octadecene could be also
copolymerized with ethene using metallocene catalysts.37¢,380-s.39

Recently, alternating copolymerizations of ethene/o-olefins were achieved. Soga et al.
conducted ethene/l-octene copolymerization with meso-Me,Si(2-Melnd),ZrCl, and
ethene/propene copolymerization with Et(Ind)(Flu)ZrCl; using MAO as cocatalyst, and
succeeded in preparing the alternating copolymers.40  Waymouth et al. carried out

ethene/propene copqumerization with iPr(3-MeCp)(Flu)ZrCl; (C1-symmetrical) and iPr(3,4-

11
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Me,Cp)(Flu)ZrCl; (Cs-symmetrical)-MAO, and observed highly-alternating monomer
distributions in the copolymer.4!

Copolymerizations of propene/other a-olefin with stereospecific metallocene catalysts have
been reported.42  Advantages of using metallocene catalysts are the high reactivity for a-
olefins and homogeneous chemical structures of the resulting copolymers. Propene/o-olefin
copolymers exhibit properties ranging form thermoplastic elastomers to typical rubbers.
Decrease of Ty, and Tg was observed with the increase of a-olefin content in the propene/higher
a-olefin copolymers prepared by isospecific metallocene catalysts. The slight decrease of the
T, was observed with the increase of comonomer content in 1-butene copolymer, while the
copolymers with higher a-olefins showed effective depression of the Ty independent of the
side chain length. Although the T of propene/a-olefin copolymers decreased with increase of

the length of a-olefins.43¢

1-3-2. Copolymerization with Dienes or Cycloolefins

Copolymerizations of ethene/diene or cycloolefin, such as 4-vinyl-cyclohexene, norbornene,
cyclopentene and so on have been conducted with metallocene catalysts.43  Furthermore,
terpolymerizations with ethene/propene/diene have been also carried out for the synthesis of
EPDM (ethene-propene-diene terpolymer).44  The EPDM is currently produced by vanadium
catalysts, which are low in activity and limited in diene concentration due to side reactions.
The metallocene catalyst technology was successfully employed in the copolymerization of
cycloolefins. These cycloolefins are polymerized without ring opening. High incorporation
of the cycloolefins in the terpolymer decreased crystallinity of the EPDM to amorphous
elastomeric copolymers.

Copolymerizations of propene with cycloolefins have been conducted with isospecific
metallocene catalysts. Kaminsky ez al. conducted propene/cyclopentene copolymerization with
rac-Et(Ind),ZrCl,-MAO.452  Arnold, Henschke and Kéller reported the copolymerization of

propene/cyclopentene and propene/norbornene with isospecific metallocene catalysts.43b.c

12
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The propene based copolymers with cyclic structures showed high Tg. The T value of
copolymers could be controlled with the cycloolefin content in the copolymers.
Copolymerization with nonconjugated dienes involving intramolecular cyclization is one of
the useful methods to obtain the polyolefins with cyclic structures. Waymouth ez al. carried
out polymerization of 1,5-hexadiene with metallocene catalysts and found that cycloaddition
polymers were selectively obtained.#6 Marques ef al., Luft ez al., and Miilhaupt et al. applied
the cycloaddition of 1,5-hexadiene to the copolymerization with ethene, and obtained

polyethene with 1,3-cyclopentane structures.4”
1-3-3. Copolymerization with Functionalized Vinyl Monomers

A large number of studies have been made on copolymerization of ethene, propene with
various vinyl monomers with metallocene catalysts. Some metallocene catalysts proceed
copolymerizations of ethene with styrene-or substituted styrene in good yields.48  Some
attempts to copolymerize olefins with polar vinyl monomers have been made, and ethene- or
propene-based copolymers including various functional groups have been synthesized.4?
These copolymers could be converted to graft copolymers and functionalized copolymers with
various groups. Higher reactivity of metallocene catalysts for higher a-olefins has enable us

to synthesize copolymers with polyolefin macromonomers.>0

1-4. Aim of This Work

As described in the preceding section, not only the ligand and bridge structures but
cocatalysts combined are important factors to control the activity, molecular weight and
microstructures of resulting polymers in the polymerization of olefins with metallocene
catalysts. However, most of the research works up to now have been concentrated on the
structure of metallocenes. A variety of copolymerization is also one of the most excellent

features in the olefin polymerization with metallocene catalysts. A great deal of effort has been

13
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made on the synthesis of ethene-based copolymers such as LLDPE and EPDM with metallocene
catalysts. What seems to be lacking , however, is synthesis and analysis of propene-based
copolymers with various comonomers with metallocene catalysts.

In the present thesis, the author focused on two themes in olefin polymerization with
metallocene catalysts as mentioned above. One is the effect of cocatalysts and the other is
synthesis and structural analysis of propene-based copolymers.

In Chapter 2, ethene polymerization was conducted with rac-Me»Si(Ind);ZrCl,-MAO under
various conditions and the molecular weight and MWD of resulting polyethenes were studied
by GPC. The ethene polymerization was conducted also with zirconocenes, Cp2ZrCl, and
rac-Me»Si(Ind);ZrCly, combined with AlR3/borane compounds and the effect of cocatalysts on
the polymerization activity and rate-time profile was studied.

In Chapter 3, propene, 1-butene, and 1-hexene polymerizations were carried out with rac-
and meso-type ansa-zirconocene catalysts, Me,Si(2,3,5-Me3Cp)2ZrCly and MeSi(2-
Melnd)»ZrCl,, using MAO and ‘AlR3/Ph3CB(CeFs5)4.  Effect of cocatalysts on the
polymerization rate with rac-isomer and meso-isomer was studied. Furthermore, effect of the
ligand structure of zirconocene catalysts on the olefin coordination was discussed.

In Chapter 4, propene polymerization was performed with isospecific and syndiospecific
zirconocene catalysts using AlIR3/Ph3CB(C¢Fs)4 (R = Et, iBu) to study the chain transfer
reaction by AIR3. Effect of R groups in AIR3 and AlR3 concentration was studied by the
chain end structures and molecular weight of polypropenes obtained.

In Chapter 5, polypropenes were prepared by Cay-, C2-, and Cs-symmetrical zirconocene
catalysts using MAO and AIR3/Ph3CB(CeFs)4 as cocatalysts.  Effect of cocatalysts on
microstructures of the polypropenes was studied by 13C NMR spectroscopy.

In Chapter 6, ethene/propene copolymerization was conducted with zirconocene and
hafnocene catalysts and the molecular size (molecular weight) of resulting copolymers was
studied by GPC. The profiles of molecular size were discussed in dependence of the propene
content of the copolymer considering the chain propagation and chain transfer reactions.

In Chapter 7, copolymerizations of propene/nonconjugated dienes (1,5-heXadiene, 1,7-

octadiene) were conducted with isospecific and syndiospecific zirconocene catalysts. Effect of

14



Chapter 1

the stereospecificity of zirconocene catalysts on the insertion and intramolecular cyclization of
dienes was discussed on the basis of structures of the resulting copolymers.

Highly syndiotactic polypropene could be synthesized by Cg-symmetrical metallocene
catalysts. In Chapter 8, syndiotactic poly(propene-co-olefin)s (olefin = ethene, 1-butene, 1-
pentene, 1-hexene, and 4-methyl-1-pentene) were prepared by a syndiospecific zirconocene
catalyst. The crystalline structures and crystallization behaviors of the copolymers were
studied.

In Chapter 9 is summarized the results obtained in the present work.
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2-1. Introduction

Since the discovery of metallocene-MAO catalyst system developed by Kaminsky and Sinn,!
a great number of olefin polymerizations have been carried out with metallocene catalysts.

The active species in metallocene catalysts with MAO have been analyzed by various
techniques. Cam et al. analyzed Cp2ZrCl,-MAO catalyst system by an electron paramagnetic
spectroscopy and observed reduction of Zr(IV) to Zr(IIl) in the presence of ethene.? Decrease
of polymerization activity along with the polymerization time was thus assumed to result from
the reduction of the Zr species.  Analyses of the metallocene-MAO systems by UV
(ultraviolet) absorption spectroscopy also have been investigated.3-2 For example, Tol et al.
analyzed the rac-Et(Ind)2ZrCl>-MAO system and observed hypsochromic and bathochromic
shifts of the ligand-to-metal charge transfer band, which were explained to be derived from the
methylation of zirconocene and the formation of cationic complex, respectively.8 Recently,
Tritto et al. have examined Cp,TiCH3CI-MAO and CpZr(13CH3),-MAO by 13C NMR
spectroscopy under various molar ratios of (MAO)AI/M (M = Ti, Zr) with different
concentrations of metallocene as well as at various reaction temperatures.10  They have
detected two kinds of ionpairs, i.e., monomeric and bimeric ones and discussed the
polymerization activity in relation to these ionpairs.

The active species for olefin polymerization derived from the group 4 metallocene catalysts
have been considered to be metallocenium cation M*(IV) (M = metal in group 4). Jordan et al.
found that a cationic zirconocene complex, [Cp2ZrCH3(THF)}*[BPh4]- (THF =
tetrahydrofuran), was active for ethene polymerization in a polar solvent without any
cocatalysts.11  After that finding, much effort has been focused on the development of
cocatalysts and the investigation of active species for olefin polymerization with metallocene
catalysts.

Marks et al. synthesized a cationic zirconocene catalyst, [Cp2ZrCH3]*[CH3B(CgFs)3],
through a reaction of zirconocenedimethyl (CpyZr(CH3)2) with B(CgFs)3, and studied the
structure, solution dynamic, and catalytic activity for olefin polymerization.12-15  Bochmann

et al. isolated binuclear and heterobinuclear zirconocene and hafnocene complexes through a
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reaction of dialkylmetallocene and Ph3CB(CeFs)4, and applied them for propene
polymerization.106 On the basis of the activity in propene polymerization with
AlMe3/Ph3CB(CgF5)4 at various molar ratios of Al/Zr, they proposed dormant states of the
active sites for olefin polymerization. Brintzinger et al. studied binuclear zirconocene cations
by solution !H NMR spectroscopy.!7-18  They found the equilibrium between solvent-
separated ion pairs and associated ion pairs of the [CpaZrCH3]+[CH3B(CeF5)3]- complex in
benzene-dg solution.  Tritto et al. studied the structures of cation-like and binuclear
zirconocene complexes by means of 13C NMR spectroscopy using 13C-enriched
Cp2Zr(13CH3); in toluene-dg solution.1%d  Fink er al. and Brintzinger et al. hypothesized that
the binuclear ion pairs were active for ethene polymerization.17:18:19  However, there is room
for argument on this point.

Chien ef al. reported effect of counter-ions for isospecific polymerization of propene
catalyzed by rac-Et(Ind),Zr(CH3); or rac-Et(Ind)2ZrCly—AlEt3 combined with Ph3CB(CgFs)4
or B(C¢Fs)3, and found that Ph3CB(CgF5)s showed much higher activity than B(CgFs)3.21
They suggested the existence of free Zr cations which enhanced the activity for propene
polymerization.

The metallocene catalysts are known to possess uniform active species and therefore give
polyolefins with narrow molecular weight distributions and narrow composition distributions.
Whereas, Soga et al. recently found that the poly(ethene-co-1-hexene) obtained with a typical
metallocene showed a bimodal molecular weight distribution when the copolymerization was
conducted for a short period.21

Rate-time profile of polymerization gives important information for the formation of active
species and decay process. A large number of attempts have been made on the polymerization
profiles with metallocene-MAO to study the effect of polymerization temperature, concentration
or molar ratio of metallocene to MAO and aging condition of metallocene and MAO.16.20¢,22-28
Some investigations have been reported to study the effect of AlR3 and/or borane compound on
the activity for the olefin polymerization with metallocene catalysts.16,202¢.27  Although, few
data have been reported about the polymerization profile with the metallocene—AlR3/borane

compound systems.
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In this chapter, the author has conducted polymerization of ethene by zirconocene catalysts
combined with MAO or AlR3z/borane compounds to study the effect of cocatalyst system on the
polymerization profile, molecular weight and molecular weight distribution of resulting
polyethene.  The mechanisms of active-site formation were discussed on the basis of
molecular weight and molecular weight distribution of the polyethenes obtained and the rate-

time profiles.

2-2. Experimental Part

Materials

Cp2ZrCl; and rac-Me;Si(Ind),ZrCly were commercially obtained from Aldrich Co., Ltd.,
and Witco Co., Ltd., respectively, and used without further purification. ~Elemental analysis
of rac-Me,Si(Ind)»ZrCly was conducted, and the compound was found to contain a small
quantity of aluminum (0.16 wt %) but no other transition metals. AlMes, AlEt3, and AliBu3
were donated from Tosoh Akzo Co., Ltd. and used without further purification. Toluene
solution of MAO was purchased from Tosoh Akzo Co., Ltd. and used without further
purification. Ph3CB(CgF5)4 and B(CgFs)3 were donated from Asahi glass Co., Ltd. and used
without further purification. Toluene was commercially obtained and dried over molecular
sieves 3A and/or CaHp. CH)Cl; (dehydrated grade) was also commercially obtained and used
without further purification. Ethene and propene were purified by passing it through a column

of molecular sieves 3A.

Polymerization

Polymerizations of ethene and propene with MAO were conducted in a 1 L glass flask.
After the reactor was replaced with argon, 300 mL of solvent was injected, followed by
introducing the monomer at an atmospheric pressure to saturate the solvent. A zirconocene
catalyst was contacted to MAO in toluene for 5 min at 25 °C prior to use. Polymerization was

started by adding the premixed catalyst solution into the reactor. = Polymerization was
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terminated by addition of isobutyl alcohol. ~ The polymer produced was adequately washed

with methanol and dried in vacuo at 60 °C for 6 h.

Polymerization of ethene with AlR3/borane reagent was conducted at 40 °C in a 300 mL glass
reactor equipped with a magnetic stirrer. After 190 mL of toluene was added to the reactor,
the solvent was saturated with an atmospheric pressure of ethene.  Toluene (10 mL),
metallocene catalyst (1.0 pmol) and AlR3 (0.5 mmol) were premixed in a 100 mL glass flask at
25 °C for S min. Polymerization was started by introducing the catalyst solution and borane
reagent (1.0 wmol in 1.0 mL of toluene solution). Consumption of ethene was monitored by a
gas flow meter. Reaction medium was sampled through an equipped seal septum with a
syringe and quenched in methanol. During the polymerization, temperature was kept at 40 °C.
Polymerization was terminated by adding dilute hydrochloric acid solution in methanol. The
polyethene obtained was adequately washed with plenty of methanol and dried in vacuo at 60 °C

for 6 h.

Analytical procedure

M, and MWD (My,/Mp) of polymers were measured at 140145 °C by GPC (Waters 150CV)
using o-dichlorobenzene as a solvent.  Calibration was made with standard polystyrene
samples. The My values of polyethene and polypropene were converted using the Q-factor by
the following equations: My = M,(PS)-Qpe/Qps and My = Mn(PS)-Qpp/Qps, respectively
(My(PS), My, calibrated by polystyrene standards; Opg, Q-factor of polyethene = 17.7; Opp, O-

factor of polypropene = 26.4; Ops, Q-factor of polystyrene = 41.3).29:30
2-3. Results and Discussion

2-3A. Ethene Polymerization with rac-Me;Si(Ind)2ZrCl,-MAO
2-3A-1. Effect of Polymerization Time

Polymerizations of ethene and propene (for a reference) were conducted under the standard

conditions, [Zr] = 2.5 pmol, molar ratio of AV/Zr = 1000, in 500 mL of toluene at 40 °C. The
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results of polymerizations and the plots of polymer yield against polymerization time are shown
in Table 2-1 and Figure 2-1, respectively. In the case of propene polymerization, the polymer
yield increased roughly in proportion to the polymerization time, while the activity for ethene
polymerization markedly decreased after 10 min.  The decrease in the activity for ethene
polymerization could be explained in terms of the monomer diffusion through the crystalline
polyethene.31  The GPC curves of polyethenes are shown in Figure 2-2, which displays
shoulders at a low molecular weight region. The two fractions were separated by a simple
curve fitting method.  As illustrated in Figure 2-2, the relative area of the low molecular weight
fraction decreased with an increase in the polymerization time, which tendency suggested that
the fraction was produced at the initial stage of polymerization. On the contrary, the My,/M;
values of polypropenes were found to be approximately 2, which indicated that propene
polymerization proceeded with a single active species according to the Schultz—Flory

statistics.32

Table 2-1. Results of ethene and propene polymerizations with
rac-Me,Si(Ind),ZrCl,-MAO?

b Yield Activity s c Low M, High M,
, (kgPE,PP/ M M fraction fraction

Run Monomer ()
(min) (&) o1 zhy (X107

@ wwd (@°

ethene 5 4.2 20200 17.1 3.8 1.3 31.0 2.9
10 7.1 17000 20.7 3.5 1.8 25.4 5.3

20 9.0 11000 18.4 3.4 1.9 21.1 7.1

40 12.6 7600 18.8 3.6 2.6 20.6 10.0

10 75 18000 2.56 2.0
20 143 17200 2.50 1.9
40 27.2 16300 2.64 2.0
9 60 372 14900 2.66 2.0

1
2
3
4
5 propene 5 3.9 18700 2.77 2.0
6
7
8

2 Polymerization conditions: polymerization temperature = 40 °C, toluene = 500 mL, feed rate
of ethene and propene = 760 mL/min, rac-Me,Si(Ind),ZrCl, = 0.25 pumol, molar ratio of

(MAO)AVZr = 1000. ° Polymerization time. ¢ Determined by GPC using polystyrene
standards. 9 Calculated from GPC curves.
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Figure 2-1. Plots of the polymer yield against polymerization time:
(C)) polyethene (whole); (A) high My, fraction; (&) low M,, fraction,
(O) polypropene.
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Figure 2-2. GPC elution curves of polyethenes obtained with rac-Me,Si(Ind),ZrCl,-
MAUO: (a) t = 5 min, (b) ¢ = 30 min.
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2-3A-2. Effect of [Al}/[Zr] Ratio, and [Zr] Concentration
Polymerization of ethene was then conducted with the rac-Me;Si(Ind);ZrCl,-MAO system
at 40 °C in toluene with various molar ratios of AVZr and the [Zr] concentrations. The results
are shown in Table 2-2. The GPC curves of all the polyethene samples displayed shoulders at
low molecular weight region. The content of the shoulder fraction was plotted against the
polymefization time in Figure 2-3. It may be roughly said that the content of low molecular
region does not depend upon the molar ratio of Al/Zr and the [Zr] concentration.
Polymerization of propene was also examined under the same conditions of ethene
polymerization (Table 2-3). None of the polypropene sample displayed such a shoulder

fraction in the GPC curve.

Table 2-2. Results of ethene polymerization with rac-Me,Si(Ind),ZrCl,-MAO?

Run 7 Molarmatio  p  Yied ‘(*lf;‘gg M e If‘r:uz:

(umol) AVZrx (min) (&) molZrh)  (X107%) n P
10 0625 1000 30 84 26900 139 29 215
11 4000 20 7.9 37900 163 30  20.5
12 2.50 250 20 9.0 10800 171 31 208
2 1000 10 7.1 17000 207 3.5 254
13 4000 10 66 15800 207 37 277
14 10.0 25 10 72 4320 190 35 247
15 1000 10 82 4920 187 3.6 255

2 Polymerization conditions: polymerization temperature = 40 C, toluene = 500 mL, feed rate
of ethene = 760 mL/min. ° Polymerization time. ¢ Determined by GPC using polystyrene
standards. ¢ Calculated from GPC curves.
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Figure 2-3. Plots of low M,, fraction against polymerization time: (O) run 14,
(D) run 10, (A) run 11, ((J) run 12, () run 13, (V) run 14, (%) run 15.

Table 2-3. Results of propene polymerization with rac-Me,Si(Ind),ZrCl,-

MAO?
Run [Z1] Molar ratio tb Yield 1?1:;1\9,3 s M JM.E
(Lmol) AVZr (min) ®  molzrh) (X107

16 0.625 1000 60 1.3 2080 2.88 2.0
17 4000 60 4.7 7520 2.81 2.0
18 2.50 250 60 21.2 8480 2.72 2.0

9 1000 60 37.2 14880 2.66 2.0
19 4000 60 24.0 9600 2.70 2.0
20 10.0 250 60 40.7 4070 2.10 2.0
21 1000 60 66.6 6660 1.88 2.1

a Polymerization conditions: polymerization temperature = 40 °C, toluene = 500 mL, feed rate
of propene = 760 mL/min. b Polymerization time. ¢ Determined by GPC using polystyrene

standards.
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2-3A-3. Effect of Polymerization Temperature, Cocatalyst and Solvent

Polymerization of ethene was conducted with the same catalyst with the different
polymerization temperatures (Tp), cocatalysts as well as solvents. The results of
polymerization and the GPC curves of typical polyethenes are shown in Table 2-4 and Figure 2-
4, respectively. Since the different lot of MAO was used in the examinations from that of in
Table 2-1, polymerization of ethene was first re-examined under the same conditions as
conducted before in Table 2-1. In comparison with the results of runs 1—4 in Table 2-1, one
may notice that both the value of My and the low molecular weight fraction are different to some
extent. The profiles of those values along with the polymerization time, however, seem to be
very similar. When polymerization was carried out at 0 °C (runs 27-29), the GPC curves of
produced polyethenes displayed a single peak, and the high molecular fraction was completely
disappeared as illustrated in Figure 2-4 (2).

Then the effect of cocatalysts was studied. A dry MAO was prepared from toluene solution
of conventional MAO by removing the toluene and the free AlMe3 in vacuo at room temperature
for 6 h.1:33,34  The use of the dry MAO as a cocatalyst (runs 30-34) also caused to decrease
the high molecular fraction to a great extent (Figure 2-4 (3)). Itis reasonable to consider that
the lowering in polymerization temperature and/or the removing of free AIMe3 suppress the
chain transfer reactions to yield polyethene with a higher molecular weight. ~ The present
unexpected results might be explained in terms of an equilibrium between the two kinds of
active species which give low and high molecular weight fractions of polyethenes. ~ The
equilibrium may shift toward the species giving the low molecular weight fraction at low
temperature and with dry MAO.

The GPC curves of polyethenes obtained with the use of the mixture of MAO and AlMe3
(runs 35-39) are shown in Figure 2-4 (4). It is clear from Figure 2-4 (4) that addition of
AlMes to MAO affords polyethene with a much of low molecular weight shoulder at the initial
stage of polymerization. The decrease of the shoulder fraction along with the polymerization
time (Figure 2-4 (4) b) was observed as discussed above. Several authors have studied the
effect of additional AlR3 on polymerization activity of olefins with metallocene catalysts,-35-37

but no result has ever been reported about the effect on MWD of produced polyolefins. From
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Table 2-4. Results of ethene polymerization with rac-Me,Si(Ind)ZrCl, under

various conditions?®

Low M, HighM,

Run Cocatalyst Solvent TPb tc M“d M‘,‘/Mnd fraction® fraction® Yield
(C) (min) (x107%) WD) (Wt %) (&)

22 MAO toluene 40 5 188 3.6 56.0 44.0

23 10 21.0 3.7 50.9 49.1

24 15 243 3.3 48.5 51.5

25 20 230 35 46.6 53.4

26 : 30 223 3.3 45.9 541 99

27 MAO toluene O 30 16.5 2.2

28 60 189 23

29 120 201 2.3 2.5

30 Dry-MAOf toluene 40 5 11.9 2.4

31 10 122 25

32 ' 20 129 25

33 .40 122 25

34 60 113 2.3 4.9

35 MAO+TMAEZ toluene 40 5 142 3.3 64.6 35.4

36 10 165 3.2 39.7 60.3

37 15 172 3.2 38.1 61.9

38 20 177 3.2 35.4 64.6

39 30 18.0 3.1 30.8 69.2 88

40 MAO  Tol/CMP 40 5 153 3.3 50.6 49.4

41 10 169 3.4 48.7 51.3

42 20 168 3.4 46.8 53.2

43 40 166 3.3 43.1 569 3.2

2 Polymerization conditions: solvent = 500 mL, feed rate of ethene = 760 mL/min, rac-
Me,Si(Ind),ZrCl, = 2.5 pmol, molar ratio of Al/Zr = 1000. ° Polymerization temperature. ©

Polymerization time. d Determined by GPC using polystyrene standards. © Calculated from
GPC curves. f MAO was dried up in vacuo at room temperature for 6 h. & MAO (AL 2.0
mmol) + AlMe; (0.5 mmol). h Toluene (250 mL) + CH,Cl, (250 mL).
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Figure 2-4. GPC elution curves of polyethenes obtained with rac-Me,Si(Ind),ZrCl, :

(1) MAO at 40 °C in toluene, a = 5 min, b = 30 min; (2) MAO at 0 °C in toluene, 30min;
(3) dry MAO at 40 °C in toluene, 5min; (4) MAO + AlMe; at 40 °C in toluene, a =5

min, b = 30 min; (5) MAO at 40 °C in toluene + CH,Cl,, a = 5 min,, b = 40 min.
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a detail analysis of MAO-AlMej system by 'H and 13C NMR spectroscopy at low
temperatures, Tritto et al. have proposed two kinds of active species, one is a common one and
the other is a bimetallic active species associated with AlMes3.38  The above results could be
well explained by their model.

It is well known that polarity of CH2Cl (€ = 9.1) is higher than that of toluene (e =2.4).
From such a viewpoint, polymerization of ethene was conducted by using the mixture of
CH5Cl, and toluene as solvent (tuns 40-43). The addition of CH,Cl, to toluene caused to

increase the low molecular weight fraction through the polymerization (Figure 2-4 (5)).

2.3B. Rate-Time Profiles of Ethene Polymerization with Zirconocene—-AlR3/

Borane Compound

2-3B-1. Polymerization with Cp2ZrCl;

Polymerization of ethene was performed at 40 °C under an atmospheric pressure with
Cp,Z:Cl; using AlR3 (R = Me, Et, iBu)/Ph3CB(C¢Fs5)4 or B(CgFs)3 as cocatalysts. The
results are summarized in Tables 2-5 and 2-6, respectively.

In the case of using Ph3CB(CgF5)4 as cation-forming reagent, the order of average
polymerization activity for 1 h decreased in the following order: AliBusz > AlEt3 > AlMe3. In
the polymerization with AlEts, CppZrCly showed moderate activity after a remarkably long
induction time (about 30 min). The molecular weight of polyethene obtained with AliBus was
higher than that with AlEt3. When B(CgFs5)3 was used as a cation-forming reagent, the
polymerization proceeded with AliBu3, however, no activity was observed with AlMe3 and
AlEts.

Polymerization rate (Rp) at polymerization time ¢ (¢ = (1 + 12)/2) was determined according

to the following equation:

Ry = (Y2 - YD/(12-11)
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Table 2-5. Results of ethene polymerization with Cp,ZrCl,-

AIR;/Ph;CB(C¢Fs),?
Yield c d

Run AR, ( r;:’n) (kgPE/ M“4 MM C (mlovi PE/

mol Zr) (X10™) mol Zr)
1 AlMe; 60 22.0 2.1 2.8
2(a) AlEt, 5 0.0
2(b) 10 0.0
2(c) 20 0.0
2(d) - 30 3.5
2(e) 45 29.2 3.3 2.4 0.89
2(f) 60 126 3.4 2.4 3.7
2(g) 75 153 3.3 2.5 4.6
2(h) 90 157 3.3 2.5 4.7
3(a) AliBuj 5 46.6 13.0 2.7 0.36
3(b) | 10 95.5 13.8 2.6 0.69
3(c) 20 198 13.8 2.6 1.4
3(d) 30 298 14.8 2.5 2.0
3(e) 45 432 13.5 2.6 3.2
3(f) 60 553 15.4 2.3 3.6

8 Polymerization conditions: CpZZrCIZ = 1.0 umol, AlR; = 0.5 mmol, Ph3CB(C6F5)4 =1.0

umol, polymerization temperature = 40 C, ethene = 1 atm. b Polymerization time. °©
Determined by GPC using polystyrene standards. d Number of polymer chains.
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Table 2-6. Results of ethene polymerization with Cp;,‘ZrClz—AlR:;/B(C6F5)3a
Yield ¢ d
Run AR, (ri:j’n) (kgPE/ M“_4 MM C (mg PE/
mol Zr) (X10™) mol Zr)
4 AlMe, 60 0
5 AlEts 60 0
6(a) AliBu, 5 255 8.9 - 3.0 2.5
6(b) 10 362 8.7 3.5 4.2
6(c) 20 455 8.4 33 5.4
6(d) 30 529 9.1 3.6 5.8
6(e) 45 631 9.7 3.5 6.5
6(f) 60 714 10.4 3.5 6.8

a Polymerization conditions: Cp,ZrCl, = 1.0 pmol, AlR, = 0.5 mmol, B(CgF5)3 = 1.0 umol,

polymerization temperature = 40 <C, ethene = 1 atm. b Polymerization time. ¢ Determined by

GPC using polystyrene standards. d Number of polymer chains.
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Figure 2-5. Plots of polymerization rate (R;,) against polymerization time
with szZI'Clzl (A) AlEt3/Ph3CB(C6F5)4; (D) AliBU3/Ph3CB(C6F5)4;
(M) AliBu3/B(CgFs)3.
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where Y1 and Y» are yields of polyethene at polymerization time #; and 71 determined by the
consumption of ethene, respectively. The Ry, values with CpyZrCl; against the polymerization
time are displayed in Figure 2-5. In the case of using Ph3CB(C¢Fs)4 as a cation-forming
reagent, induction time to reach the maximum Rp was observed with both AlEtz and AliBus.
When B(C¢Fs)3 was used with AliBus, Rp showed maximum value at the beginning of
polymerization, and then rapidly dropped.

Rp can be expressed by the following equation:
Rp = kp[M]a[C*]

where kp, [M], a, and [C*] are, respectively, the rate constant of propagation, monomer
concentration, reaction order and number of active centers. The [M] value is constant during
the polymerization. Therefore, the time dependence of Ry, should derive from the change of kp
and/or [C*] during the polymerization.©  The number of polymer chains (N: mol
polyethene/mol Zr) and the polymer yield show almost the same profile with the increase in
| polymerization time. Furthermore, the decrease of molecular weight of resulting polyethenes
could not be observed in spite of the decrease of Rp.  These results suggest that the decrease of
R, with the increase of polymerization time is not caused by the decrease of kp but the decrease

of [C*].

2-3B-2. Polymerization with rac-Me;Si(Ind)>ZrCl2

Polymerization of ethene was conducted at 40 °C under an atmospheric pressure with rac-
Me;Si(Ind)2ZrCl, using AlR3 (R = Me, Et, iBu)/Ph3CB(CgFs)4 or B(CeFs)3 as cocatalysts.
The results are summarized in Tables 2-7 and 2-8, respectively. The order of average activity
for 1 h polymerization decreased in the following order in the case of using Ph3CB(CgF5)4:
AliBus > AlEt3 > AlMe3. When B(CgFs)3 was used, the order of activity was the same with
that using Ph3CB(CgFs)4, however, the activity with AlEt3 was very low and no activity was

observed with AlMes.
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Table 2-7. Results of ethene polymerization with rac-Me,Si(Ind),ZrCl,-
AIR,/Ph;CB(C4F5),?

Yield d
Run ARy ( r:;n) (kgPE/ M“; M JM,° (mﬁ PE/
mol Zr) (X10™) mol Zr)
7 AlMe, 60 563 1.8 2.8
8(a) AlEt, 2 301 1.6 3.2 18.8
8(b) 5 525 1.5 3.0 35.3
8(c) 10 841 1.5 3.1 56.1
8(d) : 15 1121 1.7 2.8 66.5
8(e) 20 1275 1.7 3.2 76.5
8(f) 30 1454 1.8 3.0 81.3
9(a) AliBu;, 2 405 6.4 4.2 6.3
9(b) 5 904 6.6 4.3 13.7
9(c) 10 1193 7.1 4.6 16.9
9(d) 15 1475 7.5 4.4 19.7
9e) 20 1670 7.7 4.0 21.7
9(f) 30 1867 8.1 4.7 23.1

3 Polymerization conditions: rac-Me,Si(Ind),ZrCl, = 1.0 pmol, AIR; = 0.5 mmol,
2 2 2 3

Ph;CB(C¢Fs), = 1.0 umol, polymerization temperature = 40 °C, ethene = 1 atm. °

Polymerization time. © Determined by GPC using polystyrene standards. 4 Number of
polymer chains.
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Table 2-8. Results of ethene polymerization with rac-Me,Si(Ind),ZrCl,-
AIR;3/B(C¢F5)3?

Yield M C N d

W ARy GPE/ Y MUME (molPE/
mol Zr) (X107) mol Zr)
10 AlMe, 60 0
11(a) AlEt, 5 40.8 1.9 2.3 2.1
11(b) 10 48.1 1.9 2.7 2.6
11(c) 20 55.9 1.9 2.8 2.9
11(d) 30 58.7 1.9 2.5 3.1
11(e) 45 58.7
12(a) AliBu, 2 290 3.0 6.8 9.7
12(b) 5 669 4.5 6.4 14.9
12(c) 10 1245 7.0 5.3 17.7
12(d) 15 1802 7.0 5.3 25.7
12(e) 20 2253 6.9 5.3 32.8
12(f) 30 2919 8.2 5.7 35.8

2 Polymerization conditions: rac-Me,Si(Ind),ZrCl, = 1.0 pmol, AR = 0.5 mmol, B(C¢F5); =

1.0 pmol, polymerization temperature = 40°C, ethene = 1 atm. b Polymerization time. ©
Determined by GPC using polystyrene standards. 4 Number of polymer chains.
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Figure 2-6. Plots of polymerization rate (Rp) against polymerization time with
rac-Me,Si(Ind),ZrCly: (&) AlEty/PhyCB(CgFs)4; ([]) AliBus/Ph3CB(CgFs)q;
(&) AIEt3/B(CgFs)3; () AliBus/B(CgFs)s.
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The Rp values with rac-Me,Si(Ind),ZrCl, against the polymerization time are displayed in
Figure 2-6. Rp showed maximum value at the beginning of polymerization and decayed
regardless of AlR3 and cation-forming reagents used. The Rp value with B(CgFs)3 decayed
slower than that with PhsB(CgFs)s. The decrease of Rp would derive from the decrease of

[C*] for the same reason in the polymerization with CpyZrCly.

2-3B-3. Mechanistic Study in Formation of Active Species

As described above, the activity and rate-time profiles of ethylene polymerization were
strongly depended on the combination of zirconocene, trialkylaluminum, and borane
compound. The summary of ethene polymerizations with zirconocene-AlR3z/borane
compound systems are listed in Table 2-9. Schemes 2-1 and 2-2 show the proposed reaction

mechanisms using Ph3CB(CgFs)4 and B(CgFs)3 as cation-forming reagents, respectively. In

Table 2-9. Summary of ethene polymerization with zirconocene-
AlR;/borane compound systems

Induction

: M4
i T e L
Cp,ZrCl, AlMe; Ph,CB(CeFs)y - 22 2.1 28

B(CeFs)3 o - -

AlEt; PhyCB(CgFs)y 525 387 153 3.3 25
B(C¢Fs)3 S —
AliBu; Ph;CB(CgFs)y 15 615 553 141 2.6
B(C¢Fs)3 3060 714 92 52
rac-Me,Si(Ind),ZrCl, AlMe; PhiCB(CgFs)y - 56 1.8 2.8
B(C¢Fs)s 0

AlEt; Ph;CB(CgFs)y 9030 2900 1.6 3.1
B(C¢Fs)3 490 117 1.9 27
AliBuy PhyCB(CgFs)y - 12200 3730 7.2 4.4
B(C¢Fs)3 8700 5840 6.1 5.8

2 Induction time to reach the maximum Rp value. ® Maximum Rp (kg PE/mol Zr-h). ©

Average value of polymerization activity for 1 h (kg PE/mol Zr-h). d Average value of M, °©
Average value of MWD (M /M,).
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Lzer|2 + 2A|R3+ Ph3CB(C6F5)4

+ AIR3 + LoZrR2
Ph;CR {Ph +CR ) {Ph3CR
(PhsCH + alkene) (PhsCH + alkene) \ | (PhaCH + alkene)
-2AIR2C! 2AIR,CI -2AIR,Cl

[LoZr(-R)2AIR, ] [B(CgFs)s]

[(LoZrR)o(u-R)I* [B(CeFs)al

- AIR3 - L2ZrRy
+ AIR3 + LoZrRz
!
[LoZrR]* + [B(CgFs)al
n CH2=CH2

[LoZr-(CH,-CHy)o-R]" + [B(CgFs)al’
Scheme 2-1. Proposed reaction mechanism of active-site formation in

zirconocene—AlR 3/Ph;CB(C¢Fs),.

LzerIZ + 2AIR3+ B(CGF5)3

-2AIR,Cl

[LoZr(1-R),AIR, I [RB(CgF5)s]

- AIR3

+ AIR3

[(L2ZrR),(1-R)I"[RB(CeFs)s]’

- LoZrR

+ LoZrR7

\j

[LoZrR]*[RB(CgF5)sl

H
[L,ZrR]" + [RB(CgFs)al

n CH2=CH2

[L,Zr-(CH,-CH,),-R]" + [RB(C6Fs)sl’

Scheme 2-2. Proposed reaction mechanism of active-site formation in
zirconocene—AlR;/B(CgFs)3.
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the polymerization with AlMes, no activity or very low activity was found in each zirconocene
catalyst by using any kinds of cation-forming reagents. This result could be due to the
stability of [LoZr(u-Me)2AlMes1+[B(CgFs)4]- and [LoZr(u-Me),AlMes ] [MeB(CgFs)3]- (Lo =
ligand; Cp for Cp,ZrCly and Me;Si(Ind); for rac-Me>Si(Ind),ZrClp) which formed by the
zirconocene, AlMes and counter-ion.

The induction time before the maximum Rp with CpyZrCly—-AlR3 (R = Et,
iBu)/Ph3CB(CgFs)4, especially in the case of using AlEt3, could be explained by the formation
of dormant complexes, [CpZZr(u-R)gAle]’f[B(C6F5)4]' or binuclear [(CpZrR)2(u-
R)J*[B(CgFs)4]" (R = Et, iBu), similarly to the case of AlMe3. When AlEt3 was applied,
these complexes should be so stable that it took considerably long time to form the activated free
ion. While in the polymerization with rac-Me»Si(Ind)2ZrCl2-AlR3 (R = Et,
iBu)/Ph3CB(CgFs)4, almost no induction time was observed.  Active species were formed
without staying the dormant complexes probably due to the steric hindrance of bridged
bis(indenyl) ligand and the alkyl group.

In the case of using B(C¢F5)3 as cation-forming reagent, high activity was observed with
AliBus, while no activity or very low activity was found with AlEt3 in the polymerization with
both CpyZrCl, and rac-Me;Si(Ind)2ZrCly.  Two reasons could be considered to explain this
tendency. One is the stability of dormant site as [LoZr(u-Et)2AlEty]*[EtB(CeFs)3]” or
binuclear [(L2ZrEt)2(pn-Et)]*[EtB(C6F5)3] The other is the stability of ion pair
[LoZrR]+[RB(CeFs5)3]- which might have very small kp in ethene polymerization. In these
case, the alkyl group of AlR3 should significantly affect the nature of these species. Chien et
al. suggested dissociation of the ion pair to free ion in the rac-Et(Ind);ZrMer-B(CgF5)3 system
which has very large kp for polymerization.20¢  Brintzinger et al. reported existence of solvent-
separated ion pairs and associated ion pairs in both CpyZrMe,-B(CgFs)3 and rac-
Me5Si(Ind),ZrMes-B(CeFs)3.17-18  High activity with AliBu3/B(CgFs)3 could be explained
by the formation of free ion or solvent-separated ion pairs due to the isobutyl groups which

enhance separation of dormant complexes and/or [LoZIR]+[RB(CgFs)3] ion pair.
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2-4. Summary

In summary, it was suggested that there were two kinds of active species for ethene
polymerization with rac-Me;Si(Ind)>ZrCl>-MAO system, one produced high molecular weight
fraction and the other produced low molecular weight fraction. ~The low molecular weight
fraction was produced at the initial stage of the polymerization. Polymerization temperature,
kind of MAO and polymerization solvent also affected the molecular weight and MWD of
obtained polyethenes.

Activity and rate-time profiles of ethene polymerization with zirconocene—AlR3/borane
compound were also studied. In summary, not only AIR3 but the borane compound used as a
cation-forming reagent affected the induction time and activity if ethene polymerization. Very
low activity or no activity was observed with AlMe3 independent of borane compound used.
In the case of using Ph3CB(CsFs)4, high activity was observed with both AlEt; and AliBus.

On the other hand, when B(CgFs)3 was useci, high activity was observed only with AliBus.
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3-1. Introduction

MAO is an excellent cocatalyst for olefin polymerization with metallocene catalysts. A
considerable number of studies have been made on the structure of MAO and the mechanism of
olefin polymerization with MAO.  On the other hand, Jordan ez al. found that a cationic
zirconocene complex, [Cp2ZrCH3(THF)}+[BPhy]-, was active for ethene polymerization in a
polar solvent without any cocatalysts.]  The result clearly indicates that MAO is not necessary
for olefin polymerization with metallocene catalysts.2 Chien ef al. reported the isospecific
polymerization of propene catalyzed by rac-Et(Ind);Zr(CH3); and rac-Et(Ind),ZrCl,—AlEt3
combined with Ph3CB(CgF5)4, which systems exhibited higher activity than that with MAO.3
After that, a large number of studies have been made on stereospecific polymerizations of
propene with cationic metallocene catalysts combined with various cation-forming reagents,
especially borane compounds.4

Since the discovery of isospecific polymeérization of propene with rac-type ansa-metallocene
by Brintzinger et al.,5 a great deal of effort has been made on development of highly
stereospecific metallocenes by modification of the ligand structure from both industrial and
scientific points of view.  Yamazaki et al. reported highly isospecific polymerization of
propene with rac-bis(cyclopentadienyl) type metallocene catalysts.5 Spaleck et al. and
Kaminsky et al. synthesized rac-bis(indenyl) type metallocenes which could produce highly
isotactic polypropene.”:8

On the other hand, the achiral meso-type metallocene catalysts afford atactic polymers, and
only few attentions have so far been paid on polymerization of olefins with these catalysts.?
In recent years there have been renewal of interests in synthesis of meso-type ansa-metallocene
catalysts10 and polymerization of olefins with those catalysts. Kaminsky et al. reported
photoinduced rac-/meso- interconversion of ansa-metallocene and investigated o-olefin
polymerization with rac- and meso- type ansa-zirconocenes—MAO.11  Waymouth et al.
conducted propene polymerization with rac- and meso-dimethylsilylenebis(2-
phenyindenyl)zirconium dichloride-MAO to model the polymerization behavior with unbridged

bis(2-phenylindenyl)zirconium dichloride, which produces isotactic-atactic stereoblock
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polypropene.!2  There is another thing that is important in poly’ merization of olefin with meso-
type ansa-metallocene catalyst. Soga et al. recently reported that alternating copolymerization
of ethene and 1-octene with meso—MeZSi(2—MeInd)2ZrC17_—-MAO A3

As described in Chapter 2, cocatalyst plays important roll to control the profile, activity and
molecular weight of resulting polymer in the polymerizatiof of ethene with zirconocene
catalysts. In this chapter, the author has studied the effect of cocatalysts on a-olefin (propene,
1-butene and 1-hexene) polymerizations by mixtures of rac-, meso-MegSi(2,3,5-Me3Cp)oZrCly
and Me,Si(2-MeInd);ZrCl, (Scheme 3-1).  There are several 1635005 for applying the mixture
of rac- and meso-zirconocene to the polymerization. ~One i$ that the purification of meso-
isomer is difficult. Another reason is that there must be errors between polymerization batches
with rac-isomer and meso-isomer, and it can be reduced by th€ method. Furthermore, effect
of metallocene ligand was discussed in comparison with the results of corresponding

polymerization with Me;Si(2,3,5-Me3Cp)2ZrClp and with Me,Si(2-Melnd)ZrCly.
3-2. Experimental Part

Materials

Me,Si(2,3,5-Me3Cp),ZrCly was prepared according to the literature as a mixture of
diastereomers.6 A composition of the isomers (rac-isomer # 57%, meso-isomer = 43%) was
determined by 1H NMR spectroscopy. Me,Si(2-Melnd),ZrCl2 Was prepared according to the
literature and a part of rac-isomer was separated by recrystallilation-14 A composition of the
isomers was determined as follows, rac-isomer = 16.7%, meso-isomer = 83.3%.  Toluene
solutions of MAO, AlEt; and AliBus were donéted from Tosoh Akzo Co., Ltd. and used
without further purification. ~Ph3CB(CeFs)s was donated from Tosoh Akzo Co., Ltd. and
Asahi glass Co., Ltd., and used without further purificatio? Propene and 1-butene were
purified by passing it through a column of molecular sieves 3A.  Toluene and 1-hexene were

commercially obtained and dried over molecular sieves 3A and Catl.
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)Zr- Cl site-B

rac- (57 %) meso- (43 %)

Mezsi(2,3,5'Me3Cp)2ZPC12

A
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cl ";\CI site-A €l site-B
©o ©:>
rac- (16.7 %) meso- (83.3 %)

Me,Si(2-Melnd),ZrCl,

Scheme 3-1. rac- and meso-type ansa-zirconocenes.

Polymerization of a-olefins
A. Polymerization with Me;Si(2,3,5-Me3Cp),ZrCl,

Polymerization of propene was carried out in an agitated 1 L autoclave at 40 °C. 280 g (6.7
mol) of liquid propene was fed to the autoclave. Toluene (10 mL), MAO or AlR3 (AlEt; or
AliBus;) and Me;Si(2,3,5-Me3Cp),ZrCl, were pre-mixed in a 100 mL glass flask at 25 °C for 5

min. The polymerization was started by adding the catalyst solution to the autoclave. In the
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case of using AIRj3 (R = Et, iBu), toluene solution of Ph3CB(CgFs5)4 was added furthermore.
During the polymerization, temperature was kept at 40 °C.  The polymerization was terminated
by adding isobutyl alcohol. The polymer obtained (mixture of isotactic and atactic
polypropene) was adequately washed with plenty of methanol and dried in vacuo at 60 °C for 6
h.

Polymerizations of 1-butene and 1-hexene were carried out in the same method of the
propene polymerization, except feed of 1-butene was 140 g (2.5 mol) and 1-hexene was 84 g

(1.0 mol).

B. Polymerization with Me;Si(2-Melnd)>ZrCl,

Polymerization of propene was conducted in a 300 mL three necked glass reactor equipped
with a seal septum and a magnetic stirrer.  Toluene (190 mL) was added to the reactor
followed by introduction of propene under an atmospheric pressure at 40 °C until the solvent
was saturated with propene. The other experimental procedures were the same with those
described in the polymerization with Me;Si(2,3,5-Me3Cp)2ZrCl;.  Consumption of propene
was monitored by a gas flow meter. Reaction medium was sampled through the seal septum
with a syringe and quenched in methanol.

Polymerization of 1-butene was carried out in a 200 mL autoclave equipped with a magnetic
stirrer.  Toluene (100 mL) was added to the reactor and 1-butene (0.2 mol) was introduced at
—10 °C.  Catalyst solution was prepared with the same procedure in the polymerization of
propene. The polymerization was started by adding the catalyst solution with aluminum
compound (and toluene solution of Ph3CB(CgF5)4, in the case of using AlIR3) to the reactor at
—10 °C and heated the reactor quickly to 40 °C. The polymerization was terminated by purging
the monomer remained and adding methanol.  The resulting polymer was collected by the
same method in the propene polymerization.

Polymerization of 1-hexene was carried out in a 200 mL glass reactor equipped with a
magnetic stirrer. Toluene (90 mL) and 1-hexene (0.08 mol) were added to the reactor. The
reaction medium was heated to 40 °C, then the polymerization was started by adding the catalyst

solution with aluminum compound (and toluene solution of Ph3CB(CgFs)4, in the case of using
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AIR3) to the reactor. The polymerization was terminated by adding methanol. The resulting

polymer was collected according to the same manner in the propene polymerization.

Separation of isotactic and atactic polymers

The mixture of isotactic and atactic polypropenes was dissolved in xylene or toluene and
refluxed for 1 h.  After cooling the solution to room temperature and keeping it at 25 °C for 2
h, the isotactic polypropene was separated by filtration. The atactic polypropene, which was
solved in xylene and toluene, was obtained by evaporation. = Both isotactic and atactic
polypropenes were dried in vacuo at 60 °C for 6 h.

The mixture of isotactic and atactic poly(1-butene) was extracted with methylenedichloride

(CH,Cl,) for 6 h: atactic poly(1-butene) is soluble in CH,C1,.15

Analytical procedure

My, and MWD (M,/Mp) of the polymers were measured at 140 °C by means of GPC (Waters
150CV) using o-dichlorobenzene as a solvent using polystyrene standards. M, of
polypropenes could be converted using the Q-factor by the equation: My = Mp(PS)-Opp/Qps
(Mn(PS), M, calibrated by polystyrene standards; Qpp, O-factor of polypropene = 26.4; QOps,
Q-factor of polystyrene = 41.3).16  13C NMR spectrum of poly(1-hexene) was recorded at
135 °C using a JEOL GX-270 NMR spectrometer or at 130 °C using a JEOL EX-400 NMR
spectrometer. Polymers were dissolved in o-dichlorobenzene/benzene-dg (vol. ratio = 9/1) or
in 1,1,2,2-tetrachloroethane-d; up to 5 wt%. DSC measurements were made using a Perkin-

elmer DSC-I at a heating rate of 5 °C/min.

3-3. Results and Discussion

3-3A. Polymerization with Me;Si(2,3,5-Me3Cp)2ZrCl;

3-3A-1. Polymerization of Propene with Me»Si(2,3,5-Me3Cp)2ZrCl;
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Chapter 3

Propene polymerizations with a mixture of rac- and meso-Me2S1(2,3,5-Me3Cp)2ZrCly
combined with three cocatalysts were conducted at 40 °C.  The results are summarized in Table
3-1. Isotactic and atactic polypropenes were obtained from rac-isomer and meso-isomer,
respectively. The polymerization activity was changed with the cocatalyst combined, and the
order of activities are AliBu3/Ph3CB(CgFs)4 > MAO > AlEt3/Ph3CB(CgF5)4 in both 1sospecific
and aspecific polymerization. The ratios of Rp(rac) (rate of polymerization with rac-isomer) to
Rp(meso) (rate of polymerization with meso-isomer), Rp(rac)/Rp(meso), are compared. The
average values of the Rp(rac)/Rp(meso) ratio were 3.4 with MAO, 0.71 with
AlEt3/Ph3CB(CgF5)4, and 0.38 with AliBus/PhsCB(Ce¢Fs)4. To put it plainly, the activity of
meso-isomer is higher than that of rac-isomer in the case of using AIR3/Ph3CB(CgFs)4 as
cocatalysts, especially using AliBus. Collins et al. reported results of propene polymerization
with rac- and meso-Et(3-RCp)2ZrCl; (R = Me, iPr, tBu) and Et(H4Ind)»ZrCl, combined with
MAO at 40 °C in toluene, and the Rp(rac)/Rp(meso) values were 4.8, 4.1, 12.8, and 10.7,
respectively.92 Kaminsky et al. reported a result of propene polymerization with rac- and
meso-Me;Si(2-Me-4,6-iPryInd);ZrCl-MAO at 30 °C in toluene, and the Rp(rac)/Rp(meso)
value was 15.6.11  Judging from these results, Rp(rac) is higher than Rp(meso) in propene
polymerization with ansa-zirconocene-MAO.  The tendency, Rp(rac) was lower than
Rp(meso) in the case of using AIR3/Ph3CB(CgFs)4, could be attributed to the nature of
cocatalysts. In the case of using MAO as a cocatalyst, the Rp(rac)/Rp(meso) value increased
with polymerization time, while decrease of the Rp(rac)/Rp(meso) value was observed in the
case of using AlEt3/Ph3CB(C¢Fs)4. These tendencies could be explained by the difference of

the polymerization profiles between with rac-isomer and with meso-isomer.

3-3A-2. Polymerization of 1-Butene and 1-Hexene with Me2Si(2,3,5-
Me3Cp)2ZrCl,

1-Butene and 1-hexene polymerizations with the mixture of rac- and meso-MeSi(2,3,5-
Me3Cp)2ZrCl; combined with three cocatalysts were conducted at 40 °C.  The results are
summarized in Tables 3-2 and 3-3, respectively. Atactic and isotactic poly(1-butene)s could

be separated according to the procedures described in the Experimental Part. Weight fraction
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Chapter 3

of atactic poly(1-hexene) was determined by 13C NMR spectrum of whole polymerl7 assuming
that the fraction of [mmrm]+[rmrr] is derived from the atactic polymer and the atactic polymer is
almost perfectly atactic in statistics ([mm] = 25%, [mr] = 50%, and [rr] = 25%). The
Rp(rac)/Rp(meso) values of 1-butene and 1-hexene with MAO were, respectively, 2.29 and
3.54 (Rp(rac) > Rp(meso)). Kaminsky et al. investigated 1-pentene, 1-hexene and 1-octene
polymerization with rac- and meso-Me;Si(2-Me-4,6-iPr;Ind),ZrCl,-MAO at 30 °C in toluene
and reported the Rp(rac)/Rp(meso) values were 0.23, 0.18, and 0.17 (Rp(rac) < Rp(meso)),
respectively.1l It seems reasonable to suppose that these contrary results are derived from the
difference of ligand (in steric effect) between (2,3,5-Me3Cp) and (2-Me-4,6-iPrpInd). The
Rp(rac)/Rp(meso) values with AIR3/Ph3CB(CgFs)s4 in both 1-butene and 1-hexene
polymerizations are smaller than those with MAO. This tendency is the same with the propene
polymerization. In the 1-butene polymerization, the Rp(rac) is almost equal to the Rp(meso),
and the Rp(meso) is slightly higher than the Rp(rac) in the 1-hexene polymerization with
AlIR3/Ph3CB(CgFs)4.  Although, the Rp(rac) is much lower than the Rp(meso) in the propene
polymerization with AIR3/Ph3CB(CgFs)4 (Table 3-1). These results would be caused by the

difference of side chain length in monomers.

As reported by Soga et al., helical conformation is formed when the polymer chains grow to
a critical number of monomer units in the isospecific polymerization of a-olefins.!8 This
argument makes sense that rate constant of propagation (kp) of isospecific active site is more

than that of aspecific site. The Rp can be expressed by the following equation:

Rp = kp[MJ?[C¥]

where [M], a, and [C*] are, respectively, monomer concentration, reaction order, and number
of active centers. Assuming that the kp, of isospecific rac-isomer is larger than that of aspecific
meso-isomer, the results, of which the Rp(rac)/Rp(meso) values are less than 1 in the
polymerization of propene with AIR3/Ph3CB(CgFs)4, can not be explained by the difference of

the kp values. There is considerable validity in the difference of the Rp(rac)/Rp(meso) values
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between the cocatalysts used, which is probably derived from difference of [C*] in rac-

zirconocene and [C*] in meso-zirconocene.

3-3B. Polymerization with Me;Si(2-MelInd)2ZrCl,

3-3B-1. Polymerization of Propene with MeZSi(Z-Meind)ZZrClz

Propene polymerization with mixture of rac- and meso-Me;Si(2-Melnd),ZrCl; was
conducted at 40 °C using three cocatalysts, MAO and Ph3CB(CgFs)4 combined with AIR3 (R =
Et, iBu). The results are summarized in Tables 3-4, 3-5 and 3-6, respectively. The
polymerization activity and My, of the polymers (Mp; and My, denote number-average molecular

weight of the isotactic and the atactic polymers) depended on the combined cocatalysts and

decreased in the following order: AliBuz/Ph3CB(CgF5)4 > MAO > AlEt3/Ph3CB(CgFs5)4.

Table 3-4. Results of propene polymerization with rac- and meso-
Me,Si(2-Melnd), ZrCl,~-MAO? (Run 15)

e W umg we m we vl
(min) (X107%) a
5 22.1 1.51 4.5 0.29 93.7 2.5 7.8 1.3
10 119 1.48 4.7 0.30 496 13.4 43.2 7.0
15 226 1.44 4.9 0.32 926 25.0 85.8 13.8
20 311 1.41 5.0 0.33 1250 33.7 122 19.7
30 485 1.34 5.3 0.36 1870 50.4 207 33.3
45 698 1.30 5.2 0.37 2620 70.6 314 50.8
60h 902 0.38 3380 91.0 406 65.5

2 rac-isomer = 16.7%, meso-isomer = 83.3%. ° Polymerization (sampling) time. © Yield of

whole polymer (kg polypropene/mol Zr). 9 Number-average molecular weight and molecular
weight distribution of whole polymer determined by GPC. ¢ Weight fraction of atactic
polymer. f Yield of isotactic polymer (Y;) and atactic polymer (Y,) (kg polypropene/mol Zr).

& Number of isotactic (V;) and atactic (N,) polymer chains (mol polypropene/mol Zr). h
Isotactic polypropene: M, = 37100, M,,/M_. = 2.6; atactic polypropene: M_, = 6200,
M, /M =24
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Table 3-5. Results of propene polymerization with rac- and meso-
Me,Si(2-Melnd),ZrCl,-AlEt;/Ph;CB(C¢F5)4* (Run 16)

P M,¢ d f £
. ye noMMS we Y, N& Y, Ng
5 71.3 0.64 2.3 0.12 374 53.7 10.5 2.7
10 114 0.65 2.3 0.10 613 87.9 13.5 3.5
15 151 0.65 2.3 0.09 829 119 15.6 4.0
20 186 0.66 2.4 0.08 1020 147 17.4 4.5
30 247 0.66 2.4 0.07 1380 197 20.8 5.4

45h 262 0.66 2.4 0.07 1460 209 223 5.8

2 rgc-isomer = 16.7%, meso-isomer = 83.3%. ® Polymerization (sampling) time. © Yield of
whole polymer (kg polypropene/mol Zr). d Number-average molecular weight and molecular
weight distribution of whole polymer determined by GPC. © Weight fraction of atactic
polymer. f Yield of isotactic polymer (Y,) and atactic polymer (Y,) (kg polypropene/mol Zr). &

Number of isotactic (V,) and atactic (N,) polymer chains (mol polypropene/mol Zr). b Isotactic
polypropene: M. = 7000, M,/M . = 2.3; atactic polypropene: M, , = 3900, M, ./M . =2.6.

Table 3-6. Results of propene polymerization with rac- and meso-
Me,Si(2-Melnd),ZrCl,~AliBu3/Ph; CB(C¢F5),4* (Run 17)

b M

mn T e MM WS XD Mg xl N
2 321 4.32 4.7 0.42 1120 16.5 161 10.6
5 1470 3.82 3.3 0.22 6870 102 391 25.9
10 3210 3.91 3.6 0.21 15200 225 810 53.6

15 4930  3.97 4.0 020 23600 348 1200  79.2
20 6390  4.18 3.8 0.18 31400 465 1370  90.4
30 8650 0.15 43900 649 1590 105

2 rgc-isomer = 16.7%, meso-isomer = 83.3%. b Polymerization (sampling) time. © Yield of
whole polymer (kg polypropene/mol Zr). 4 Number-average molecular weight and molecular
weight distribution of whole polymer determined by GPC. ¢ Weight fraction of atactic
polymer. f Yield of isotactic polymer (Y,) and atactic polymer (Y ,) (kg polypropene/mol Zr). &

Number of isotactic (N;) and atactic (N )polymer chains (mol polypropene/mol Zr). h Tsotactic
polypropene: M, = 67700, M ,./M; = 2.9; atactic polypropene: M, = 15100, M /M . =2.7.
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The amounts of polymers sampled during the polymerization were too small to be
fractionated. GPC curves of polypropenes obtained using MAO as cocatalyst are displayed in
Figure 3-1. The GPC curves of the sampled polypropenes showed bimodal distribution,
which corresponded to isotactic and atactic fractions produced by rac- and meso-isomer,
respectively. The increase of atactic fraction was observed with the increase of polymerization
time as shown in Figure 3-1. However, the elution time of each peak top did not change
during the polymerization and agreed well with the curves of fractionated polymers finally
obtained. Therefore, weight fraction of the atactic polymer (Wa) can be calculated from the
GPC curves as follows on the assumption that My and M w/Mp of the each fraction do not

change during the polymerization.

My = ZMN{ZN; = Z(MiNij + MjNoj)/ Z(Nyj + Naj)
U =0
= (ZMNiENg)- [N/ Z Wi + Nap)] + (EMNog/ ZNoj) [ZNa/Z (Nij + Nap) ]
§=0 j=0 =0 j=0 §=0 =0 =0 j=0

1)
where My, Mj, Nj, Nij, and Nyj are number-average molecular weight of whole polymer,
molecular weight of fraction j in the whole polymer, a total number of polymer chains in
fraction j, a number of isotactic and atactic polymer chains in fraction j, respectively. The

equation (1) can be further developed to equation (2).

My =My - Ni/(Ni + Na) + Mna - Na/(Ni + Na) )

where Nj and N, are, respectively, numbers of isotactic and atactic polymer chains. The
values of My; and My, were determined from the finally quenched polymer in the series of
polymerizations, and could be constant through the polymerization as described above. The
weight fraction of the atactic polymer (W), yield of isotactic polymer (Y;) and atactic polymer

(Y,) are determined by the following equations:

Wa = Mpa - Na/(Myi - Ni + Mpa - Na) 3)
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(f)

Figure 3-1. GPC curves of polypropenes obtained with mixture of rac- and meso-
Me,Si(2-Melnd),ZrCl,-MAO: (a) 5 min, (b) 10 min, (c) 30 min, (d) 45 min,

(e) isotactic fraction, (f) atactic fraction.
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Y; = Y(1-Wp)/0.167 . 4)

where Y is yield of whole polymer calculated from the amount of propene consumed during the
polymerization.
Polymerization rate at polymerization time ¢ (¢ = (1 + 1)/2) is determined by the following

equation:
Rp=Yr2- Yr)/(22- 11) (6)

where Y71 and Yy are yield of polypropene at polymerization time of #; and #. The Ry, values
thus obtained are summarized in Table 3-7, and the plots of Rp against polymerization time with
MAO, AlEt3/Ph3CB(CgF5)4, and AliBus/Ph3CB(CgFs)4 are displayed in Figures 3-2, 3-3 and
3-4, respectively. It took about 10 min to reach the maximum Rp, and then Rp gradually
decreased in the case of using MAO with both rac-1somer and meso-isomer (Figure 3-2 (a),
(b)). The Ry of rac-isomer and meso-isomer with AlEt3/Ph3CB(CeFs)4 reached to the
maximum value within 5 min and dropped rapidly (Figure 3-3 (a), (b)). In the case of using
AliBu3/Ph3CB(CgFs)4, short induction time was observed to reach the maximum Rp, with rac-
isomer followed by gradual decay of Rp (Figure 3-3(a)). On the other hand, Rp showed the
maximum value at the initial stage for about 10 min, and then rapidly decreased in the
polymerization profile with meso-isomer (Figure 3-3 (b)).

Rp(rac) and Rp(meso) can be expressed by the following equations:

Rp(rac) = kp(r ac)[MP[C* Irac (7
Ry(meso) = kp(meso)IM]*[C*Imeso (8)

where kp(rac), kp(meso), [M], a, [C*]rac, and [C*)meso are, respectively, rate constants of
propagation in rac-isomer and meso-isomer, monomer concentration, reaction order, number of

active centers in rac-isomer and meso-isomer. There are two possibilities for the change of Rp
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Rp(meso) (kgPP/mol Zr-h)
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Figure 3-2(a). Polymerization profile of propene
with rac-Me,Si(2-Melnd),ZrCl,-MAO.
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Figure 3-2(b). Polymerization profile of propene
with meso-Me,Si(2-Melnd),ZrCl,-MAO.
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Figure 3-3(a). Polymerization profile of propene
with rac-Me,Si(2-Melnd),ZrCly~AlEt3/Ph3CB(CgF5)4.
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Figure 3-3(b). Polymerization profile of propene
with meso-Me,Si(2-MeInd),ZrCl,—AlEt;/Phy CB(C¢Fs5)4.
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Figure 3-4(a). Polymerization profile of propene
with racMe,Si(2-Melnd),Z1rCl—AliBus/PhyCB(CgFs)4.
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Figure 3-4(b). Polymerization profile of propene

o

with meso-Me,Si(2-Melnd),ZrCl,~AliBus/Ph;CB(CeFs).
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during the polymerization. One is the change of kp value and the other is the change of [C*]
value. If the kp value could change, it is plausible that the My value also changes during the
polymerization. As mentioned above, the M, values were almost independent of the
polymerization time in the present polymerizations. Therefore, it seems reasonable to suppose
that the change of Ry, is due to the change of [C*].

Several methods have been applied to determine the [C*] value in olefin polymerization with
metallocene catalysts.19 In this study, the author roughly estimated the [C*] by a typical

kinetic method with the following equations20:

before the maximum Rp

My = [l MIEC*1edt/{ [C¥ Tt [(kie + kural AL + ke MDIC*1edt} €
1/Mp = [C*]WY + (ke + keealAll + keem M1/ kp[M] (10)
N = YIMy = [C¥]¢ + (ke + kra[Al] + kpm[M])- Y/kp[M] (11

after the maximum Ry,

My = Ikp[M][C*]tdt/ {[C*Imax + JGker + kralAl] + kem[MD[C*dr}  (12)
1My = [C¥Imax/Y + (ki + kieaAlAL] + ke [M1)/kp[M] (13)
N = YIMy + (kip + kiralAl] + kem[M])- Yikp[M] (14)

where [C*]; and [C*]max are numbers of active centers at polymerization time = ¢t and maximum
Rp, ki, kira, and kym are rate constants of chain transfer by B-hydrogen elimination,
alkylaluminum, and propene monomer, [Al] is concentration of AlR3, Y is yield of
polypropene, respectively.  From the plots of N against Y, [C*] values of rac-Me;Si(2-
Melnd),ZrCl; could be determined at maximum Rp with MAO and AliBu3/Ph3CB(CgFs)4 by
the equation (11), and at Y = 0 (¢ = 0) with AlEt3/Ph3CB(C¢Fs)4 by the equation (14). The
[C*] values are 0.086 mol/mol with MAO, 0.54 mol/mol with AlEt3/Ph3CB(CgFs)4, and 0.24
mol/mol with AliBu3/Ph3CB(CgFs)4, respectively. These values are lower than the [C*)]
values previously reported in propene polymerization determined by another method.!%b.d

This difference may be due to the induction time to produce the maximum [C*]. The [C¥*]
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values of meso-Me>Si(2-Melnd);ZrCl; could not be determined because the [C*] value was too
small.

It was found that Rp(rac)/Rp(meso) values with rac- and meso-Me;Si(2-Melnd)7ZrCly
decreased in the following order according to the combined cocatalysts: AlEt3/Ph3CB(CgFs)4
(36-108) > AliBus/Ph3CB(CgFs)4 (7.0-55) > MAO (8.2-12). In the results with rac- and
meso-Me3Si(2,3,5-Me3Cp)2ZrCly, the Rp(rac)/Rp(meso) values decreased in the following
order: MAO (3.0-3.6) > AlEt3/Ph3CB(CgFs)4 (0.5-1.0) > AliBuz/Ph3CB(CgFs)4 (0.4) (Table
3-1). Although the polymerization conditions are slightly different among these
polymerizations with Me,Si(2-MeInd),ZrCl; and Me;Si(2,3,5-Me3Cp)2ZrCly, the comparison
would make sense. Therefore, the results of propene polymerization with these catalysts are
discussed in more detail. The difference among these catalysts could be found especially
when MAO was used. In the polymerization with Me;Si(2-Melnd),ZrCly, the lower values of
Rp(rac)/Rp(meso) were observed using MAO than using AIR3/Ph3CB(CgF5)4. On the other
hand, the opposite tendency was observed in the polymerization with MeSi(2,3,5-
Me3Cp),ZrCly.  Furthermore, the Rp(rac)/Rp(meso) values with Me;Si(2-Melnd),ZrCl, were
higher than those with Me;Si(2,3,5-Me3Cp)2ZrCl, combined with any kinds of cocatalysts.
These differences may be derived from the steric effect between (2-Melnd) and (2,3,5-Me3Cp)
ligands. It seems hard to activate the meso-bis(indenyl) type ansa-zirconocene, especially by

MAO, due to the steric hindrance of site-A in Scheme 3-1.

3-3B-2. Polymerization of 1-Butene and 1-Hexene with
Me;Si(2-Melnd)2ZrCl,

Polymerization of 1-butene with the mixture of rac- and meso-Me;Si(2-Melnd),ZrCl, was
conducted using three cocatalysts at 40 °C in a 200 mL autoclave. The results are summarized
in Table 3-8. Atactic and isotactic poly(l-butene)s were separated according to the
Experimental Part.  The polymerization activity and M, of the polymer obtained with
combined cocatalysts showed the same tendency observed in the propene polymerization, and
decreased in the following order: AliBuz/Ph3CB(CgFs)4 > MAO > AlEt3/Ph3CB(CeFs)4. The

Rp(rac)/Rp(meso) values decreased in the same order of the propene polymerization:
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AlEt3/Ph3CB(CgF5)4 > AliBuz/Ph3CB(CgFs5)4 > MAO. It seems reasonable to suppose that
alkyl groups of propene and 1-butene, methyl and ethyl, do not affect the polymerization
behaviors with rac- and meso-Me;Si(2-Melnd),ZrCl».

Polymerization of 1-hexene with the mixture of rac- and meso-Me;Si(2-MelInd),ZrCl,
combined with three cocatalysts were also conducted at 40 °C in a 200 mL glass reactor. The
results are summarized in Table 3-9.  Higher activity was observed with MAO than with
AliBu3/Ph3CB(CgFs5)4. The same tendency wés observed in the 1-hexene polymerization
with Me3Si(2,3,5-Me3Cp)2ZrCl;. - Weight fraction of atactic poly(1-hexene) was determined
from a 13C NMR spectrum of the whole polymer as mentioned in the Experimental Part. The
point about the polymerization of 1-hexene is remarkably higher values of Rp(rac)/Rp(meso)
(about 80-160) than those of propene and 1-butene polymerizations independent of cocatalysts
used.  This result might indicate that the site-A of meso-Me,Si(2-Melnd),2ZrCl, is too
sterically hindered for 1-hexene to coordinate it (Scheme 3-2).  This result supports the
mechanism of alternating copolymerization of ethene and 1-octene with meso-Me;Si(2-
Melnd),ZrCl,, which was proposed by Soga ef al.13  On the other hand, remarkable

difference in Rp(rac)/Rp(meso) values among the o-olefins (propene, 1-butene, and 1-hexene)

could not be observed in the polymerization with the mixture of rac- and meso-Me3Si(2,3,5-

l/-:'n,., o ettt
. D—'Z.r SI
——v—i §: - “‘\ =

site-A @@' site-B

meso-Me,Si(2,3,5-Me; Cp),ZrCl, meso-Me,Si(2-Melnd),ZrCl,

Me3Cp)ZrCly.

Scheme 3-2. Proposed models of 1-hexene coordination to meso-type ansa-zirconocenes.
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3-4. Summary

Effect of cocatalysts on a-olefin polymerization with rac- and meso-isomers of ansa-
zirconocene catalysts was studied. When the polymerizations were conducted with
Me3Si(2,3,5-Me3Cp)2ZrCly, higher Rp(rac)/Rp(meso) values were observed using MAO than
using AIR3/Ph3CB(CgFs)4. On the other hand, the opposite result was observed in the
polymerization with Me,Si(2-Melnd);ZrCl,.  This result could be derived from the difference
in the bulkiness of zirconocene ligands. Remarkably high Rp(rac)/Rp(meso) values in the 1-
hexene polymerization with Me;Si(2-Melnd),ZrCl, indicated that coordination of 1-hexene to

the meso-isomer was disturbed due to the steric hindrance in the Site-A.
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4-1. Introduction

End group analysis of polymer provides important insight into the chain transfer reaction in
Ziegler—Natta polymerization. Four kinds of chain transfer reactions have been observed in
propene polymerization with metallocene catalysts (Scheme 4-1).  The first chain transfer
reaction is B-hydrogen transfer to the metal.1=%  This reaction produces vinylidene groups at
the terminated chain end and nPr groups at the initiated chain end. The second chain transfer
reaction is B-hydrogen transfer to the monomer.49.8,10  The same chain end groups derived
from B-hydrogen transfer to the metal are formed through this reaction.  The chain end
structure of the 2-butenyl group, which was derived from the B-hydrogen transfer after
secondary insertion, was also observed.11.12  The third chain transfer reaction is f-methyl
elimination.13-23  The chain end structure of a vinyl group is formed through the -methyl
elimination. The fourth chain transfer reaction is chain transfer to aluminum.”-17.24-26  In the
case of using MAO, this chain transfer reaction occurred at lower polymerization temperature or
lower propene concentration. In the case of using AIR3 (without MAO), chain transfer to the
aluminum was determined by the chain end analysis of resulting polypropenes. Zambelli et al.
carried out the polymerization of propene with rac-Et(Ind);ZrCl;~Al(CH3)2F/AlMe3 and
observed a chain transfer process to AlMes by the chain end structures of resulting
polypropene.24  Soga et al. investigated the polymerization of propene with supported
metailocene catalysts (for example rac-Et(Ind),ZrCl,/Al,03) activated by common AIR3 and
reported the chain transfer to AIR3.26  Only a few investigations have been reported about the
effect of AIR3 concentration on the stereospecific polymerization of propene. Bochmann ez
al. studied the effect of AlMe3 concentration on the propene polymerization with rac-
[Me;,Si(Ind);Zr(1-Me)2AlMe]-B(CeFs5)4/AlMes, rac-Me;Si(Ind)ZrMe;—Ph3CB(CgFs)4/
AlEt3, and observed decrease of molecular weight of the resulting polypropene with an increase
in the AIR3 concentration.27-28 Uchida et al. also reported the stereospecific polymerization of
propene with zirconocene catalysts combined with AIR3/Ph3CB(CgF5)4 and a great deal of

effort was made to determine the effect of AIR3 concentration on the catalytic activity.29
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1. B-Hydrogen transfer to the metal

T T
Mt —CH,—CH—P Mt—H + CH,=C—P

y

2. B-Hydrogen transfer to the monomer

T

CH; CH,=CH

Mt —CH,—CH—P > Mt—CH,-CH,-CHj,4
T
+ CH2=C —P

3. B-Methyl elimination

CH,

Mt —CH,—CH—P > Mt—CH; + CH,=CH—P

4. Chain transfer to AIR;

CH

| AIR,

Mt —CH,—CH—P

Y

Mt—R
CH,
+ R,—Al—CH,—CH—P

Scheme 4-1. Chain transfer reactions in propene polymerization:
Mt = metal, P = polymer chain.
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In this work, the author studied the effect of AIR3 concentration on the molecular weight and
the chain end structures of obtained polypropene to characterize the process of chain transfer to
AIR3 (AlEt3 and AliBus3) in stereospecific (isospecific and syndiospecific) polymerizations of

propene with zirconocene—~AlR3/Ph3CB(CgFs)4 catalyst systems.
4-2. Experimental Part

Materials

rac-Et(Ind)»ZrCl and raé-Mezsi(Ind)ZZrCIQ were commercially obtained from Witco Co.,
Ltd. and used without further purification. iPr(Cp)(Flu)ZrCl, was prepared according to the
literature.30  AlEt3, AliBu3z, and MAO were commercially obtained from Tosoh Akzo Co.,
Ltd. and used without further purification. Ph3CB(CgFs)4 was commercially obtained from
Tosoh Akzo Co., Ltd. and used without further purification. ~ Toluene was commercially

obtained and dried over molecular sieves 3A.

Polymerization of propene

Polymerizations were conducted in an agitated 1 L autoclave. The autoclave was back-
flushed with argon several times, then 300 mL of toluene was injected and the system was
warmed to 40 °C.  The argon was replaced with 4 kg/cm?G of propene, and the toluene was
stirred until the monomer saturation was achieved. A 100 mL glass flask was charged with 10
mL of toluene, AlR3 and a zirconocene catalyst, and the mixture was stirred for 5 min at room
temperature in advance. The catalyst solution and toluene solution of Ph3CB(CeF5)4 were
added to start the polymerization. In the polymerization with MAO, MAO was used instead of
AlRj3 and the polymerization was started without Ph3CB(CgFs)4. Termination was carried out
by the addition of isobutyl alcohol.  After the polymerization, the unreacted monomer was
vented and the mixture was quenched with plenty of methanol. The polymer was filtered,

washed with methanol and dried in vacuo at 60 °C for 6 h.

Analytical procedure

75



Chapter 4

Molecular weight and MWD of polymers were measured at 145 °C by GPC (Waters 150CV)
using o-dichlorobenzene as a solvent. M, was determined by the equation: M, = A-Q (A,
and Q are, respectively, weight-average molecular size (A) and Q-factor = 26.4 for
polypropene).3! 13C NMR spectra were recorded at 135 °C on a JEOL EX-270 NMR
spectrometer operating at 67.8 MHz. Polymers were dissolved in o-dichlorobenzene/benzene-
de (vol. ratio = 9/1) up to S wt %. Ty, of polymers were determined by DSC (Perkin-elmer
DSC-VII) from the melting endotherm at a heating rate of 5 °C/min after previous heating to 180
°C and cooling to 50 °C by 5 °C/min.

Propene/toluene vapor-liquid equilibrium in the polymerization conditions, at 40 °C and 4
kg/cm?G of propene, was estimated from Soave-Redich-Kwong equation3? using the ASPEN-

PLUS™ program.

4-3. Results and Discussion

4-3-1. Propene Polymerization with Isospecific Catalysts

Isospecific polymerization of propene was conducted with rac-Et(Ind);ZrCl, and rac-
Me;Si(Ind)2ZrCly combined with AlEt3/Ph3CB(CgFs)4 and AliBu3/Ph3CB(CgFs)4. The
polymerizations using MAO as a cocatalyst were also conducted for references.  The
polymerization results, together with the molecular weight of polypropenes, are summarized in
Tables 4-1 and 4-2. Increase in the molar ratio of AlEt3/Zr resulted in marked decrease of the
molecular weight. On the other hand, the molecular weights of polypropenes were
independent of the molar ratio of AliBuz/Zr. These results indicate that chain transfer to AlEt3
occurs frequently, whereas, AliBus does not participate in the chain transfer reaction.

Chain end groups of the polypropenes were detected by 13C NMR spectroscopy to study the
chain transfer reaction in more detail. = The typical polymer end groups, found in low
molecular polypropene produced by ordinary metallocene catalysts, are the vinylidene group
resulting from B-hydrogen transfer and the nPr group formed through an insertion of propene

into the resulting metal-hydride bond as shown in Scheme 4-2 (a). When the chain transfer to
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Table 4-1. Results of propene polymerization with rac-Et(Ind),ZrCl,~
AIR;/PhyCB(C(Fs), and MAO?

Run Cat.b AR,  ayzc A Yield Alfﬁ;g M.* MM ¢ End group!

(umol) (min) (&) 7 h) (X107 n R/nPr

1 3.6  AlEt 150 60 264 7300 3.2 1.9 0.56

2 3.1 250 60  44.7 14400 2.7 2.0

3 29 500 60 256 9000 2.7 1.9

4 36 1000 60 11.5 3200 1.8 2.0 1.76

5 1.6 AlBuy; 150 30 443 56100 3.8 1.9

6 1.2 250 30 635 102000 36 1.9

7 13 500 30 61.0 94400 3.4 2.0

8 1.1 1000 30 50.0 92900 3.7 1.9 0.00

9 74 (MAO) 1000 10 29.2 23600 2.2 2.2

a Polymerization conditions: polymerization temperature = 40 C, toluene = 300 mL, propene =
4 kg/em?G, molar ratio of B/Zr= 1.0. ® Amount of catalyst. ¢ Molar ration of AVZr. 9

Polymerization time. ¢ Determined by GPC. f Molar ratio of R end groups to nPr end groups;
R is alkyl group of AlR.

Table 4-2. Results of propene polymerization with rac-Me,Si(Ind),ZrCl,~
AIR4/Ph,;CB(C4F5), and MAO® |

R S AR, e © Yeld ‘?1:;‘;,’3 M:® e End groupf
(mol) (min) (&  7Zrh) (X107 R/nPr

10 4.7 AlEty 150 60 202 4300 3.4 1.9 0.62

11 4.6 250 60 229 4900 2.9 1.9

12 42 500 60 9.3 2200 2.4 2.0

13 5.1 1000 60  36.0 7000 1.8 2.0 1.25

14 1.7 AlBu; 250 10 59.3 213000 2.9 1.9

15 0.71 500 10 46.3 389000 3.2 2.0

16 0.67 1000 10 402 361000 3.2 1.9 0.00

17 060 (MAO) 1000 60 4.0 6600 3.9 1.9

2 Polymerization conditions: polymerization temperature = 40 °C, toluene = 300 mL, propene =
4 kg/em?G, molar ratio of B/Zr = 1.0. ® Amount of catalyst. ¢ Molar ratio of AVZr. d

Polymerization time. © Determined by GPC. f Molar ratio of R end groups to nPr end groups;
R is alkyl group of AlR.
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a't
|
cC—C—C—C—C—FP
1t 2t 3t 4t
10't
C
C—C—C—C—FP
8t o9t 10t
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l |
Cc—C—C—C—C—FP
6t Tt

Scheme 4-2. Chain end structures of polypropene: P = polymer chain.
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9]
(@)
= O
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Scheme 4-3. Regio-irregular structures of isotactic polypropene obtained

with metallocene catalyst.
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AlEt3 occurs, the polymer end groups are iPr group resulting from Al-polymer connection and
Et group formed through an insertion of propene into the resulting metal-Et bond as shown in
Scheme 4-2 (b). The chain transfer to AlEt; was detected by Soga et al. in the propene
polymerization with rac-Et(H4Ind),ZrClp/Al,O3—AlEts without MAO, and the assignment of
the chemical shifts in 13C NMR spectra could be made according to the report.26  The chain
transfer to AliBus in the propene polymerization produces only an iPr end group resulting from
Al-polymer connection and insertion of propene into the metal-iBu bond as shown in Scheme
4-2 (c). The same iPr end group could be formed by the chain transfer to AlMe3. Busico et
al. reported the chain transfer to AlMe3 (in equilibrium with MAO) in the isospecific
polymerization of propene with rac-Et(Ind);ZrCl;-MAO, and the assignment of chemical shifts
in 13C NMR spectrum could be made according to the report.2  Figure 4-1, (a), (b), and (c),
illustrates the 13C NMR spectra of isotactic polypropenes obtained with rac-Et(Ind)2ZrCly

combined with different cocatalysts. The assignments of chain end structures and

6m amom" Im 3m 7
't

6t 3 4t 2S¢ 3,10( Ir 7t 6t 5l|l

(b)

8m7m

5 2t
6c 3t 4r b 2rs5e 3r ’5 ¢ M 870 1y

Im M Im 3m 8m 7m
2t 8r 7r

J 6r 3 4r \ 2¢ 9t 3 l; ¢ 5(| It

Figure 4-1. 13C NMR spectra of isotactic polypropenes obtained with
rac-Et(Ind),ZrCly: (a) AlEt3/Ph3CB(C¢Fs),, (b) AliBuy/PhyCB(C(Fs),, (c) MAO.
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regioirregular units are shown in Schemes 4-2 and 4-3, respectively. The 13C NMR spectrum
of isotactic polypropene obtained with AlEt3/PhsCB(CgFs)4 (Figure 4-1 (a)) displays not only
the peaks attributable to nPr end groups at ca. 14.3 (1t), 20.2 (2t), 39.8 (3t), 22.8 (5t) ppm, but
also strong peaks at ca. 23.6 (6t), 25.7 (7t) ppm attributable to iPr end groups and at ca. 11.1
(8t), 32.8 (10t) ppm attributable to Et end groups derived from the chain transfer to AlFEts.
The molar ratio of (Et end groups)/(nPr end groups) was determined from the intensities of
corresponding peaks in the 13C NMR spectra. The content of Et end groups was higher than
that of nPr end groups in the polypropenes obtained with both rac-Et(Ind),ZrCl; and rac-
Me;Si(Ind),ZrCl at the molar ratio of AlEt3/Zr = 150. Higher concentration of Et end groups
in comparison with nPr end groups was detected in the polymers obtained at the molar ratio of
AlEt3/Zr = 1000.  On the other hand, only the peaks attributable to nPr end groups, which
were derived from B-hydrogen transfer, were detected in the 13C NMR spectrum of

polypropene using AliBus (Figure 4-1 (b)).

4-3-2. Propene Polymerization with a Syndiospecific Catalyst

Syndiospecific polymerization of propene was carried out with iPr(Cp)(Flu)ZrCl, combined
with AIR3/Ph3CB(Cg¢Fs5)4. The results are listed in Table 4-3. Decrease of the molecular
weight of polypropenes was observed with an increase in the molar ratio of AlEt3/Zr and
AliBus/Zr. The polypropenes of higher molecular weight were obtained with AliBuj than
with AlEt3.

Figure 4-2, (a), (b), and (c), illustrates the 13C NMR spectra of the syndiotactic
polypropenes obtained with different cocatalysts. The 13C NMR spectrum of the syndiotactic
polypropene obtained with AlEt3/Ph3CB(CeFs5)4 (Figure 4-2 (a)) displays not only the peaks
attributable to nPr end groups (1t, 2t, 3t, 5t) but also the strong peaks attributable to Et end
groups (8t, 10t) and iPr end groups (6t, 7t) derived from the chain transfer reaction by AlEts.
Furthermore, the 13C NMR spectrum of the syndiotactic polypropene obtained with
AliBu3/Ph3CB(CgFs)4 (Figure 4-2 (b)) displays not only the peaks attributable to nPr end

groups (1t, 2t, 3t, 5t), but also weak peaks attributable to iPr (iBu) end groups derived from the
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Table 4-3. Results of propene polymerization with iPr(Cp)(Flu)ZrCl,-
AIR;/Ph;CB(C¢Fs)4 and MAO?

o O AR e A0 Gy e Bt
(umol) (min) ®) Zr-h) (X107%) & R/nPr

18 7.9 AlEy 250 120 3.5 220 3.3 1.9

19 .72 500 120 2.5 170 2.7 2.1

20 6.9 1000 120 2.5 180 1.7 2.2 2.80

21 7.2 AliBuy 250 120 125 870 6.2 2.2

22 7.2 500 120 11.7 810 5.2 2.5

23 5.3 1000 120 8.8 630 4.6 2.3 0.87

24 69 (MAO) 1000 30 358 10400 8.3 1.9

2 Polymerization conditions: polymerization temperature = 40 C, toluene = 300 mL, propene =
4.0 kg/cm?G, molar ratio of B/Zr = 1.0. ® Amount of catalyst. ¢ Molar ratio of AlVZr. ¢

Polymerization time. © Determined by GPC. f Molar ratio of R end groups to nPr end groups;
R is alkyl group of AlRs.

(a) :
10 o 4t i “ -“5t 8t
3t J ) It |
()
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Figure 4-2. 13C NMR spectra of syndiotactic polypropenes obtained with
iPr(Cp)(Flu)ZrCly— (a) AlEt;/Ph3CB(C¢Fs),, (b) AliBus/PhyCB(CcFs),, () MAO.

81



Chapter 4

chain transfer reaction by AliBuz. These results indicate that chain transfers not only to AlEt3
but also to AliBus occur in the syndiospecific polymerization of propene with
iPr(Cp)(Flu)ZrCly.  The molar ratio of (Et or iPr end groups)/(nPr end groups) was
determined. It was very difficult to determine the end groups of the syndiotactic polypropenes
obtained at the low molar ratio of AIR3/Zr because the molecular weights of polymers are too
high. At the molar ratio of AlR3/Zr = 1000, the end groups of syndiotactic polypropenes were
detectable in 13C NMR spectra.  Since the iPr end groups are formed at both the initiated and
terminated chain ends through the chain transfer reaction by AliBus, half of the peaks intensity
of iPr end groups is applied to the intensity of initiated iPr end groups. At the molar ratio of
AlEt3/Zr = 1000, high concentration of Et end groups was detected. On the other hand, the
content of iPr end groups derived from the chain transfer reaction by AliBus was less than that
of nPr end groups even at the molar ratio of AliBus/Zr = 1000. These results suggest that the

chain transfer reaction occurred more frequently by AlEt3 than by AliBus.
4-3-2. Kinetic Study of Chain Transfer to AIRj3

The effect of AIR3 concentration ([Al]) on the molecular weight of polypropene was
investigated to characterize the chain transfer reactions by AlEt3 and AliBus. Degree of

polymerization (Py) can be described by the following equations34:

Py=] kp[MpJ2[C*]dz / {[C*] + J (ke + e a[ALDP + kum[Mp]©)[C*]dz}
1/Pp = (ke + keMIMpISVkp[MpI2 + ke ALAIIY/kp[Mp]2

where kp, [Mp], [C*], [All, kir, kira, and kyM are, respectively, rate constant of propagation,
propene concentration, number of active centers, AIR3 concentration, rate constant of -
hydrogen transfer to the metal, transfer to AIR3 and B-hydrogen transfer to the propene
monomer; [Mp] at the polymerization condition, propene/toluene equilibrium at 40 °C of 4
kg/cm?G, was calculated by Soave-Redich—-Kwong equation33 and total volume = 389 mL.,

Mp] =29 mol/LL were applied to the condition; a, b, and ¢ are the reaction orders.
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According to previous reports, polymerization activity of propene increased in proportion to
the concentration of propene monomer. The relationship between polymerization rate and
monomer concentration has been studied by Fink et al. for metallocene-MAO catalysts, and
reaction orders in the propene concentration of 1.2-1.4 for rac-Me3Si(Ind)2ZrCl-MAO and
iPr(Cp)(Flu)ZrCl,-MAO systems have been reported.35  Although, higher value (1.7) of
reaction order for the polymerization rate with respect to the propene concentration was reported
with rac-MesSi(benz[elindenyl)2ZrCly and rac-Me;Si(2-Me benz[elindenyl)2ZrCl>-MAO by
Miilhaupt et al.12  In this study, the author assumes that only one propene molecule is
involved in the propagation sfep, and apply a = 1 for the reaction order.

The value of 1/P, increases in proportion to the concentration of AlR3 ([Al]) as shown in
Figure 4-3, and the reaction order of b = 1 is applied for the chain transfer rate with respect to
AlRj3 concentration.  The relative constants kya/kp were calculated from the plots in Figure 4-

3. The results are summarized in Table 4-4. The values of relative constants of kyra/kp with

30
Vs v
201
3
0 L O
< |8
Y g W
0 1 1 1
0 5 10 15 20
[Al] (mol/L)

Figure 4-3. Plots of 1/P, against trialkylaluminum concentration:
(O) rac-Et(Ind),ZrCl,-AlEts; (A) rac-Me,Si(Ind), ZrCl,~AlEts;
(O)) iPr(Cp)(Flu)ZrCl,—AlEts; () Pr(Cp)(Flu)ZrCl-AliBus.
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Table 4-4. Kinetic study of chain transfer reaction by AlR; in stereospecific

polymerization of propene with zirconocene catalysts?

: 1/P k_alk
Run Zirconocene ARR, [Al] n aA'*p
catalyst (mol/L) (X10%) (X10%)
1 rac-Et(Ind),ZrCl, AlEty 1.39 13.3
2 1.99 15.5
3.54
3 3.72 15.7
4 9.25 23.3
10 rac-Me, Si(Ind),ZrCl, AlEty 1.81 12.5
11 2.95 14.2
2.88
12 5.40 17.5
13 13.1 24.0
18 iPr(Cp)(Flu)ZrCl, AlEty 2.76 12.7
19 ‘ 9.25 15.5 2.29
20 ) 17.7 24.3
21 Pr(Cp)(Flu)ZrCl, AliBuy 4.63 6.80
22 9.25 8.15 0.49
23 17.7 9.11

2 Propene monomer concentration [M] = 2.9 (mol/L). P = degree of polymerization. ©
ktrA and kp are, respectively, rate constant of chain transfer to AlR3 and rate constant of
propagation.

AlEt3/Ph3CB(CgFs)4 ranged from 2.3 X 10~% to 3.5 X 104 in the polymerization with rac-
Et(Ind)2ZrCly, rac-Me;Si(Ind)ZrCly, and iPr(Cp)(Flu)ZrCly under the polymerization
condition. The kia/kp values with AlEt3/Ph3CB(CeFs)4 decrease in the following order: rac-
Et(Ind)2ZrCl; > rac-Me;Si(Ind)2ZrCly > iPr(Cp)(Flu)ZrClp.  The kira/kp value with
iPr(Cp)(Flu)ZrCl; combined with AliBu3/Ph3CB(CgFs)4 is 0.49 X 104 about one fifth of that
combined with AlEt3/Ph3CB(C¢Fs)4.
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4-4. Summary

In the stereospecific polymerization of propene with zirconocene catalysts combined with
AlIR3/Ph3CB(CgFs)4, chain transfer to AIR3 plays an important role in determining the
molecular weight of polypropene. The chain transfer reactions by AlEt3 and AliBu3z were
studied by the analysis of molecular weight, chain end structures of obtained polymers, and
kinetic study.

In isospecific polymerization with rac-Et(Ind)2ZrCl; and rac-Me3Si(Ind)7ZrCly combined
with AlR3/Ph3CB(C6F5)4,.the molecular weight of resulting polymers decreased with an
increase in the molar ratio of AlEts/Zr, and the chain end groups resulting from the chain
transfer to AlEt; were detected. On the other hand, the molecular weight of polymers was
independent of the molar ratio of AliBu3s/Zr and the chain end groups resulting from the chain
transfer to AliBus could not be observed by 13C NMR spectroscopy.  The syndiospecific
polymerization of propeﬁe was also con‘ducted with iPr(Cp)(Flu)ZrCl, combined with
AlR3/Ph3CB(CgF5)4 and the chain transfer reactions by both AlEt3 and AliBu3 were observed.
The chain transfer to AlEt3 occurs more frequently than to AliBus.

The relative constants of kya/kp with zirconocene catalysts were calculated from the plots of
1/P, against [Al]. The kiralkp value with iPr(Cp)(Flu)ZrCly combined with
AliBuz/Ph3CB(CgF5)4 is about one fifth of that combined with AlEt3/Ph3CB(CgF5)4.
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5-1. Introduction

Comparison in microstructures of polypropenes obtained with cationic and MAO-activated
metallocene catalysts has been reported. Ewen performed stereospecific polymerizations of
propene with rac-Et(Ind)2ZrCl, and iPr(Cp)(Flu)ZrCl, combined with MAO,
AlEt3/Ph3CB(CgFs)4 and AlEt3/PhsCAl(CgFs)4.]  Judging from the results, the isotacticities
of polypropenes obtained with rac-Et(Ind)2ZrCl, were almost the same regardless of the
cocatalysts used. In contrast, the syndiotacticities of polypropenes obtained with
iPr(Cp)(Flu)ZrClp were dependent on the cocatalysts used, and AlEts/cation-forming reagents
gave lower syndiotactic polymer than MAO. Fink et al. carried out propene polymerization
with rac-Me;Si(Ind)2ZrMes—(C4Hg)3sNHB(CgFs)4 and rac-Me2Si(Ind)2ZrCl2-MAO, and
concluded that no difference in stereoregularity was observed in the polypropenes obtained with
each catalyst system.2:3  Chien et al. discussed differences between coordinating and non-
coordinating counterions in propene polymierization with metallocene catalysts on the rate
constant of propagation, isospecificity and molecular weight of polypropenes obtained.4

On the other hand, drastic changes in stereoregularity of polypropenes obtained with some
metallocene catalysts were reported by varying the cocatalyst. Shiomura et al. reported the
change of‘ stereospecificity in propene polymerization with Me,Si(Flu)(N-Bu)ZrCl, from
syndiospecific to isospecific by changing the cocatalyst from MAO (with AliBu3) to
AliBu3/Ph3CB(CgFs)4.°> Shiono et al. investigated the polymerization of propene with
Cp>TiMe; in toluene at -50 °C, and reported that MAO and B(CgFs)3 gave isotactic polymer in
chain-end control mechanism, while Ph3CB(CgF5)4 gave statistically atactic polymer.®

The effect of cocatalyst has not been reported on the stereoregularity of polypropene obtained
with non-bridged zirconocene and meso-type ansa-zirconocene catalysts, and regioregularity of
isotactic polypropene obtained with rac-type ansa-zirconocene catalysts. In this chapter, the
effect of cocatalyst on the microstructures of polypropenes prepared by non-bridged
zirconocenes, rac- and meso-zirconocene was investigated by 13C NMR spectroscopy. In

addition, microstructures of syndiotactic polypropene were studied to clear the reason for the
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lowering of syndiotacticity in the polypropene prepared by cationic Cg-symmetrical zirconocene

catalyst.

5-2. Experimental Part

Materials

Cp2ZrClyp, Cp*2ZrCly, and IndyZrCl; were commercially obtained from Aldrich Co., Ltd.
and Boulder Science Co., Ltd., and used without further purification. Toluene solution of
MAO and AliBu3z were donated from Tosoh Akzo Co., Ltd. and used without further
purification. ~ Ph3CB(CgF5)4 was donated from Asahi glass Co., Ltd. and used without

further purification.

Propene polymerization with non-bridged zirconocenes

Polymerization of propene with MAO was carried out in a 1 L autoclave, and 280 g (6.7 mol)
of liquid propene was introduced to the autoclave. Toluene (10 mL), MAO, and catalyst were
mixed in a 100 mL glass flask at 25 °C for 5 min in advance. The molar ratio of AV/Zr was
adjusted to 1000. The polymerization was started by adding the catalyst solution to the
autoclave. Temperature was kept at a fixed temperature during the polymerization. The
polymerization was terminated by adding isobutyl alcohol.  The obtained polymer was
precipitated in excess methanol and dried i. vac. at 60 °C for 6 h.

Polymerization of propene with AliBu3/Ph3CB(CgF5)4 was carried out in a 100 mL
autoclave and 21 g (0.5 mol) of propene was introduced to the autoclave. Toluene (10 mL),
AliBu3 (2.0 mmol), and catalyst (4.0 pmol) were mixed in a 100 mL glass flask at 25 °C for 5
min in advance. The polymerization was started by adding the catalyst solution and toluene
solution of Ph3CB(CgF5)s4 (4.0 pmol, 1.0 M solution) to the autoclave. The other

experimental procedures were the same with those described in the polymerization with MAO.

Propene polymerization with ansa-zirconocenes
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Polypropenes obtained with rac- and meso- Me2Si(2,3,5-Me3Cp)2ZrCly at 40 °C were
prepared in Chapter 3 at 40 °C. Isotactic and syndiotactic polypropenes were prepared by rac-

Et(Ind)2ZrCly, rac-MeSi(Ind),ZrCl,, and iPr(Cp)(Flu)ZrCly as described in Chapter 4.

Analytical procedure
13C NMR spectra were recorded at 135 °C on a JEOL EX-270 NMR or at 130 °C on a JEOL
EX-400 spectrometer. Polymers were dissolved in o-dichlorobenzene/benzene-dg (vol. ratio

=9/1) up to 5 wt%. Pentad assignment was determined according to the literature.7-10
5-3. Results and Discussion

5-3-1. Microstructures of Atactic Polypropenes Obtained with Non-Bridged

Zirconocene Catalysts

Polymerization of propene was conducted with non-bridged zirconocene catalysts
(Cp2ZrCly, Cp*»ZrCly, IndZrCly) using MAO and AliBuz/Ph3CB(CgFs)4 as cocatalysts at
40, 0, and -20 °C. The microstructures of polypropenes obtained are summarized in Tables 5-
1and 5-2. Clear difference in stereochemistry of the polypropenes could not be observed
among the cocatalysts used.

Portion of meso-sequences ([m]) increased with lowering of the polymerization temperature.
Cp*2ZrCl, produced syndiotactic-rich polypropenes.  This result is the same with the result of
1-butene polymerization previously reported.1!  Judging from the triad sequence, chain-end
control is predominant for producing the isotactic portion (2[rr]/[mr] = 1 for site control,
4[mm][rr}/[mr]? = 1 for chain-end control).!2  According to the previous report, (2-
PhInd)>ZrCl; produced isotactic-atactic stereoblock polypropene, and increase of [mm] value
was observed with the decrease of polymerization temperature.13  The proposed mechanism is
that rotation of ligands made equilibrium of rac-meso conformation, which lead to isotactic and
atactic sequences, respectively. In the case of polymerization with Ind,ZrCly, triad tests of

polypropenes fit to the chain-end control, and one can conclude that the isospecific
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polymerization mechanism is different from that of with (2-PhInd);ZrCly.  The substituent of
2-position in the indenyl ligand is essential in determining the stereochemistry of propene
polymerization with non-bridged bis(indenyl)-type zirconocenes.

Stereoregulation energies were determined on the basis of Arrhenijus plot according to the

equations:

[m]/[r] = Pp/P;
In ([m}/[r]) = In ap/a; + (E; — E)/RT

where P, and P; are probabilities of isotactic and syndiotactic placements, ay, and a, are
Arrhenius preexponential coefficients, Ep, and E; are activation energies for the formation of
isotactic and syndiotactic dyads in propagation process.3:%-11  The Arrhenius plots are shown
in Figures 5-1 and 5-2.  The plots show almost the same profiles in each zirconocene with
both MAO and AliBu3z/Ph3CB(CgFs)4 cocatalyst systems. The stereoregulation energies were
calculated from the slope of the ploté. The values of E; — Eyy, are 1.19, 0.79, and 0.33
kcal/mol with CpyZrCly, Cp*,ZrCly, and IndyZrCl; using MAO, respectively, and 0.89, 1.42,
and 0.56 kcal/mol with CpyZrCl,, Cp*7ZrCly, and Ind>ZrCl; using AliBuz/Ph3CB(CgFs)a,

respectively.

5-3-2. Microstrﬁctures of Atactic Polypropenes Obtained with A meso-Type

ansa-Zirconocene Catalyst

Microstructures of polypropenes obtained with meso-Me3Si(2,3,5-Me3Cp),ZrCl; at 40 °C
are summarized in Table 5-3. The microstructures of resulting polypropenes are almost the
same regardless of the cocatalysts used. It is clear that cocatalyst does not affected the

microstructures of polypropene obtained with meso-Me;Si(2,3,5-Me3Cp),ZrCly.

5-3-3. Microstructures of Isotactic Polypropenes Obtained with Cs-

Symmetrical Zirconocene Catalysts
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Figure 5-1. Arrhenius plots of In({m]/[r]) versus 1/T for polypropenes prepared by
zirconocenes—MAO: (O) Cp,ZrCly; (A) Cp*,ZrCly; (L) Ind,ZrCl,.
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Figure 5-2. Arrhenius plots of In([m}/[r]) versus 1/T for polypropenes prepared by
zirconocense—AliBus/PhsCB(CgFs)s: (@) Cp,yZrCly; (A) Cp*,ZrCly; () Ind,ZcCl,.
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Microstructures of isotactic polypropenes prepared by rac-Me;Si(2,3,5-Me3Cp)2ZrCla, rac-
Et(Ind),ZrCl; and rac-Me;Si(Ind),ZrCl, are also studied by 13C NMR spectroscopy. The
assignments of the chemical shifts of 2,1-insertion and 1,3-insertion (Scheme 4-3 in Chapter 4)
were made according to the literature,14-18 and the results are summarized in Table 5-4. The
difference of isotacticity and regio specificity was not clearly observed among the polypropenes

obtained with different cocatalysts and at the different molar ratios of AlEt3/Zr.

5-3-4. Microstructures of Syndiotactic Polypropenes Obtained with A Cs-

Symmetrical Zirconocene Catalyst

Microstructures of syndiotactic polypropenes obtained with iPr(Cp)(Flu)ZrCl, are
summarized in Table 5-5. The [rrrr] pentad fraction of syndiotactic polypropene using MAO
as a cocatalyst is higher than that with AIR3 (R = Et, iBu)/Ph3CB(CgF5)4, as reported by Ewen
previously.!l Two types of stereo-irregular sequences are found in syndiospecific
polymerization of propene with iPr(Cp)'(Flu)ZrCh as shown in Scheme 5-1.19  One is [rmmr]
that originated from reversed diastereoface selectivity (miss-insertion of propene), the other is
[rmrr] sequence originated from migration of the propagating polymer chain to the vacant site.
The stereo-irregular fraction of [rmmr] was almost the same in any syndiotactic polypropenes,
but higher [rmrr] was found in the polypropenes obtained with AlR3/Ph3CB(C¢Fs)s. These
results suggest that the migration of propagating polymer chain to the vacant site occurs more

frequently in syndiospecific polymerization with AIR3/Ph3CB(CgFs)4 than with MAO.

Table 5-5. Microstructures of syndiotactic polypropenes obtained with
iPr(Cp)(Flu)ZrClZa

Run Cocatalyst Moka;zr?tio [(r%] [rgor)r] {rg;g;r]
33 MAO 1000 88.4 2.0 1.5
34 AlEt;/P h;CB(C4Fs), 1000 86.6 2.7 1.6
35 A]lBU3/Ph3CB(C6F5)4 1000 84.4 3.3 1.6

2 Polymerization conditions: 1 L autoclave, toluene = 300 mL, propene = 4 kg/cm?2, molar ratio
of B/Zr = 1.0.
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1. Syndiotactic propagation.

Scheme 5-1. Mechanisms of syndiospecific polymerization of
propene with iPr(Cp)(Flu)ZrCl,: P = polymer chain.
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5-4. Summary

Propene polymerization was conducted with non-bridged zirconocenes, meso-type ansa-
zirconocene, Ca-symmetrical zirconocenes and Cs-symmetrical zirconocene using MAO and
AlR3/Ph3CB(C¢Fs)4 as cocatalysts.  The cocatalyst did not affect the microstructures of
resulting polypropenes in the aspecific and the isospecific polymerizations. In the
syndiospecific polymerization, the decrease of [rrrr] fraction derived from the migration of the
propagating polymer chain to the vacant site was observed when AlIR3/Ph3CB(CgF5)4 was

used.
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Chapter 6

6-1. Introduction

From both industrial and scientific points of view, ethene/propene copolymerization has been
carried out with various metallocene catalysts.!-16  Zambelli et al. determined the monomer
reactivity ratios in the copolymerization, rg and rp (E = ethene, P = propene), with various
metallocene catalysts.3 Soga et al. carried out the ethene/propene copolymerization with
Cp2ZrCly, rac-Et(H4Ind)ZrCl; and iPr(Cp)(Flu)ZrCly.4  These reports concluded that
reactivity of propene (rp) depended on the symmetry of zirconocene catalysts and decreased in
the following order; syndiospecific (Cs-symmetrical) > isospecific (Cp-symmetrical) > aspecific
(C2y-symmetrical). The same results were reported by Fink et al., and they explained the
tendency by the size difference in the coordination gap aperture of the w-ligands.5 Chien et al.
and Lehtinen et al. compared bridged and non-bridged metallocenes in the ethene/propene
copolymerization and discussed about the polymerization behavior and the microstructures of
copolymers obtained.%7 In these two repc;rts, the molecular weight of copolymer decreased
with the increase of propene in the feed. On the other hand, Sugano et al. carried out the
ethene/propene copolymerization with rac-Me;Si(H4Ind),ZrCl, and observed the minimum
molecular weight at about 80 mol% of propene in the copolymer.8

The author compared zirconocene and hafnocene catalysts for ethene/propene
copolymerization, and found a remarkable decrease in molecular size at about 50 mol % of
propene content in the copolymer obtained with ansa-hafnocene catalysts. The profile of the

molecular size was discussed with the chain propagation and chain transfer reaction.
6-2. Experimental Part
Materials
Cp2MCly, rac-Et(Ind);MCly, rac-Me3Si(Ind);MCly M = Zr, Hf), and rac-

Me,Si(H4Ind)2ZrCl, were purchased from Boulder Science Co., Ltd. and Witco Co., Ltd.,

and used without further purification. MAO was purchased from Tosoh Akzo Co., Ltd., and

103



Chapter 6

used without further purification.  Toluene was commercially obtained and dried over

molecular sieves 3A.

Ethene/propene copolymerization

Ethene/propene copolymerization was carried out in an agitated 1 L glass flask. The
gaseous mixture of ethene and propene was fed to the reactor containing 500 mL of toluene at
40 °C in the feed rate of 760 mL/min. Toluene (10 mL), MAO and a catalyst were mixed in a
100 mL glass flask at .25 °C for 5 min in advance. The molar ratio of (MAO)AI/M M = Zr,
Hf) was adjusted to 1000.  After the toluene was saturated with the gaseous mixture, the
polymerization was started by adding the catalyst solution to the reactor. Polymerization
temperature and monomer feed rate were kept constant during the polymerization. The
polymerization was terminated by adding isobutyl alcohol.  The obtained polymer was

precipitated in large excess of methanol and dried in vacuo at 60 °C for 4 h.

Analytical procedure

13C NMR spectra of ethene/propene copolymers were measured at 67.8 MHz in o-
dichlorobenzene at 135 °C with a JEOL EX-270 spectrometer. The weight-average molecular
size (extended chain length) (Aw (A)) and MWD (Mw/My) of produced polymers were
measured at 145 °C by means of GPC (Waters 150CV) using o-dichlorobenzene as a solvent
and calibrated with standard polystyrene samples.  The molecular size was defined as
projected chain length on the chain axis of extended chain.

Concentrations of ethene and propene monomers at the polymerization conditions were

detected by gas-chromatography.

6-3. Results and Discussion

6-3-1. Ethene/Propene Copolymerization with Cp2MCl; M = Zr, HYf)

104



Chapter 6

Results of ethene/propene copolymerization with CppMCl; are shown in Tables 6-1 and 6-2.
Decrease of polymerization activities was observed with an increase of propene in the feed on
the whole. Exceptionally, CpyZrCly showed the highest activity at 20 mol % of propene in the
feed. In the case of copolymerization with CpoHICl,, the activity monotonously and
drastically decreased with the addition of propene. Plots of weight-average molecular size
(Aw) against propene content of the copolymer with CpZZrCiz and CppHfCl; are shown in
Figure 6-1. The molecular size of the copolymers decreased with the increase of propene
content. Considering the decrease of polymerization activity with the increase of propene and
the feasibility of chain transfer at propene inserted state,?10 the decrease of molecular size with
the increase of propene content in the copolymer is entirely reasonable. The copolymerization

diagrams of ethene/propene with CpoMCl; are shown in Figure 6-2. Slightly higher

Table 6-1. Results of ethene/propene (EP) copolymerization with
Cp,MC1,-MAO

Run M Cat” }f)eelz me};iltrllmb tc Yeld ﬁf{? ‘{311?; poll;gerd w M,/M ®
#mo) (mol %) (mol %y ™V ® moMh) (mora) A "
1 Zr 96 0 0 5 6.2 7800 0 10200 4.5
2 58 20 549 10 8.6 8900 112 2150 7.8
3 72 50 823 60 293 4100 404 345 4.6
4 9.2 80 947 60 199 2200 517 86 2.2
5 123 100 100 60 6.5 530 100 23 1.6
6 Hf 124 0 0 10 8.0 3900 0 13700 2.1
7 15.3 20 549 60 16.8 1100 9.7 6740 1.9
8 173 50 823 60 102 560 342 1880 2.0
9 179 80 947 60 3.4 190 744 264 2.1
362f 2.8f
10 142 100 100 60 2.8 200 100 148 1.8
587t 6.7f

2 Amount of catalyst. ? Determined by gas-chromatography. ¢ Polymerization time. 9
Determined by 13C NMR spectroscopy. ¢ Determined by GPC. f Including the higher
molecular weight fraction.
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Figure 6-1. Weight-average molecular size (4,) in dependence on the propene content
in EP-copolymer obtained with zirconocene catalysts: (@) Cp,ZrCly; (O) Cp,HfCl,.
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Figure 6-2. Copolymerization diagrams of ethene/propene with metallocene catalysts:
(@) Cp,ZrCly; (O) Cp,HICl,.
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incorporation of propene was observed with Cp,ZrCly than with Cp2HICI; at lower propene in
the feed, although the opposite result was observed at 80 mol % of propene in the feed. The
reason of this phenomenon is not clear, but reproducibility of the result can be confirmed.
Amounts of polymerized ethene and propene (Ag and Ap) were calculated from the polymer
yield and monomer content in the copolymer. The results are summarized in Table 6-2. In
the case of copolymerization with CpyZrCly, the value of AE at 20 mol % of propene in the feed
was almost twice as high as that of ethene homo-polymerization.  The Ag/Ap ratio with
Cp2ZrCl; showed the highest value at 80 mol % of propene in the feed (51.7 mol % of propene
in the copolymer). In the case of copolymerization with CpoHECly, the Ag and Ap values
decreased with the increase of propene content. The ratio of AE to Ap (Ag/Ap) was also

decreased with the increase of propene in the feed.

6-3-2. Ethene/Propene Copolymerization with C»-Symmetrical ansa-

Metallocene Catalysts

Ethene/propene copolymerization with rac-Et(Ind);MCl, (M = Zr, Hf) was carried out. The
results are summarized in Tables 6-3 and 6-4. The activity in the copolymerization was higher
than those in ethene and propene homo-polymerization. Fink et al. reported the accelerating
effect by o-olefin on the ethene polymerization rate during the ethene/o-olefin
copolymerization, and explained this effect by an increase in the concentration of active centers
and/or an increase of the rate constant of ethene insertion.5 This tendency could be explained
also by enhancement of the monomer diffusion due to the decrease in crystallinity of the
produced polymers.!7  The plots of Ay, against propene content of the copolymer with rac-
Et(Ind);ZrCl, and rac-Et(Ind),HfCl, are shown in Figure 6-3. In the case of using rac-
Et(Ind);ZrCly, the molecular size of obtained polymers decreased with the increase of propene
content.  On the other hand, the minimum molecular size of copolymer was obtained at 55 mol
% of propene content with rac-Et(Ind);HfCly.  Copolymerization diagrams with rac-
Et(Ind);MCl; are shown in Figure 6-4. rac-Et(Ind),HfCI, was able to incorporate more

propene than the zirconocene analog, and this tendency was the same with the results of
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ethene/1-butene copolymerization reported by Kaminsky et al. 18 The maximum Ag value was

observed at 20 mol % of propene in the feed both in rac-Et(Ind)2ZrCl, and rac-Et(Ind),HfCl;

catalysts. While, the Ap value decreased with increase of propene in the feed. The values of

Ap/Ap with rac-Et(Ind),ZrCl, were from 4 to 5 regardless of propene ratio in the feed. In the

case of rac-Et(Ind),HfCl,, the values of Ap/Ap decreased remarkably at high molar ratio of

propene in the feed.

Table 6-3. Results of ethene/propene (EP) copolymerization with

rac-Et(Ind),MCl,~-MAO .

Run M Cat” fielg melzlill?mb tc Yeld ?1:;1 \lgg; polilierd w M /M °
(Hmol) (mol %) (mol %) (min) (&) molM-h) (mol %) (A) f
11 Zr 24 0 0 60 16.7 7000 0 12700 3.0
12 2.4 20 54.9 60 29.1 12200 21.8 3160 2.2
13 1.9 50 82.3 60 21.2 11100 48.5 1990 2.0
14 4.3 75 92.6 60 45.2 10500 75.5 1570 2.0
15 6.2 90 97.3 30 32.6 10500 88.4 1340 2.0
16 6.5 95 98.8 60 54.0 8400 95.4 1410 2.0
17 7.1 100 100 60 63.6 8900 100 935 2.3
18 Hf 44 0 0 60 5.9 1400 0 56400 2.9
19 5.1 20 54.9 40 12.8 3700 24.9 12400 2.3
20 4.8 50 82.3 60 14.8 3100 55.2 7190 | 2.1
21 5.5 75 92.6 60 14.1 2500 77.4 7810 2.3
22 5.9 90 97.3 60 15.2 2600 92.8 9740 2.2
23 6.5 95 98.8 60 15.8 2400 96.8 11100 2.1
24 5.5 100 100 60 11.7 2100 100 10200 1.9

2 Amount of catalyst. b Determined by gas-chromatography.

Determined by 13C NMR spectroscopy. © Determined by GPC.
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Figure 6-3. Weight-average molecular size (A,,) in dependence on the propene content
in EP-copolymer obtained with metallocene catalysts:
(M) rac-Et(Ind),ZrCly; (L) rac-Et(Ind),HfCl,.
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Figure 6-4. Copolymerization diagrams of ethene/propene with metallocene catalysts:
(M) rac-Et(Ind),ZrCly; (L) rac-Et(Ind),HfCl,.
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The copolymerization results with dimethylsilyl-bridged analog, rac-Me;Si(Ind);MCly, (M =
Zr, Hf), are shown in Tables 6-5 and 6-6. The tendency of polymerization activity was almost
equal to that of rac-Et(Ind);MClp.  The plots of Ay, against propene content of the copolymer
with rac-Me;Si(Ind)2ZrCl; and rac-Me;Si(Ind)2HfCl, are shown in Figure 6-5. The
minimum molecular size of copolymer was obtained at 53 mol % of propene content with rac-
Me;Si(Ind),HICl;. In the copolymerization with rac-MeQSi(Ind)QZrC12, such the profile of
molecular size could not be found clearly. Copolymerization diagrams with rac-
MeSi(Ind)2ZrCl; and rac-Me;Si(Ind),HfCly catalysts are shown in Figure 6-6.  The
incorporation of propené was almost independent of the metallocene used.

The values of Ag and Ap were also calculated. The dependence of the values on propene in
the feed showed almost the same tendency in the case of copolymerization with rac-

Et(Ind);MCl,.

Table 6-5. Results of ethene/propene (EP) copolymerization with
rac-Me,Si(Ind), MCl,-MAO

Run M Cat.® fiég meilifmb . Yeld 8(?}‘;,11?/, Pof;ierd Awe M“/M ©

o) (101 %) (ol %) W © molMh) (ol % y @ "
25 Zr 3.1 0 0 10 6.7 12900 0 46300 4.3
26 3.6 20 549 30 223 12500 26.6 3830 2.2
27 40 50 823 60 57.5 14300 552 1660 2.1
28 51 80 947 60 56.6 11000  77.7 1500 2.0
29 49 100 100 60 350 7100 100 1640 2.0
30 Hf 5.8 0 0 60 39 674 0 31200 2.4
31 45 20 549 60 86 1920 265 9310 2.3
32 9.0 50 823 60 121 1350 534 4960 2.1
33 10.1 80 947 60 104 1030  80.3 5390 2.2
34 9.9 100 100 60 59 597 100 5920 2.1

2 Amount of catalyst. ? Determined by gas-chromatography. © Polymerization time. 9
Determined by !3C NMR spectroscopy. © Determined by GPC.
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Figure 6-5. Weight-average molecular size (A,,) in dependence on the propene content

in EPcopolymer obtained with metallocene catalysts:
(M) rac-Me,Si(Ind),ZrCly; (A) rac-Me,Si(Ind),HfCl,.
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Figure 6-6. Copolymerization diagrams of ethene/propene with metallocene catalysts:
(&) rac-Me,Si(Ind),ZrCly; (&) rac-Me,Si(Ind),HfCl,.
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The ethene/propene copolymerization was carried out also with rac-Me,Si(H4Ind),ZrCly for
areference. The results are summarized in Table 6-7. The lowest value of Ay, as shown in

the copolymerization with ansa-hafnocene catalysts, could not be observed in the experiments.

Table 6-7. Results of ethene/propene (EP) copolymerlzatlon with
rac-Me,Si(H,4Ind),ZrCl,-MAO

Run Cat” ;emd mezill?mb . Yeld ﬁfgu \Iijlg; polilrlrrllerd Ay WM
Mmo)  (mol %) (mor%y ™V ® moMb) mow) @
35 1.1 0 "0 60 4.0 3670 0 44900 2.6
36 3.9 20 54.9 60 20.2 5130 25.8 » 4430 2.9
37 3.9 50 82.3 60 41.5 10500 57.2 1210 2.5
38 3.9 70 91.1 60 42.7 10800 | 71.4 886 2.3
39 4.8 80 94.7 60 37.2 7700 79.8 798 2.2
40 5.3 90 97.3 60 34.5 6600 89.4 525 2.2
41 3.9 100 100 60 25.8 6600 100 596 2.1

2 Amount of catalyst. ® Determined by gas-chromatography. © Polymerization time. 9
Determined by !3C NMR spectroscopy. ¢ Determined by GPC.

6-3-3. Chain End Structures of Ethene/Propene Copolymer

Unsaturated end groups (terminated end groups) of obtained copolymers were determined by
13C NMR spectroscopy according to the previous reports.%-10  The end groups of high
molecular size copolymers (Aw is more than 1000 A) could not be determined under the analysis
conditions applied. = Four terminated-end groups in ethene/propene copolymer can be
considered as shown in Scheme 6-1.9

The chain end structures of three samples could be assigned. The results are summarized in
Table 6-8. [PP]; and [EP]; (as shown in Scheme 6-1 (2) and (4)) were detected in the
copolymers with Cp2ZrCl;, while only [PP}; was detected in the case of using rac-
Me;Si(HaInd)ZrCly.  The chain end groups of [EE]; and [PE]; could not be observed in these

copolymers. The results indicate that the chain transfer reaction should occur at the propene
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(1) -E-E terminated chain end: [EE], (3) -P-E terminated chain end: [PE];
1
(Polymer)vwC—C—C=C (Polymer)»»C—C—C=—C
(2) —-E-P terminated chain end: [EP], @ —P—P terminated chain end: [PP],
I T
(Polymer) N\ C—C—C=—=C (Polymer) v\ NAC—C—C=—=C

Scheme 6-1. Terminated-end groups of ethene/propene copolymer.
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Scheme 6-2. Propene inserted states and chain transfer reactions in ethene/propene
copolymerization: (a) E-P-M state; (b) P-P-M state; M = Zr or Hf.
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inserted state as described in Scheme 6-2. Assuming that [EP] is equal to [PE] in main chain
of the copolymer, where [EP] is ethene—-propene sequence derived from a ethene insertion
followed by a propene insertion and [PE] is propene—ethene sequence derived from a propene
insertion followed by a ethene insertion, the [EP] can be determined as [EP] = 1/2([EP] +
[PE]). The [PPV/[EP] values are also shown in Table 6-8. These values are smaller than the
values of [PP]/[EP];. It seems reasonable to suppose that chain transfer reaction occurs more
frequent at the P-P—Zr state (Scheme 6-2 (b)) than the E-P-Zr state (Scheme 6-2 (a)) in the

ethene/propene copolymerizations with CppZrCl; and rac-Me3Si(HyInd),ZrCly.

Table 6-8. Chain end structures of p.oly(ethene-co-propene) obtained with
Cp,ZrCl, and rac-Me,Si(H4Ind),ZrCl,

Run Catalyst PE PP} [EP]S [PP}/[EP),  [pP}/[EP)
(mol %)  (mol %) (mol %)
3 Cp,ZrCl, 40.4 44.4 55.6 0.80 0.34
4 51.7 59.6 40.4 1.48 0.65
38 rac-Me,Si(HyInd),ZrCl, 714 100 0 2.30

3 Propene content in the copolymer. ® Mol% of —P-P terminated end groups. ¢ Mol % of
—E~P terminated end groups. 4 Molar ratio of P-P sequence to E-P sequence ([EP] = ([EP] +
[PE])/2) in the main chain of the copolymer.

The chain end structures of ethene/propene copolymers give important information about
chain transfer reaction. However the molecular weights of the copolymers obtained with
hafnocene catalysts were too high to analyze the structures. Assuming that chain transfer
reaction occurs more frequently at the E-P-M state than at the P-P-M state (M = Hf) in the
ethene/propene copolymerization with ansa-hafnocene catalysts, the minimum molecular size of
resulting copolymer can be explained at about 50 mol % of propene content in the copolymer.
The monomer sequence distributions are almost random in the ethene/propene copolymers
prepared by ansa-hafnocene catalysts, and the copolymer has the highest [EP] content of about
25 mol % at 50 mol % of propene content.  If the chain transfer reaction by B-hydrogen
elimination is predominant, the copolymer could have minimum molecular size when the chain

transfer rate of kyEp[EP] at E-P-M state is larger than that of kypp[PP] at P-P-M state, where
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kP and kypp are, respectively, rate constants of chain transfer by B-hydrogen elimination at
E-P-M state and P-P-M state. The same result could be obtained in the case of chain transfer
reaction to propene monomer is the main reaction, when the chain transfer rate of
kirMEP[EP] [Mp]2 at E-P-M state is larger than k¢mpp[PP] [Mp]2 at P-P-M state, where
kirMEP, ktrMPP» [Mp], and a are, respectively, rate ‘constant of chain transfer to propene
monomer at E-P-M state and P-P-M state, concentration of propene monomer and reaction

order.

6-4. Summary

Ethene/propene copolymerization was conducted with various metallocene catalysts
combined with MAO. In the case of using non-bridged metallocene catalysts (CpoMCly: M =
Zr, Hf) and Cj-symmetrical ansa-zirconocene catalysts (rac-Et(Ind),ZrCl,, rac-
Me;Si(Ind)7ZrCly), the molecular size-of the resultant copolymers decreased with the increase
of propene content.  Although, the copolymer prepared by ansa-hafnocene catalysts (rac-
Et(Ind),HfCly, rac-Me;Si(Ind),HfCl,) showed the minimum molecular size at about 50 mol %
of propene content. The best explanation for this unexpected phenomenon should be found in
the chain transfer reaction of the copolymerization. = The chain end structures of the
copolymers obtained with zirconocene catalysts suggest that comonomer sequence at the
propagation chain end affects the chain transfer reaction. However the structures could not be
detected by 13C NMR spectroscopy due to the high molecular size of the copolymers obtained

with hafnocene catalysts.
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7-1. Introduction

In comparison to conventional heterogeneous Ziegler—Natta catalysts, metallocene catalysts
are suitable for homo- and copolymerization of cycloolefins and diolefins. Polyolefins with
cyclic groups are excellent materials with high glass transition temperature and high
transparency. The properties of these polyolefins can be widely controlled by designing the
structures of cyclic groups. From such a point of view, much effort has been focused on
copolymerizations and terpolymerizations of olefins with cycloolefins by metallocene catalysts,
especially on ethene/cycloolefin copolymers and ethene/propene/cycloolefin terpolymers. !
Copolymerizations of propene with cycloolefins and dienes with metallocene catalysts have
been also conducted.? Kaminsky et al. and Koéller ef al. investigated the copolymerization of
propene and cyclopentene.!b22  Moreover, Henschke ez al. carried out the copolymerization of
propene and norbornene with an isospecific metallocene catalyst and synthesized the polyolefin
with high glass transition temperature.2b

A disadvantage in homo- and copolymerization of cycloolefins is low productivity, which
restricts the synthesis of polyolefins with cyclic groups.  Recently, a new method to
synthesize the cycloolefin polymers, namely, cyclopolymerization of diolefins, was reported.
Waymouth et al. performed detailed investigations on the cyclopolymerization of nonconjugated
dienes, in particular 1,5-hexadiene, with metallocene catalysts.3 They succeeded in the
synthesis of optically active poly(methylene-1,3-cyclopentane) by enantioselective
cyclopolymerization of 1,5-hexadiene with optically active zirconocenes.4

Marques et al. and Luft et al. conducted the ethene/1,5-hexadiene copolymerization with
metallocene catalysts.> Miilhaupt et al. investigated ethene/1,5-hexadiene copolymerization
and ethene/styrene/1,5-hexadiene terpolymerization with CGC (constrained geometry catalyst).6
Copolymerizations of propene and nonconjugated dienes with stereospecific metallocene
catalysts seem to be useful method to synthesize polypropene with cyclic groups and to study
the mechanism of stereoselectivity in the insertion and cyclization of dienes.

In this chapter, the author reported propene/l,5-hexadiene and propene/1,7-octadiene

copolymerizations with stereospecific metallocene catalysts of rac-Me;Si(Ind),ZrCl; and
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PhyC(Cp)(Flu)ZrCl,. Furthermore, microstructures of the resulting copolymers were studied

in detail to confirm the mechanism of propene/nonconjugated diene copolymerization.
7-2. Experimental Part

Materials

Zirconocene complexes, rac-Me;Si(Ind),ZrCl, and PhyC(Cp)(Flu)ZrCl,, were purchased
from Witco Co., Ltd., and Boulder Science Co., Ltd., respectively, and used without further
purification. =~ MAO was donated from Tosoh Akzo Co., Ltd., and used without further
purification.  Propene (from Mitsubishi Petrochemical Co., Ltd.) was purified by passing it
through columns of NaOH, P,Os, and molecular sieves 3A. 1,5-Hexadiene, 1,7-octadiene

and toluene were commercially obtained and dried with CaH,.

Copolymerizations of Propene and Nonconjugated Dienes

Copolymerizations of propene and dienes (1,5-hexadiene, 1,7-octadiene) were conducted in
a 300 mL glass reactor equipped with a magnetic stirrer.  Toluene and a diene (toluene + diene
=190 mL) were added to the reactor. Propene was introduced into the reactor at 40 °C under
1 atm until the solvent was saturated with propene. The amount of dissolved propene was
monitored by a gas flow meter to determine the propene concentration in the reaction medium.
Toluene solution of MAO (6 mmol of [Al] in 10 mL of solution) and a metallocene catalyst were
premixed in a 100 mL glass flask at 25 °C for 5 min.  Polymerization was started by
introducing the premixed catalyst solution into the reactor. Polymerization was terminated by
adding a small amount of methanol. The reaction medium was filtered to remove the catalyst
residues. The resultant polymer was obtained by evaporation of filtrate and dried in vacuo at

60 °C for 6 h.

Analytical Procedure
My and MWD (My,/My,) of the produced polymers were measured at 140 °C by means of

GPC (Waters 150C) using o-dichlorobenzene as a solvent and calibrated with standard
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polystyrene samples. 'H NMR, 13C NMR, and distortionless enhancement by polarization
transfer (DEPT) spectra were recorded at 130 °C using a JEOL EX-400 NMR spectrometer in
the pulse Fourier transfer (FT) mode. Polymers were dissolved in 1,1,2,2-tetrachloroethane-
dy (2 wt % for TH NMR and up to 10 wt % for 13C NMR and DEPT). In the 1H NMR
measurements, the pulse angle was 45 °, and 50-100 scans were accumulated in 7 s of pulse
repetition. In the 13C NMR measurements, the pulse angle was 45 °, and 1000-1500 scans
were accumulated in 5.4 s of pulse repetition. In the DEPT measurements, the pulse angle
was 135 ©°, and 1000-1500 scans were accumulated in 5.4 s of pulse repetition.  DSC
measurements were made on a.Seiko DSC-220 (Seiko Instruments Inc., Tokyo) at a heating

rate of 10 °C/min after previous heating to 200 °C and cooling to -50 °C by 10 °C/min.
7-3. Results and Discussion
7-3-1. Copolymerization of Propene and 1,5-Hexadiene.

Copolymerization of propene and 1,5-hexadiene was conducted at 40 °C with the isospecific
zirconocene, rac-Me;Si(Ind),ZrCly, and the syndiospecific zirconocene, PhoC(Cp)(Flu)ZrCl,.
The results are summarized in Tables 7-1 and 7-2.  The rate of polymerization (Rp) decreased
with an increase of 1,5-hexadiene in the monomer in both systems. The molecular weight of
copolymer obtained with PhyC(Cp)(Flu)ZrCl; decreased with the increase of 1,5-hexadiene in
the monomer, besides, no clear tendency was found in the case of using rac-Me;Si(Ind),ZrCly.

1,5-Hexadiene content in the copolymers was determined by IH NMR spectroscopy
according to the literature.” Copolymerization diagrams of propene/1,5-hexadiene with rac-
Me5Si(Ind),ZrCly and PhoC(Cp)(Flu)ZrCl, are shown in Figure 7-1. A consistently higher
incorporation of 1,5-hexadiene was observed with PhyC(Cp)(Flu)ZrCl, than with rac-
Me,Si(Ind);ZrCly. This tendency is in good agreement with the results of propene/1-hexene
copolymerization, which was conducted with specific catalysts by Soga et al8

13C NMR and DEPT (distortionless enhancement by polarization transfer) (135 °) spectra of

the copolymer obtained with rac-Me,Si(Ind),ZrCly in run 5 are shown in Figure 7-2, (a) and
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Table 7-1. Results of propene/1,5-hexadiene (HD) copolymerization with
rac-Me,Si(Ind),ZrCl,~MAQO?
HD in HDin Conversion e f  ME
Run monomer tb Yze;d Rpc polymerd ~ of HD T Tg n
(mol %) (min) (& mol %) (%) (O (0O (X107

M /M8

1 o0 30 87 8700 0 141.9-187 19 26
2 69 30 65 6500 3.1 554 1168 -9.6 2.1 2.6
3129 30 42 4200 49 279 999 -84 2.0 3.0
4 275 30 23 2300 156 177 69 19 29
5 432 60 43 2000 264 256 31 26 39
6 611 60 17 860 433 7.4 1.0 19 3.1
7 813 60 1.2 600 648 2.7 10 29 3.0
gh 100 30 8.4 8400 100 60.7 24.6

2 Polymerization conditions: Zr = 2.0 [imol, molar ratio of (MAO)AV/Zr = 3000, 1,5-hexadiene
+ toluene = 200 mL, propene = 1 atm, polymerization temperature = 40 °C. ® Polymerization
time. ¢ Rate of polymerization (kg polymer/mol Zr-h). 9 Determined by 13C NMR
spectroscopy. ¢ Melting temperature. f Glass transition temperature. & Determined by GPC
using polystyrene standards.  1,5-Hexadiene (20 mL) + toluene (180 mL).

Table 7-2. Results of propene/l,5-hexadiene (HD) copolymerization with
Ph,C(Cp)(Flu)ZrCl,-~MAO?

Run mﬁgﬂ £ Yeld o pﬁ?mlzrd Coglfvilrélon .0 Tf M MM
mol %) @) ©® P Sl @) (O (O (10
9 0 60 40 2000 0 ¢ 20 16 27
10 69 30 11 1100 58 170 0% 33 82 27
11 129 30 083 80 113 119 22 58 26
12 275 60 12 580 255 139 12 42 28
13 432 60 10 500 3338 7.2 18 35 2.6
14 611 60 090 450 503 4.3 19 17 28
15 813 60 040 200 72.5 1.0 520 22 20
16" 100 60 041 210 100 3.0 18 18 3.3

2 Polymerization conditions: Zr = 2.0 umol, molar ratio of (MAO)AVZr = 3000, 1,5-hexadiene
+ toluene = 200 mL, propene = 1 atm, polymerization temperature = 40 C. b Polymerization
time. © Rate of polymerization (kg polymer/mol Zr-h). 9 Determined by 13C NMR
spectroscopy. ¢ Melting temperature. f Glass transition temperature. € Determined by GPC
using polystyrene standards. B 1,5-Hexadiene (20 mL) + toluene (180 mL).
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Figure 7-1. Copolymerization diagrams of propene/1,5-hexadiene with
rac-Me,Si(Ind),ZrCl, (@) and Ph,C(Cp)(Flu)ZrCl, (O).
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Scheme 7-1. Propene/1,5-hexadiene copolymer.

(b), respectively. Scheme 7-1 shows the corresponding structures of propene/1,5-hexadiene
copolymer. The resonances of 20.0-22.2 (P3), 28.9, 30.2, 31.4 (P,), 45.1 (P71 of Pr-MCP
sequence), and 46.6 (P of Pr-Pr sequence) ppm, (where Pr = propene and MCP = methylene-
1,3-cyclopentane), are assigned to propene units in the copolymer. The resonances at 32.4—
33.0 (cis-3,4), 33.6-34.2 (trans-3,4), 37.0, 38.4, 39.8 (2,5), 40.4 (trans-1), 41.7 (cis-1),
44.3 (6 of MCP-MCP sequence), and 45.1 (6 of Pr-MCP sequence) ppm are assignable to
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Figure 7-2. 13C NMR spectrum (a) and DEPT spectrum (b) of propene/1,5-hexadiene
copolymer obtained with mc-Mezsi(Ind)zerIZ (run 5).
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Figure 7-3. 13C NMR spectrum (a) and DEPT spectrum (b) of propene/1,5-hexadiene
copolymer obtained with Ph,C(Cp)(Flu)ZrCl, (run 13).
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cyclic units of MCP derived from the intramolecular cyclization of 1,5-hexadiene.® 13C NMR
and DEPT (135 °) spectra of the copolymer obtained with PhyC(Cp)(FIu)ZrCl, in run 13 are
shown in Figure 7-3, (a) and (b), respectively. The resonances can be assigned according to
the method described above.

To characterize the microstructures of propene/1,5-hexadiene copolymers more precisely, 13C
NMR spectra of the copolymers with different 1,5-hexadiene contents were investigated. The
microstructures of propene/1,5-hexadiene copolymer obtained with rac-Me;Si(Ind)»ZrCl, and
PhoC(Cp)(Flu)ZrCl, are summarized in Tables 7-3 and 7-4, respectively.  The average
[cis]/[trans] molar ratios of MCP units in these copolymers are 35.8/64.2 with rac-
Me;Si(Ind)»ZrCl, and 31.7/68.3 with PhyC(Cp)(Flu)ZrCl,. Waymouth et al. reported the
effect of metallocene structures on the diastereoselectivity (selectivity of cis-cyclization or trans-
cyclization) in the 1,5-hexadiene polymerization with various zirconocene catalysts.4d  They
concluded that diastereoselectivity in cyclopolymerization of 1,5-hexadiene was affected by the
bulkiness of ligand and bite angle associated with the zirconocene catalyst precursors rather than
by the symmetry of the zirconocene precursors.  Moreover, Cavallo et al. carried out
conformational calculations about the diastereoselectivity and reported a good agreement with
the polymerization results.3d  The results of propene/1,5-hexadiene copolymerization with rac-
Me>Si(Ind),ZrCl; (Cp-symmetrical) and PhyC(Cp)(Flu)ZrCl; (Cs-symmetrical) described
above agree with their studies.

Conformational structures of isolated MCP units give important information about the
enantioselectivity of propene and 1,5-hexadiene insertion mechanism. Figures 7-4 and 7-5
show 13C NMR spectra of the copolymers with low 1,5-hexadiene content prepared by rac-
Me;Si(Ind),ZrCl, (run 3) and PhyC(Cp)(Flu)ZrCl, (run 11), respectively. In these figures,
the absence of a resonance at around 44.3 ppm, which is observed when the cyclic 1,5-
hexadiene units are adjacent té one another, indicates that all the 1,5-hexadiene units are
separated by propene units in the copolymers. No resonance is observed at 3 1.4 ppm in either
Figures 7-4 or 7-5, and the resonances at 28.9 and 30.2 could be assigned to the P, carbons of
underlined propene units as Pr-Pr—Pr and Pr-Pr-MCP sequence, respectively. The

resonances at 37.0, 38.4, and 39.8 ppm, which are observed in Figures 7-2 and 7-3, are
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Table 7-3.

HD) obtained with rac-Me,Si(Ind),ZrCl,-MAO

Chapter 7

Microstructures of 1,5-hexadiene (HD) units in poly(propene-co-

Isolated-cis

Isolated-mrans

i a c d

Rl o)y gy m rom e (@ 40
(%) () (%) (%)

2 0568 0.042 351 659 100 0 50 50 95.5
3 0567 0.084 357 643 100 0 50 50 94.7
4 0561 0211 336 664 94.6 3.7
5 0553 0421 354 64.6 93.1 4.0
6 0535 0842 378 622 91.7 5.1
7 0484 2.106 377 623 88.6 4.2
8 --- 0.842 295 705 96.8

2 Determined by 13C NMR spectroscopy. b Determined by 13C NMR spectroscopy (see
Py

Scheme 7-2). ¢ Cyclization selectivity determined by !H NMR spectroscopy. 4 A[C] =
(cyclization selectivity in homopolymerization of 1,5-hexadiene) — (cyclization selectivity in
copolymerization, [C]).

Table 7-4.

HD) obtained with Ph,C(Cp)(Flu)ZrCl,-MAO

Microstructures of 1,5-hexadiene (HD) units in poly(propene-co-

Isolated-cis

Isolated-trans

Foa a c d

R o) wal) G G m B om e (D
(%)  (P) (%) (%)

10 0.568 0.042 313 68.7 46 54 7 93 98.8
11 0.567 0.084 30.6 694 46 54 8 92 98.6
12 0.561 0.211 314 68.6 98.2 0.2
13 0.553 0421 31.3 68.7 98.1 0.1
14 0.535 0.842 32.0 68.0 96.3 0.6
15 0484 2,106 337 663 93.8 -0.1
16 - 0.842 325 675 96.9

2 Determined by 13C NMR spectroscopy. P Determined by 13C NMR spectroscopy (see

Scheme 7-2). © Cyclization selectivity determined by 'H NMR spectroscopy. d A[C] =
(cyclization selectivity in homopolymerization of 1,5-hexadiene) — (cyclization selectivity in
copolymerization, [C]).
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assignable to i-trans, i-cis + s-trans, and s-cis of 2,5 carbons (i = isolation, s = sequence) in the
MCP units. There are three resonances at 33.0, 33.4, and 34.2 ppm derived from 3,4 carbons
of MCP units in Figure 7-4, while, there are four resonances derived from the corresponding

carbons at 32.4, 32.8, 33.5, and 34.0 ppm in Figure 7-5.9

~ cis-m

trans-r ‘

Scheme 7-2. Stereoregulations of mehylene-1,3-cylopentane (MCP) units
next to propene units.

The author defines stereoregulations of 3,4 carbons in the isolated MCP units next to propene
units as cis-m, cis-r, trans-m, and trans-r as shown in Scheme 7-2. Assuming that the
enantiomorphic-site control of propene insertion and 1,2-insertion of 1,5-hexadiene proCCedS
with rac-Me;Si(Ind)2ZrCl, as shown in Scheme 7-3 (a) (si insertion of (S,S)-rac-

Me,Si(Ind),ZrCl, was applied), cis-m, trans-m, and trans-r can be formed with the same
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Pr—Pr
3,4
| '
Pr-MCP frans-r
trans-m | cis-m
Ji A l | h AN ”/ " J
PPM
r T T T T T T T 1
50 40 30 20 10

Figure 7-4. !3C NMR spectrum of propene/1,5-hexadiene copolymer obtained with
rac-Me,,Si(Ind),ZtCl, (run 3).

Pr-Pr

Pr-MCP trans-r

S

i ¥ T T T ; T . PPM]
50 40 30 20 10

Figure 7-5. !3C NMR spectrum of propene/1,5-hexadiene copolymer obtained with
Ph,C(Cp)(Flu)ZrCl, (run 11).
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intensity of trans-m and trans-r. In the same way, the copolymerization with
PhyC(Cp)(Flu)ZrCly proceeds syndiospecifically as shown in Scheme 7-3 (b), cis-m and cis-r
units can be formed together with frans-r unit.

Judging from the chemical shifts and intensities of resonances in Figures 7-4 and 7-5, the
resonances of 32.4, 32.8-33.0, 33.4-33.5 and 34.0-34.2 were assigned to isolated-3,4
carbons of cis-r, cis-m, trans-r, and trans-m units, respectively. In the case of using
isospecific rac-Me,Si(Ind)2ZrCly, all of cis units are m type, and the molar ratio of trans-m to
trans-t is almost 1 as shown in Figure 7-4. These results indicate that the enantiomorphic-site
control of propene insertion and 1,2-insertion of 1,5-hexadiene proceeded as shown in Scheme
7-3 (a) with rac-Me;Si(Ind)2ZrCly.  If the propene insertion and 1,2-insertion of 1,5-
hexadiene are perfectly controlled through the syndiospecific polymerization with
PhyC(Cp)(Flu)ZrClp, no trans-m unit should be observed, and ratio of cis-m to cis-r should be
1 in the copolymer (Scheme 7-3 (b)). The molar ratio of [cis-m]/[cis-1] is 46/54 and [trans-
m]/[trans-r] is 8/92 in the copolymer obtainéd with PhyC(Cp)(Flu)ZrCl; as shown in Figure 7-
5. The [r] dyad in the syndiotactic polypropene with PhyC(Cp)(Flu)ZrCl; (run 9) is 98%.
The author can suggest two mechanisms for the less stereoselectivity of 3,4 carbons in the
isolated MCP units in the copolymer. One is that a propene insertion after the MCP units is
less enantioselective in the copolymerization with PhoC(Cp)(Flu)ZrCly.  The other is the chain
migration of propagating chain end at MCP units to the another vacant site of
PhyC(Cp)(Flu)ZrCl, without a propene insertion.

The effect of 1,5-hexadiene concentration on cyclization selectivity was discussed. Figure
7-6 shows the relationship between the cyclization selectivity ([C] = mole percent of cyclic units
in the incorporated 1,5-hexadiene) and the 1,5-hexadiene concentration in the monomer. The
results of 1,5-hexadiene homopolymerization with rac-Me;Si(Ind)2ZrCly and
PhyC(Cp)(Flu)ZrCl, are plotted for references.10  The cyclization selectivity decreased with an
increase of the 1,5-hexadiene concentration in both 1,5-hexadiene homopolymerization and
propene/1,5-hexadiene copolymerization. It is quite reasonable that insertion of another 1,5-
hexadiene monomer is preferred to the cyclization of the 1,2-inserted unit under the high 1,5-

hexadiene concentration. Miilhaupt et al. reported the same phenomenon in the 1,5-hexadiene
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polymerization with CGC.6 "A[C] values, which are summarized in Tables 7-3 and 7-4, mean
the differences of cyclization selectivity between homopolymerization!0 and copolymerization at
the same 1,5-hexadiene concentration in the monomer. No difference in the cyclization
selectivity was observed between homopolymerization and copolymerization with
PhyC(Cp)(FIu)ZrCl,.  On the other hand, the cyclization selectivities in the copolymerization
with rac-Me;Si(Ind),ZrCl; is lower than those in homopolymerization (A[C] = 3.7-5.1 mol
%).  This result indicates that propene insertion could disturb the cyclization of the 1,2-

inserted 1,5-hexadiene unit in the copolymerization with rac-Me;Si(Ind),ZrCl,.

100

[C] (%)

85 1 1 1 1 1
00 05 10 15 20 25 30

HD (mol/L)

Figure 7-6. Plots of [C] (mole percent of cyclic units) against 1,5-hexadiene concentration
of the propene/1,5-hexadiene copolymerization (and 1,5-hexadiene homopolymerization) :
copolymerization (@) and homopolymerization (+) with rac-Me,Si(Ind),ZrCl,;
copolymerization (O) and homopolymerization (X) with PhyC(Cp)(Flu)ZrCl,.

7-3-2. Copolymerization of Propene and 1,7-Octadiene

Copolymerization of propene and 1,7-octadiene was conducted with rac-Me,Si(Ind),ZrCl,
and PhyC(Cp)(Flu)ZrCl; at 40 °C.  The results are summarized in Tables 7-5 and 7-6,
respectively. The rate of polymerization (Rp) and the molecular weight of resulting copolymer

decreased with an increase of 1,7-octadiene concentration in the monomer. Copolymerization
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Table 7-5. Results of propene/l,7-octadiene (OD) copolymerization with
raC'Mezsi(Ind)erClz—MAOa

Run moozger tb Yield 5 ¢ pg}?mlzrd Cog;fec:)r]s)lon T e Tgf Mg MM 8
(mol %) (min) (8) P (mol%) (%) (C) (T)  (X10™% !
17 5.6 30 2.1 2100 3.6 25.1 108.6 5.0 1.9 2.7
18 10.6 30 093 930 6.7 9.9 849 -8.4 1.6 2.6
19 23.0 60 0.81 410 16.8 7.5 2.1 1.1 2.5
20 37.4 120 0.68 170 25.0 4.3 2.8 0.93 2.5
21 547 120 047 120 384 2.0 50  0.68 2.4
22 757 180 0.16 27  60.6 0.3 20.5 0.69 2.3
23h 100 180 0.34 57 100 2.3 343 0.68 2.5

a Conditions: Zr = 2.0 wmol, molar ratio of (MAO)AVZr = 3000, 1,7-octadiene + toluene = 200 mL,
propene = 1 atm, polymerization temperature = 40 C. b Polymerization time. € Rate of
polymerization (kg polymer/mol Zr-h). 4 Determined by 'H NMR spectroscopy. © Melting

temperature. f Glass transition temperature. & Determined by GPC using polystyrene standards. h
1,7-Octadiene (20 mL) + toluene (180 mL).

Table 7-6. Results of propene/1,7-octadiene (OD) copolymerization with
Ph, C(Cp)(Flu)ZrCl,-MAO?

Run mgfll)orurllef tb Yield R © pg)]l)mu;rd Cogzgls)lon Tge Mnf MM f
(mol %) (min) ® d (mol%) (%) (C)  (X107% "
24 5.6 30 0.50 500 4.7 7.7 1.0 54 2.9
25 10.6 60 045 230 10.0 6.8 7.9 34 3.2
26 23.0 60 0.29 140 20.5 3.1 13.4 1.8 3.1
27 37.4 120 0.31 77 359 2.5 8.9 1.5 2.4
28 54.77 120 0.17 43 46.0 0.8 5.2 1.4 2.3
29 75.7 360 0.08 13 74.8 0.2 1.2 2.6
308 100 360 0.10 8.3 100 0.7 2.2 0.75 2.4

2 Conditions: Zr = 2.0 wmol, molar ratio of (MAO)AV/Zr = 3000, 1,7-octadiene + toluene = 200 mL,
propene = 1 atm, polymerization temperature = 40 C. b Polymerization time. © Rate of
polymerization (kg polymer/mol Zr-h). 9 Determined by 'H NMR spectroscopy. ¢ Glass transition
temperature. f Determined by GPC using polystyrene standards. & 1,7-Octadiene (20 mL) + toluene
(180 mL).
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diagrams of propene/1,7-octadiene with rac-Me;Si(Ind);ZrCly and PhyC(Cp)(Flu)ZrCly are

shown in Figure 7-7, which indicates that PhyC(Cp)(Flu)ZrCl; could incorporate more 1,7-

octadiene than rac-Me;Si(Ind),ZrCl,.

OD in copolymer (mol%)

100
80
60
40T

20

0 20

40

60

80

OD in monomer (mol%)

100

Figure 7-7. Copolymerization diagrams of propene/1,7-octadiene with
rac-Me,Si(Ind),ZrCl, (&) and PhyC(Cp)(Flu)ZrCl, (&).
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Scheme 7-4. Propene/1,7-octadiene copolymer.
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Figure 7-8. 13C NMR spectrum (a) and DEPT spectrum (b) of propene/1,7-octadiene
copolymer obtained with rac-Me,Si(Ind),ZrCl, (run 20).

137



Chapter 7

P2

) MW*M‘ W '

P3

Wittty

Y

PPM
i ! 1 T T T T -
50 40 30 20 10

Figure 7-9. 13C NMR spectrum (a) and DEPT spectrum (b) of propene/1,7-octadiene
copolymer obtained with Ph2C(Cp)(F1u)ZrC12 (run 27).
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13C NMR and DEPT (135 °) spectra of copolymers obtained with rac-Me,Si(Ind),ZrCl; in
run 20 are shown in Figure 7-8, (a) and (b), respectively. ~Scheme 7-4 illustrates plausible
structures of the copolymer and nomenclature of each carbon. The resonances of 21.0-22.1,
28.8,44.1, and 46.5-47.5 ppm are assigned to P3, P, and P; carbons of propene units in the
copolymer. The resonances at 26.7 (4,5), 36.8 (3,6), 37.1 (2,7), 42.2 (1), 47.4-47.6 (8),
and 48.6 (8) ppm are assignable to the cyclic units of methylene—cycloheptane as shown in
Scheme 7-4. Furthermore, the resonances of 26.7 (d), 30.0 (e), 33.9 (b), 34.0 (¢), 36.0 (f),
42.4-42.6, 44.1 (a), 114.5 (g), and 139.5 (h) ppm are assigned to 1,2-addition units of 1,7-
octadiene without cyclization.!l 13C NMR and DEPT (135 °) spectra of copolymer obtained
with PhyC(Cp)(Flu)ZrCl; in run 27 are shown in Figure 7-9, (a) and (b), respectively. The
resonances can be assigned according to the assignments in the copolymer obtained with rac-
Me;Si(Ind),ZrCly.

The effect of 1,7-octadiene concentration on the cyclization selectivity was discussed. The
microstructures of 1,7-octadiene units, which were determined by 1H NMR spectroscopy, are
summarized in Tables 7-7 and 7-8. The existence of vinylene groups can be confirmed in the
copolymers obtained with rac-Me3Si(Ind);ZrCl», and this structure can be explained by the
hydrogen elimination after a 2,1-addition of 1,7-octadiene, whose mechanism was observed in
the polymerization of 1,7-octadiene with a vanadium-based catalyst.” The internal double
bond in olefin polymerization could be formed through a chain transfer mechanism, which was
suggested in propene polymerization with zirconocene catalyst: Zr-CH=CHR (R = side chain
of olefin) formed by vinylic C-H activation of olefin gives internal olefins by following
monomer insertion.12  Figure 7-10 shows plots of cyclization selectivity ([C] = mole percent
of cyclic units in the incorporated 1,7-octadiene) against the 1,7-octadiene concentration in the
monomer. The data of 1,7-octadiene homopolymerization with rac-Me;Si(Ind),ZrCl; and
PhyC(Cp)(Flu)ZrCl, are plotted for references.!3  Cyclization selectivity decreased with the
increase of 1,7-octadiene concentration in both 1,7-octadiene homopolymerization and
propene/1,7-octadiene copolymerization. rac-Me;Si(Ind),ZrCly gave the poly(propene-co-
1,7-octadiene)s with higher cyclization selectivity than that with PhoC(Cp)(Flu)ZrCl,. This

difference could be explained by conformational models in the transition state of as shown in
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Table 7-7. Microstructures of 1,7-octadiene (OD) units in poly(propene-co-
OD) obtained with rac-MeZSi(Ind)ZZrClz—MAO

Run Propene OD Viny]? Vinylene? [C]P A[CI¢
(mol/L) (mol/L) (%) (%) (%) (%)
17 0.572 0.034 ndd ndd 100.0
18 0.569 0.068 137 . 26 83.7
19 0.568 0.169 17.9 4.6 77.5 18.9
20 0.566 0.339 23.2 3.9 72.9 22.0
21 0.562 0.677 27.1 2.6 70.3 14.2
22 0.549 1.692 35.8 1.5 62.7 12.3

2 Determined by !H NMR spectroscopy. ©° Cyclization selectivity. ¢ A[C] = (cyclizatrion
selectivity in homopolymerization of 1,7-octadiene) ~ (cyclization selectivity in
copolymerization, [C]). ¢ Not detectable by 'TH NMR spectroscopy due to the low 1,7-
octadiene content.

Table 7-8. Microstructures of 1,7-octadiene (OD) units in poly(propene-co-
OD) obtained with Ph,C(Cp)(F lu)ZrClZ—MAO

Run Propene 0D Vinyl®  Vinylene®  [C]b A[CI*
(mol/L) (mol/L) (%) (%) (%) (%)

24 0.572 0.034 30.0 0.3 69.7

25 0.569 0.068 32.4 1.0 66.7

26 0.568 0.169 40.3 0.8 58.9 31.0
27 0.566 0.339 45.2 0.9 53.9 23.9
28 0.562 0.677 54.8 0.9 44.3 13.9
29 0.549 1.692 63.2 0.4 36.4 12.5

2 Determined by 'H NMR spectroscopy. P Cyclization selectivity. ¢ A[C] = (cyclizatrion
selectivity in homopolymerization of 1,7-octadiene) - (cyclization selectivity in
copolymerization, [C]).
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Figure 7-10. Plots of [C] (mole percent of cyclic units) against 1,7-octadiene concentration
of thepropene/1,7-octadiene copolymerization (and 1,7-octadiene homopolymerization) :
copolymerization (A) and homopolymerization (+) with rac-Me,Si(Ind),ZrCl;

copolymerization (A) and homopolymerization (X) with PhyC(Cp)(Flu)ZrCl,.

Scheme 7-5. Assuming that both the initial insertion and following cyclization are
enantiofacially selected, homofacial cyclization (cis-cyclization from re insertion followed by re
cyclization or si insertion followed by si cyclization) with rac-Me3Si(Ind)2ZrCl3 and
heterofacial cyclization (trans-cyclization from re insertion followed by si cyclization or si
insertion followed by re cyclization) with PhyC(Cp)(Flu)ZrCl; could proceed preferentially.
The heterofacial cyclization with PhpC(Cp)(Flu)ZrCly hardly occurs because of the steric
hindrance of the fluorenyl ligand, and the insertion of another monomer could be preferable to
cyclization.

A[C] values, which are summarized in Tables 7-7 and 7-8, mean the differences of
cyclization selectivity between homopolymerization!3 and copolymerization at the same 1,7~
octadiene concentration. The cyclization selectivity in the copolymerization is lower than that
in the homopolymerization regardless of the catalysts. The values of A[C] in 1,7-octadiene
polymerization were larger than those in the 1,5-hexadiene polymerization. These results
indicate that propene insertion could occur frequently before the cyclization of the 1,2-inserted

1,7-octadiene at the propagating chain end. The value of A[C] in 1,7-octadiene polymerizatior?
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was almost the same between these two catalysts at the same monomer concentration.  This
result suggests that the rate constants of propene insertion to the propagating chain ends with

1,2-inserted 1,7-octadiene are not so different between these catalysts.
7-3-3. Copolymerization Parameters
In copolymerization of propene with nonconjugated diene, propagation and cyclization

reactions can be described by the following seven equations on condition that the propagation

obey the first order Markovian process and the cyclization does the Bernoullian process:14

Rate of reaction

kpp

Mp* + M, > Mp* kppMp*IIMp] (1)
kpd

Mp* + My > Mg* 2UpdMp*IMg]  (2)
kdp

Mg* + Mp > Mp* kdp[Md*][Mp] 3
kad

Mg* + M4 > Mg* 2kad[Mg*1[Mg]  (4)
ke

Mg* > Mc* k[Mg*]  (5)
kep

M* + M, > My* kepM¥IIMp]  (6)
ked

Mc* + My > Mg* 2keaMc*1Mgl  (7)

where Mp*, Mg*, and M¢* are the active centers with last propene, 1,2-inserted diene, and
cyclized diene inserted units, [Mp] and [Mg] are concentrations of propene and diene monomer,
kpps kpd, kdp» kdd kc, kep, and kg are rate constants of propene insertion after a propene
insertion, diene insertion after a propene insertion, propene insertion after a 1,2-inserted diene,
diene insertion after a 1,2-inserted diene, cyclization at a 1,2-inserted diene, propene insertion
after a cyclized diene and diene insertion after a cyclized diene, respectively. The ratio of

polymerized propene monomer (d[Mp)) to polymerized diene monomer (d[Mq]) and the cyclized
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diene unit in the copolymer (d[M.]) can be expressed by the equations (8) and (9) from the

equations (1), (2), (3), (4), (6), and (7):
d[Mp]/ d[Mg] = (kpp[Mp*][Mp] + kdp[Md*][Mp] + kcp[Mc*][Mp])
/(2kad[Ma*1[Mdl + 2kpd[Mp*][Mq} + 2kca[Mc*[[Mal) (®)

d[Mp]/ d[Mc] = (kpp[Mp*][Mp] + kdp[Md*][Mp] + kcp[Mc*][Mp])/ kc[Mg*] &)

Similarly, the ratio of polymerized diene monomer (d[M4]) to the amount of cyclized units in the
copolymer (d[M.] ) can Be expressed by the equation (10) from the equations (2), (4), (5), and
(7):

d[Mdl/d[Mc] = (2kga[Ma*1IMd] + 2kpd[Mp*1[Md] + Zkea[Mc*1[Mal)/ke[Mg*] (10)

Assuming the steady-state conditions, the following three equations can be formed:

kap[Ma*1[Mp] + kep[Mc*]IMp] = 2kpa[Mp*][Md] (11)
2kpd[Mp*1[IMa] + 2kca[Mc*][Mq] = kdp[Mq*][Mp] + kc[Mg*] (12)
kc[Md*] = kep[Mc*1[Mp] + 2Zkea[Mc*][Md] (13)

The equations (14)—(16) were derived from equations (8)—(13).

d[MqV/d[Mp] = 2[MqaV/[Mp] - {[Mp] + 2ra[Mq] + Kc'} /

{2[Md] + rp[Mp] + Kc'(2[Mg] + rp[Mp]) / (2rc[Md] + [Mp])} (14)
d[Mpl/d[Mc] = [Mp] - (1 + rp[Mpl/2[Ma)) - { /K" + 1/(2re[Md] + [Mp])} (15)
d[Md]/d[Mc] =1+ 2[Mgl/Kc + [Mpl/K' (16)

where rp = kpp/kpd, rd = kdd/kdp, Fc= kcd/kcp, Kc = kc/kdd, and KC' = kc/kdp = Kcrd.

The equations (14)—(16) could be further developed to equations (17) and (18).
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where f, = d[Mpl/d[Mc), fq = d[Mal/d[Mc], and F = [M,}/2[Mg), respectively.
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(17
(18)

The values of rq were calculated from the equation (17), and the rp and r¢ values were

determined from the equation (18). The data of copolymerization, whose conversion was less

than 10% (less than 20% in the case of propene/1,5-hexadiene copolymerization with rac-

Me;Si(Ind);ZrCly), was applied to these equations.

The values of copolymerization

parameters are summarized in Table 7-9. These values agree to the copolymerization behavior

as described above.

Table 7-9. Copolymerization parameters of propene/nonconjugated diene with

zirconocene catalysts

Catalyst Diene? £ T Te
rac-Me,Si(Ind),ZrCl, HD 3.84 0.38 0.18
Ph,C(Cp)(Flu)ZrCl, 2.28 0.71 0.27
rac-Me, Si(Ind),ZrCl, OD 3.16 0.45 0.14
Ph,C(Cp)(Flu)ZrCl, 2.26 0.66 0.24

4 HD = 1,5-hexadiene, OD = 1,7-octadiene.
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7-4. Summary

Copolymers of propene and nonconjugated diene with stereospecific metallocene catalysts
give important information on the cyclization reaction of incorporated dienes. The
microstructures of propene/1,5-hexadiene copolymers proved clearly that 1,2-insertion of 1,5-
hexadiene with isospecific and syndiospecific metallocene catalysts proceeded in
enantiomorphic-site control. On the other hand, diastereoselectivity of the cyclization reaction
was independent of chirality of the stereospecificity of metallocene catalysts.  Propene
insertion disturbed the cyclization of 1,2-inserted 1,5-hexadiene in the copolymerization with
rac-Me3Si(Ind),;ZrCl,.

In propene/1,7-octadiene copolymerization, although the stereoselectivity of incorporated
1,7-octadiene could not be determined by 13C NMR spectroscopy, there were some interesting
results about the cyclization selectivity of 1,7-octadiene. The higher cyclization selectivity was
observed in the copolymerization with rac-Me>Si(Ind),ZrCl, than with PhyC(Cp)(Flu)ZrCl,.
This result was opposite to that in the propene/1,5-hexadiene copolymerization; higher
cyclization selectivity was observed with PhoC(Cp)(Flu)ZrCly. The author considered the
conformation of the transition state in the cyclization, and suggested the possibility of
enantioselective cyclization of the 1-hexenyl side chain by chiral catalytic sites. Propene
insertion could occur frequently before the cyclization at a 1,2-inserted 1,7-octadiene at the
propagating chain end in the copolymerization with both rac-Me;Si(Ind);ZrCl, and
PhyC(Cp)(Flu)ZrCls.

Copolymerization of propene and nonconjugated diene involving intramolecular cyclization
with stereospecific metallocene catalysts could be one of the useful methods to synthesize the
stereoregular polypropene with cyclic group. The decrease in polymerization activity was not
so drastic compared to that of propene/cycloolefin copolymerization.  The cyclization
selectivity, namely, content of cyclic groups and pendent vinyl groups, could be controlled by
the diene concentration in the monomer. In addition, the remained vinyl side chains could be

transferred to functional groups or used for cross-linking reaction.
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of the homo-sequential units, respectively. ~ Moreover, from the chemical shifts of
poly(MCP) homopolymer, the resonances of 32.4, 33.4, 38.4, 39.8, 40.4, 41.7 and
44.3 ppm were assigned to cis-3,4, trans-3,4, trans-2,5, cis-2,5, trans-1, cis-1, and 6 in
the homosequential units, respectively.3410  The primary, secondary and tertiary
carbons could be distinguished by the DEPT spectra of the copolymers. In the 13C
NMR spectra of copolymers with low content of HD, the resonances at 30.2 and 45.1
ppm were observed and assignable to Py and CH; (P; and 6) of Pr-MCP sequences.
Besides, the resonances of 32.4, 32.8-33.0, 33.4-33.5, and 34.0-34.2 ppm were
assigned to isolated-3,4 of cis-r, cis-m, trans-r, and trans-m, respectively, as described in
the Results and Discussion. The resonances of tertiary carbon 37.0 and 38.4 ppm were
observed at almost the same intensity of isolated trans-3,4 and cis-3,4, and the author
assigned those resonances to isolated trans-2,5 and cis-2,5, respectively. In the 13C
spectra of the copolymers with high content of HD, the resonances of 31.4 ppm from
tertiary carbon was found and assigned to the P, of the MCP-Pr—MCP sequence.

(10) Homopolymerization of 1,5-hexadiene with rac-MeSi(Ind)2ZrCl, and
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copolymerization (without propene) in the half scale.
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8-1. Introduction

Syndiotactic polypropene can be prepared at a very low polymerization temperature of —78°C
with conventional Ziegler—Natta catalyst, such as tris(2-methyl-1,3-butanedionato)vanadium—
AIEtyCl catalyst system.!  The polymer obtained is, however, a relatively low molecular
weight and poor stereoregularity. Therefore, the properties of highly syndiotactic polypropene
has not so far been examined in detail. In the last few years, development in metallocene
catalysts, particularly by Ewen and coworkers, has enable us to synthesize highly syndiotactic
polypropene with iPr(Cp)(Flu)ZrCl; in good yield at ambient polymerization temperature.2
The highly syndiotactic polypropene shows good stiffness, impact strength, and heat
resistance. It also has a good transparency because of a small size of spherulite and low
crystallinity in comparison with isotactic one.  After the finding for the synthesis of highly
syndiotactic polypropene, a number of studies have been mz;de on the crystalline structure,
morphology, and properties of this polymer:

Three types of unit cells were reported for helical (t2g2), conformation of the syndiotactic
polypropene differing in packing manner of the polymer chain.3-¢ Crystallization conditions
(crystallization temperature and time and so on) affect the crystallization behavior, crystalline
structure, and morphology of syndiotactic polypropene.  The effect of the crystallization
temperature has been studied on melting behavior of the syndiotactic polypropene by DSC.7-15
When the crystallization was conducted at low temperature, a double melting peak was
observed in DSC patterns.  The first melting peak (low-melting peak) showed a clear
dependence on the crystallization temperature. ~ Furthermore, the effect of crystallization
conditions on the crystalline structures has been investigated by wide-angle X-ray diffraction
(WAXD), small-angle X-ray scattering (SAXS), electron diffraction (ED), and solid state 13C
NMR spectroscopy.”-27  Ordinary WAXD pattern of syndiotactic polypropene shows three
major diffraction peaks at 26 = 12.1, 15.9, and 20.6 ° derived from (200), (010), and (220,
121) reflection planes, respectively.3-9-19.21.23,26.27  When an isothermal crystallization was
conducted at higher temperature (more than 120 °C), the reflection peak at 26 = 18.8 © was

observed, and assigned to the reflection from (211) planes. Polarizing microscope,
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transmission electron micrograph (TEM), and atomic force microscopy (AFM) were applied to
observe the effect of crystallization conditions on the crystalline morphology.8:9:20,22,28-31

Some reports have been presented about syndiotactic propene-based copolymers prepared by
the syndiospecific metallocene catalyst.32-36  Kressler et al. prepared syndiotactic
poly(propene-co-1-octene) and studied properties and structures of the copolymer.34.35  De
Rosa et al. synthesized syndiotactic propene-based copolymers with a small amount of ethene
and 1-butene, and conducted the structural characterization of melt-crystallized samples obtained
through melting at 200 °C and successive rapid cooling to room temperature.36  However the
analysis of syndiotactic poly(propene-co-olefin)s is still much less complete than that of the
syndiotactic polypropene.

In this chapter, the author examined structures and properties of several poly(propene-co-
olefin)s (olefin = ethene, 1-butene, 1-pentene, 1-hexene, 4-methyl-1-pentene) prepared by a
syndiospecific metallocene catalyst, and found the peculiar crystalline structure of syndiotactic
poly(propene-co-1-butene). Furthermore, isothermal crystallization of syndiotactic
poly(propene-co-olefin)s was conducted and effect of the crystallization temperature on the

crystallization behavior and crystalline structure of the copolymers was studied.

8-2. Experimental Part

Materials

iPr(Cp)(Flu)ZrCl, was synthesized according to the literature.2  MAO was purchased from
Tosoh Akzo Co., Ltd. and used without further purification. 1-Pentene, 1-hexene, and 4-
methyl-1-pentene were commercially obtained and dried over molecular sieves 3A.

Copolymerization of propene with ethene was carried out in an agitated 1 L autoclave at 25
°C. Gaseous mixture of propene and ethene was fed to the autoclave containing 300 mL of
toluene and the pressure was kept at 8 kg/cm2G. Toluene (10 mL), MAO and the catalyst (1.5
umol) were mixed in a 100 mL glass flask at 25 °C for 5 min in advance. The molar ratio of
(MAO)AVZr was adjusted to 1000. The polymerization was started by adding the catalyst

solution to the autoclave. The temperature and the monomer gas pressure were kept constant
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during the polymerization.  After one hour, the polymerization was terminated by adding
isobutyl alcohol.  The polymer obtained was dissolved in xylene at 130 °C and catalyst
residues were removed by filtration at 130 °C.  The polymer was precipitated by pouring the
solution into large excess of methanol and dried in vacuo at 60 °C for 4 h.

Copolymerizations of propene with other a-olefins were carried out in a 1 L autoclave.
Measured amounts of a a-olefin and liquid propene were introduced to the autoclave. Further
experiments were conducted with the same procedures as described in the copolymerization of

propene with ethene.

Characterization of copolymers

13C NMR spectra of polymers were measured at 67.8 MHz in o-dichlorobenzene at 135 °C
with a JEOL EX-270 spectrometer. My, and MWD (My/My) of the polymers were determined
by GPC (Waters 150CV) at 140 °C using o-dichlorobenzene as a solvent. DSC measurements
were made by a Perkin-Elmer DSC-VII under the following condition. A sample (10 mg) in
an aluminum pan was kept at 220 °C in an atmosphere of nitrogen for 5 min, cooled at a rate of
3 °C/min to the room temperature. The sample pan was kept at 23 °C for a week. The
sample was analyzed by heating at a rate of 10 °C/min from the room temperature to 220 °C, and
the temperature at a maximum peak of the endothermic curve obtained was designated as a
melting point. A sample for measurements of X-ray diffraction was gradually crystallized
from 230 °C to room temperature for about 12 h and kept at 23 °C for a week. The WAXD

patterns were acquired on an automatic Rigaku-RU200B diffractometer in the transmission

mode using CuKo radiation.

Isothermal crystallization and characterization of the copolymers

A sample (ca. 5 mg) in an aluminum pan was kept at 180 °C for 15 min and then quenched to
the crystallization temperature (7¢) in oil bath. DSC measurements of isothermally crystallized
samples were made on a Seiko DSC-220 under the heating at a rate of 10 °C/min from room

temperature to 200 °C. WAXD patterns of copolymers were also acquired on an automatic

Rigaku-RU200B diffractometer in the transmission mode using CuKa radiation.
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Kinetic study of isothermal crystallization

Depolarized light intensity (DLI) technique was used to follow crystallization behavior of the
copolymers.37 Isothermal crystallization was carried out with a Kotaki MK-701 by measuring
the intensity of depolarized light passing through the specimens during the isothermal treatment.
A thin film of the polymer (about 100 pm) was fused between glass cover slips in the furnace at
230 °C for 5 min and then rapidly transferred to the crystallization bath, maintained at a selected

temperature in the range of 80~120 °C, until the crystallization should be completed.
8-3. Results and Discussion

8-3-1. Properties and Crystalline Structures of Syndiotactic Poly(propene-co-

olefin)s

Five kinds of syndiotactic poly(propene-co-olefin)s (olefin = ethene, 1-butene, 1-pentene, 1-
hexene, and 4-methyl-1-pentene) were examined by GPC, DSC, and WAXD. The structures
and properties of polymers obtained are summarized in Table 8-1. Molecular weight of each
copolymer decreased with the increase of comonomer content. However, the My,/My, values
of the copolymers were kept within 1.8-2.2

Figure 8-1 shows a relationship between Ty, and comonomer content in the copolymers.
The copolymers, other than poly(propene-co-1-butene), showed steep melting point depression
with the increase of olefin content. On the contrary, poly(propene-co-1-butene) showed small
depression and, furthermore, had melting point in a whole range of 1-butene content.

The crystallinity of the copolymers was determined from the WAXD pattern according to the
method described in a previous paper.” The relationship between crystallinity and comonomer
content is shown in Figure 8-2. Similar to the profile of melting temperature, poly(propene-
co-1-butene) exhibited lower decrease of crystallinity than other copolymers and kept crystalline
structure in a whole range of 1-butene content. In the case of other poly(propene-co-olefin)s,

copolymers had no more crystalline structure more than 20 mol % of comonomer content.
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Table 8-1. Structures and properties of poly(propene-co-olefin)s prepared by
iPr(Cp)(Flu)ZrCl,-MAO?
Sample Comonomer (;n?)l MWC M, /M de X ce Amal length (A.)f
0)°  (X107% (T (%) aaxis b axis
a — 0 41.6 2.1 147.1 38.1 14.42 5.59
b-1 ethene 3.1 17.1 2.2 123.9 26.1 14.42 5.56
b-2 7.2 14.5 2.0 98.8 18.2 14.36 5.55
b-3 11.2 9.9 2.2 79.4 15.6 14.42 5.24
c-1 1-butene 2.1 1394
c-2 6.6 38.2 1.9 124.7 29.8 14.60 5.54
c-3 11.5 112.4
c-4 19.1 30.8 2.0 94.5 25.2 14.86 5.62
c-5 33.7 72.1
c-6 67.8 17.4 2.2 50.0 17.1 16.34 5.65
c-7 100 11.9 2.2 45.1 24.5 16.90 5.78
d-1 1-pentene 3.9 1144
d-2 5.1 38.6 2.0 1084 21.4 14.52 5.57
d-3 15.1 32.9 2.0 65.0 10.9 14.64 5.61
d-4 21.1 29.9 1.8
d-5 100 14.1 2.1 37.3
e-1 1-hexene 2.8 120.6
e-2 5.6 40.2 2.0 101.2 17.3 14.56 5.57
e-3 12.7 36.8 2.3 81.5 10.1 14.62 5.55
e-4 21.7 26.0 1.8
f-1 4-MPT-18 2.4 126.5
f-2 4.2 36.5 1.9 1134 21.9 14.56 5.57
f-3 7.4 30.2 2.0 82.7 13.1 14.54 5.59
f-4 17.5 24.1 1.8
£-5 100 7.8 2.3

2 Polymerization conditions: see experimental section. ° Comonomer content in copolymers
by !3C NMR spectroscopy. ¢ Determined by GPC using polystyrene standards. d Melting
temperature obtained from gradually crystallized sample at the condition described in
experimental section. ©

X . denotes the polymer crystallinity, which was determined by
WAXD. f Calculated from (200) and (010) reflections of WAXD. & 4-methyl-1-pentene.
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Figure 8-1. Plots of T,, against comonomer content of syndiotactic poly(propene-co-olefin)s:

olefin = (O) ethene; (L)) 1-butene; ) I-pentene; (Q) 1-hexene; (A) 4-methyl-1-pentene;
(@) syndiotactic polypropene; (H) syndiotactic poly(1-butene).
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Figure 8-2. Plots of crystallinity against comonomer content of syndiotactic poly(propene-
co-olefin)s:olefin = (O) ethene; () 1-butene; () 1-pentene; (Q) 1-hexene; (A) 4-methyl-
l-pentene; (@) syndiotactic polypropene; () syndiotactic poly(1-butene).
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The crystalline structure of the copolymers were examined in detail by WAXD to understand the

peculiarity of poly(propene-co-1-butene) mentioned above.

Three unit cells were proposed for syndiotactic polypropene. The first one is the C-centered
orthorhombic unit cell (space group €2221, Cell I). The second one contains two chain
segments in an orthorhombic cell (space group Pca2, Cell II).  The third one involves the
doubling of the cell along the b axis and corresponding to an Ibca space group (Cell iI).

The a axial length of the unit cell and the b axial length were calculated from the (200)
reflections and the (010) reflections, respectively.3-38:39  The data obtained are summarized in
Table 8-1. The copolymers, besides poly(propene-co-1-butene), exhibited no significant
change in the length of g and b axes. In contrast, as shown in Figures 8-3 (a) and (b), a axis
of poly(propene-co-1-butene) expanded linearly with the increase of 1-butene content,
however, the b axis showed a little change. Isotactic poly(propene-co-1-butene) prepared by
isospecific Ziegler—Natta catalysts is known to have also crystallinity in a whole range of 1-
butene content, but the axial length changes drastically where 1-butene content is more than 45
mol %.40

Both syndiotactic polypropene and poly(1-butene) have (t282) conformation in these
crystals.4142  The continuous melting point depression (Figure 8-1) and linear expansion in
the length of a axis (Figure 8-3 (a)) from syndiotactic polypropene to syndiotactic poly(1-
butene) indicated the isomorphism in the crystalline structures of syndiotactic poly(propene-co-
1-butene). The projections along the ¢ axis are shown in Figure 8-4 (a). ~ Syndiotactic
polypropene has three kinds of the unit cells different in the packing manner of left (L-) and
right (R-) helicals of the polymer chains. When 1-butene units enter into the unit cells, ethyl
groups of 1-butene units should be directed along with a axis in any unit cells as shown Figure
8-4 (b). As aresult, 1-butene units lead to the expansion of the a axis, whereas they will give

a slight effect on the b axis.

155



Chapter 8

18
< r /f
_: L
5 Ol
3 1ef
S
5
(44
[ 151
14 [ [] ) 1

0 200 40 60 80 100
1-Butene content (mol%)

Figure 8-3(a). a axial len

gth of the unit cell of syndiotactic poly(propene-co-1-butene):
(LJ) propene/1

-butene; (@) syndiotactic polypropene; () syndiotactic poly(1-butene).

8
£ 7
L
ud
(=)
C
L e ‘
[ F_D —
-
©
Q S5r
4 1 1 1 1

0 20 40 60 80 100

1-Butene content (mol%)

Figure 8

-3(b). b axial length of the unit cel] of syndiotactic poly(propene-co-1-butene):
() pro

pene/1-butene; (@) syndiotactic polypropene; (M) syndiotactic poly(1-butene).

156



Chapter 8

(

I

syndiotactic polypropylene syndiotactic poly(1-butene)
(b) g §
3:: R ?D R
R
- <
> =
; R i‘g ®) % R %
Cell 1

Cellll

Figure 8-4. (a) Molecular-axis projections of syndiotactic polypropene and syndiotactic poly
(1-butene) in the crystal. (b) Plausible unit cells for the stable (t28)), form of syndiotactic poly

(propene-co-1-butene): Right- and left-handed helical molecules are identified by Rand L.
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8-3-2. Isothermal Crystallization of Syndiotactic Poly(propene-co-olefin)s

Isothermal crystallization of the syndiotactic poly(propene-co-olefin)s with low comonomer
content was conducted.  The melting behavior and the melting temperature of isothermal
crystallized polymers were investigated by DSC at a heating rate of 10 °C/min. The DSC
melting curves of typical copolymers (ethene, 1-butene, and 1-hexene copolymers) are shown
in Figure 8-5, (a)~(f). Double melting peak or single melting peak with a shoulder was
observed in the DSC patterns of the copolymers with low comonomer content when the
crystallization was conduéted at comparatively low T.. While a single peak appears in the
copolymers crystallized at high T, (Figure 8-5, (a), (c), and (e)). These phenomena were also
observed in the isothermally crystallized syndiotactic polypropene.’-15 The double melting
peak can be explained by the reason that the sample melts at a temperature varying with the
crystallization conditions (first peak), recrystallizes from the melt and completely melts (second
peak). The second peak almost disappears in the copolymer whose comonomer content is
more than ca. 5 mol % (Figure 8-5 (b), (d), and (f)). This result indicates that the
recrystallization during the melting can not occur due to the slow recrystallization rate at a
heating rate 10 °C/min in the copolymers with high comonomer content. The similar tendency
was reported in syndiotactic poly(propene-co-1-octene) by Kressler ef al.33

Equilibrium melting point (75,%) was determined by Hoffman-Week's plot.  The first
melting peak in the DSC melting curves was applied for Ty, at the T.. The results are
summarized in Table 8-2. Heat of fusion per mole of repeating unit of copolymers (AH,) was

determined by Flory's equation represented as follows:43
UTm9(C) — 1/T0(H) = ~(R/AH ) InNp,
where T1,9(C), TrO(H), and Npr are equilibrium melting temperature of copolymer, equilibrium

melting temperature of syndiotactic polypropene, and molar fraction of propene units in a

copolymer, respectively. The 1/T,0 is plotted against —InNp, in Figure 8-6. The AH, values
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Table 8-2. Kinetic parameters for isothermal crystallization of syndiotactic
polypropene and syndiotactic poly(propene-co-olefin)s

Sample T® e AT® ! n® nf Kot
(T () (s) s™h

a 166.7 80 86.7 11 230 255 279X 1073
90 76.7 14 2.12 2.58 X 1073

100 66.7 30 2.79 5.24 X 1075

110 56.7 85 2.78 3.00 X 1076

120 46.7 298 2.76 1.03 X 1077

b-1 143.5 80 63.5 36 2.11 238 3.61 X104
90 53.5 91 2.70 3.56 X 1076

100 43.5 294 2.34 1.16 X 1076

b-2 117.8 80 37.8 1072 2.54 2.54 1.39x%1078
c-1 158.0 80 78.0 13 238 231 155%1073
90 68.0 22 2.15 9.01 X 10~

100 58.0 60 2.58 1.79 X 107>

110 48.0 192 2.14 9.01 X 1076

c-2 144.4 80 64.4 45 248 258 551X1075
90 54.4 97 2.52 6.83 X 1070

100 44 .4 432 2.74 4.16 X 1078

c-3 132.0 80 52.0 82 210 223 6.63 X107
90 42.0 479 2.35 3.48 X 1077

d-1 132.2 80 52.2 91 216 216 4.07X10°5
90 42.2 384 2.15 1.93 X 1076

d-2 122.7 80 42.7 475 245 245 192%107
e-1 140.2 80 60.2 88 248 250 1.05X%X10°5
90 50.2 208 2.51 1.05 X 106

e-2 117.2 80 37.2 1152 2.02 202 454 %1077
f-1 142.4 80 62.4 37 224 252 213x10%
90 52.4 79 2.57 9.20 X 106

100 42.4 246 2.75 1.84 X 1077

f-2 131.5 80 51.5 203 208 220 1.10X10°5
90 41.5 470 2.31 4.66 X 1077

2 Equilibrium melting temperature. ° Crystallization temperature. © TmO— T, (K). d Half

time of crystallization.  Avrami exponent. f Average of Avrami exponent. & Kinetic

constant.
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of copolymers can be determined by the slope of the plots, and 5.2 kJ/mol for 1-butene

copolymer and 1.9 kJ/mol for the other copolymers are obtained.

Crystallization kinetics was studied on the basis of the Tm¥. Half time of crystallization
(t1/2) was determined from the relative DLI technique at various Tcs. The #;/2 values of
copolymers are summarized in Table 8-2 and the plots of #1/; against degree of supercooling
(AT = Ty0 — T,) are shown in Figure 8-7. The 1/, markedly increased at AT less than 55 K.
The plots of 71/, against AT were located on almost the same curved line.

Isothermal crystallizatioﬁ behavior of polymers can be analyzed by means of the Avrami

equation: 4447
(1 -Xp) = exp(-Kn?") (1)

where X; is the weight fraction of crystallizable polymer crystallized at time ¢, Ky, is kinetic rate

constant, and » is Avrami exponent, respectively. The equation (1) can be written as:
log[-log(1l — Xp)] = n logt + log(Ky/2.3) 2)

By plotting the quantity log[-log(1 — X;)] against logt, it is possible to determine value of the
Avrami exponent (n) from the slope of the plots. The Avrami plots of typical syndiotactic
poly(propene-co-olefin)s (olefin = ethene, 1-butene) are shown in Figure 8-8, (a) and (b), and
the Avrami exponents are summarized in Table 8-2.  The value of Avrami exponent of
copolymers ranged from 2.0 to 2.8 for the primary crystallization.  The transition of
crystallization process
from primary to secondary crystallization process was observed at X; = 0.7-0.8 in any
copolymers. Balbontin ez al. and Cheng et al. measured the Avrami exponent of syndiotactic
polypropene with various molecular weights and syndiotacticities, and reported the values of

the Avrami exponent, n = 1.8-3.9 and 1.9-3.0, respectively (n = 2.6 was obtained in this
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1/T,,0 (x1073)

2.2 : '
0 5 10 15

~InNp, (X10-2)

Figure 8-6. Plots of 1/7,,0 against —lanr of syndiotactic poly(propene-co-olefin)s according to the

Flory's equation: olefin = (O) ethene; ([J) 1-butene; () 1-pentene; () 1-hexene; (A) 4-methyl-
1-pentene; (@) syndiotactic polypropene. )
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Figure 8-7. Plots of t;,, against AT of syndiotactic poly(propene-co-olefin)s:

olefin = (O) ethene; (L) 1-butene; (O) 1-pentene; (Q) 1-hexene; (A) 4-methyl-
1-pentene; (@) syndiotactic polypropene.
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experiment).1148  Three-dimensional crystal growth of syndiotactic polypropene was implied
by the Avrami exponent in the previous report. Lovinger et al. described a transition between
three-dimensional (spherulitic) and two-dimensional (axialitic, rectangular single crystal)
structures in thin melt crystallized films with the increase of T..4® Cheng et al. studied
morphology of syndiotactic polypropene in the crystallization process by polarized light
microscopy observations, and indicated that a heterogeneous nuéleation was the main process in
the crystallization.1128  The Avrami exponents of syndiotactic poly(propene-co-olefin)s were
within the limits of previously reported values. It seems reasonable to suppose that the
crystallization behavior (nucleation and growth) of syndiotactic poly(propene-co-olefin)s is

almost the same with that of syndiotactic polypropene.
Rate constant (K,) was calculated from #y/7 using following relation:

K, =1n 2/t 3)

10'2 3
F ()
103 3 O ﬁ
104 | [9
v’l-; : £ )
& 105 DQ}]Eb
3 o °°
106 O
F oé@
107 | ®
F O
10-8 [ Ol_ 1 [l 1 1
30 40 50 60 70 80 90
AT (K)

Figure 8-9. Plots of K, against AT of syndiotactic poly(propene-co-olefin)s:

olefin = (O) ethene; () 1-butene; (O) 1-pentene; () 1-hexene; (&) 4-methyl-
1-pentene; (@) syndiotactic polypropene.
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The K,, values are summarized in Table 8-2 and plotted against AT in Figure 8-9. Clear effect

of the comonomer on the K, values could not be found in the plots.

Judging from the results, the crystallization behavior of copolymers depends on not the kind

of comonomer but the AT.

Crystalline structure of isothermally crystallized syndiotactic poly(propene-co-olefin)s was
studied by WAXD. The crystalline structures of the copolymers are summarized in Table 8-3.
The WAXD patterns of syndiotactic polypropene and typical copolymers (ethene, 1-butene, and
1-hexene copolymers) are shown in Figure 8-10, (a)—(e). The characteristic peak at 20 = 18.8
° derived from (211) could be observed in the syndiotactic polypropene isothermally crystallized
at AT =57 and 47 K (T, = 110 and 120 °C) (Figure 8-10 (a)). This reflection is derived from
the Cell IIl. The weak peak at almost the same position was observed in the poly(propene-co-
1-butene) with low content of 1-butene (sample c-1) isothermally crystallized at AT = 48 K (7,
= 110 °C) (Figure 8-10 (c)).  This result indicates that this copolymer (sample c-1) can
compose the crystalline structure of Cell III.  On the other hand, the peak derived from (211)
could not be observed in the WAXD patterns of other copolymers regardless of AT. The
WAXD patters of these copolymers were similar to the pattern of Cell II in the syndiotactic
polypropene.l0  This result suggests that these copolymers have the crystalline structures
based on the unit Cell II of the syndiotactic polypropene.

In comparison of the WAXD patters of copolymers, broadening of peak at 20 = 17-18 °
could be found in the ethene, 1-hexene copolymers (Figure 8-10, (b) and (e)), while sharp
peaks at 26 = 15.9 ° derived from (010) reflection were found in the 1-butene copolymers
(Figure 8-10, (c) and (d)). Lovinger et al. observed the peak at about 28 = 17 ° derived from
(110) and (201) reflections in the syndiotactic polypropene with Cell I.5  Zannetti et al.
calculated WAXD pattern of the Cell II, and reported that the peak at 20 = 17 ° was observed in
both calculated and observed WAXD patterns.!0  These results suggest that the crystalline

structure of poly(propene-co-1-butene) is slightly different from the Cell IT as shown in other
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Table 8-3. Crystalline structures of isothermally crystallized syndiotactic
poly(propene-co-olefin)s

T2 Xe Axial length (A)d
Sample , oé) ATP (0/;) p— 2 1()a)xis LooTo10°
a 90 76.7 245 14.62 5.58 1.6
100 66.7 259 1456 5.58 1.9
110 56.7 26.7 1456  1120,5.60 1.9
120 46.7 34.4 1436 11.12,556 1.7
130 36.7 26.7 14.52 5.57 1.9
b-1 70 73.5 23.1 14.56 5.56 1.0
80 635 23.1 14.62 5.58 1.3
90 53.5 23.8 14.58 5.59 13
100 43.5 25.5 14.50 5.56 1.5
c-1 80 78.0 24.6 14.66 5.60 1.4
90 68.0 24.8 14.56 5.56 1.6
100 58.0 27.4 14.60 5.56 2.0
110 48.0 30.5 14.56 5.57 2.0
120 380 273 14.64 5.60 1.9
c-2 70 74.4 22.9 14.76 5.60 1.0
80 64.4 235 14.76 5.60 1.1
90 54.4 23.8 14.66 5.58 1.6
100 44.4 26.4 14.72 5.59 1.9
e-1 70 70.2 20.1 14.60 5.57 1.0
80 60.2 20.6 14.64 5.57 1.2
90 50.2 22.0 14.60 5.57 1.5
100 40.2 22.1 14.64 5.58 1.8

2 Crystallization temperature. © 7 0_7 ¢ Polymer crystallinity determined by WAXD. 9
m c ry ty

Caluculated from the (200) and (010) or (020) reflections of WAXD. © Intensity ratio of (200)
reflection to (010) reflection determined by WAXD.
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T, 130 °C
AT: 36.7 K

T, 120 °C
AT: 46.7 K

T.: 110 °C
AT:56.7 K

Ts: 100 °C
AT: 66.7 K

Ts: 90 °C
AT: 76.7K

| — 1 ! 1 ! 1
5 10 15 20 25 30 35
26(°)
Figure 8-10(a). WAXD patterns of isothermally crystallized syndiotactic
polypropene (sample a).
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Ts: 100 °C
AT: 435K

T.:90 °C
AT:53.5K

T5: 80 °C
AT: 635K

Ts: 70 °C
AT: 735K

5 10 15 20 25 30 35
- 26()

Figure 8-10(b). WAXD patterns of isothermally crystallized syndiotactic
poly(propene-co-ethene) (sample b-1).
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T.:120 °C
AT: 38.0K

T 110°C
AT: 48.0K

T 100 °C
AT: 58.0K

T.:90°C
AT.68.0K

T.:80°C
AT:78.0K

5 10 15 20 25 30 35
26(°)

Figure 8-10(c). WAXD patterns of isothermally crystallized syndiotactic
poly(propene-co-1-butene) (sample c-1).
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Tc: 100 °C
AT. 44 4 K

T, 90 °C
AT:54.4 K

T.:80°C
AT:64.4K

T, 70 °C
AT:74.4K

L ! I ! ! I ]
5 10 . 15 20 - 25 30 35

26(°)
Figure 8-10(d). WAXD patterns of isothermally crystallized syndiotactic
poly(propene-co-1-butene) (sample c-2).
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T,: 100 °C
AT: 40.2K

T, 90 °C
AT: 50.2 K

T, 80 °C
AT: 60.2 K

Te: 70 °C
AT:70.2 K

5 10 15 20 25 30 35

26(°)

Figure 8-10(e). WAXD patterns of isothermally crystallized syndiotactic

poly(propene-co-1-hexene) (sample d-1).

171

Chapter 8



Chapter 8

copolymers.  This difference could cause the peculiar properties of poly(propene-co-1-
butene).

Intensity ratios of (200) to (010) (Io00/Ig10) are plotted against AT in Figure 8-11. The
I200/Ip10 values of copolymers (except sample c-1) increased linearly with the decrease of the
AT due to the increase of the Iygg. While syndiotactic polypropene and poly(propene-co-1-
butene) (sample c-1) showed the maximum Io00/Ip1g value at about AT = 60 and 55 K,
respectively.  This difference should be caused by the crystalline structure of Cell III in the

syndiotactic polypropene and poly(propene-co-1-butene) (sample c-1).

2.2
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l200/l010
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Figure 8-11. Plots of Lyoo/Tp10 against AT of syndiotactic poly(propene-co-olefin)s:

(@) propene/ethene (sample b-1); () propene/1-butene (sample c-1); () propene/1-butene
(sample c-2); (Q) propene/1-hexene (sample d-1); (@) syndiotactic polypropene (sample a).
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8-4. Summary

Structures and properties of various syndiotactic poly(propene-co-olefin)s were studied, and
peculiar crystalline structure was observed in poly(propene-co-1-butene). The 1-butene
copolymer showed smaller melting point depression with an increase of comonomer content
than other copolymers, and had melting point in a whole range of l-butene content.
Furthermore, the expansion of a axis of poly(propene-co-1-butene) was observed with the
increase of 1-butene content.- These results indicate the isomorphism of this copolymer.

The kind of comonomer in the syndiotactic poly(propene-co-olefin)s did not affect to the
behavior of isothermal crystallization. ~Avrami exponent (n) of the copolymers ranged from
2.0t02.8. These values were almost the same with that of syndiotactic polypropene. The
t1/2 and K, depended on the AT value in any copolymers. WAXD patter of poly(propene-co-
1-butene) showed the sharper peak of (010) reflection than other copolymers. The WAXD
patters of all the copolymers except poly(propene-co-1-butene) indicated the crystalline structure
of Cell II, while poly(propene-co-1-butene) with low 1-butene content showed the peak of

(211) reflection derived from Cell III.
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Chapter 9

This thesis consists of general introduction and the seven experimental chapters, each of

which i1s summarized as follows.

Chapter 1 General Introduction

The previous studies concerning group 4 metallocene catalysts for olefin polymerizations,
stereospecific polymerization of a-olefins with metallocene catalyst and development of
cocatalysts were summarized. ~Cocatalyst for metallocene catalyst plays important role in the
olefin polymerization, and a great deal of effort has been made on development of cocatalysts.
What seems to be lacking, however, is the detailed study of correlation between metallocene
catalysts and cocatalysts for catalytic performance. ~From such a view point, this work has
been aimed at understanding the effect of cocatalyst on olefin polymerization, especially ethene
and propene polymerization.

In addition, copolymerizations of olefins with metallocene catalysts were briefly reviewed.
In comparison to conventional Ziegler-Natta catalysts, higher incorporation of higher c-olefin
and cycloolefin is one of the important features of metallocene catalysts. In this work, several
propene-based copolymers were synthesized by metallocene catalysts and structures of

copolymers were investigated.

Chapter 2 Effect of Cocatalysts on Ethene Polymerization with Zirconocene

Catalysts

Ethene polymerization was carried out with rac-Me;Si(Ind)2ZrCl, using MAO as a cocatalyst
in toluene. A clear bimodal MWD was observed in the polyethene obtained. The low
molecular weight fraction of the polyethenes were produced at initial stage of the
polymerization. The MWD of polyethene was independent of the molar ratio of (MAO)AVZr
and the [Zr] concentration. The high molecular weight fraction disappeared, however, when
the polymerization was performed either at a low temperature or using dry MAO.  Addition of

AlMes to the MAO caused to increase of the low molecular weight fraction at the initial stage of
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polymerization. The low molecular weight fraction was also increased when the
polymerization was conducted in the mixture of toluene and CH,Cl; as a solvent.  From these
results, the formation of active species in ethene polymerization was discussed.

Polymerization of ethene was conducted with Cp2ZrCl; and rac-Me;Si(Ind)>ZrCly using
AlR3 (R = Me, Et, iBu)/Ph3CB(CgFs)4 or B(CgFs)3: In the case of polymerization with
Cp2ZrCly-AlIR3/Ph3CB(CgFs)4 system, induction time to reach the maximum Rp was
observed.  Especially, it took about 30 min to show the polymerization activity with
Cp2ZrCly-AlEt3/Ph3CB(CgFs)4 system. When B(CgF5)3 was used for cation-forming
reagent, no activity was shown with AlEt3 while high activity was observed with AliBuz. On
the other hand, in the polymerization with rac-Me2Si(Ind)»ZrCl, and Ph3CB(CgF5)4 as a
cation-forming reagent, high activity was observed with both AlEts and AliBu3. When
B(CgFs)3 was used instead of Ph3CB(CgFs)4, very low activity was observed with AlEts,
whereas high activity was appeared with AliBuz. The maximum rate of polymerization (Rp)
was found at the initial time of polymerization following rapid drop of Rp using
AliBu3/B(C¢Fs5)3 as a cocatalyst. Mechanisms in formation of active species were discussed

on the basis of activity and rate-time profile of the polymerization.

Chapter 3 Effect of Cocatalysts on o.-Olefin Polymerization with Zirconocene

Catalysts

Propene, 1-butene, and 1-hexene polymerization were conducted the mixtures of rac- , meso-

Me2Si(2,3,5-Me3Cp),ZrCl; and rac-, meso-Me;Si(2-Melnd);ZrCly combined with MAO or

AlR3 (R = Et, iBu)/Ph3CB(CgFs)4 as cocatalysts. The activity ratios of rac-isomer to meso-
isomer, Rp(rac)/Rp(meso), changed with the combined cocatalysts.

In the polymerization with Me;Si(2,3,5-Me3Cp)2ZrCly, higher Rp(rac)/Rp(meso) values
were observed using MAO than using AIR3/Ph3CB(CgFs)4 as cocatalysts in any kinds of -

olefin polymerizations. The values of Rp(rac)/Rp(meso) with each cocatalyst were almost the

same regardless of o-olefins.
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The same polymerizations were investigated with the mixture of rac-, meso-MeSi(2-
Melnd),ZrCl,. The polymerization profile of propene was determined from the rate of overall
propene consumption and fraction of isotactic and atactic polymers which were sampled during
the polymerization. The value of Rp(rac)/Ry(meso) in propene and 1-butene polymerizations
decreased in the following order with the combined cocatalysts: AlEt3/Ph3CB(CgFs)4 >
AliBu3/Ph3CB(C¢Fs5)4 > MAO. In the case of 1-hexene polymerization, considerably high
Rp(rac)/Rp(meso) values were obtained regardless of cocatalysts used. The result indicated
the steric hindrance of the active sites in meso-Me;Si(2-Melnd)2ZrCl, for 1-hexene

coordination.

Chapter 4 Chain Transfer Reaction by Trialkylaluminum in Stereospecific

Polymerization of Propene with Zirconocene Catalysts

Stereospecific polymerization of propene was carried out with isospecific rac-Et(Ind);ZrCly,
rac-Me5Si(Ind)2ZrCly, and syndiospecific iPr(Cp)(Flu)ZrCly combined with AIR3 (R = Et,
iBu)/Ph3CB(CgF5)4. In the isospecific polymerization with rac-Et(Ind)2ZrCl, and rac-
Me5Si(Ind)»ZrCl,, the molecular weight of polypropenes decreased with an increase in the
molar ratio of AlEts/Zr, whereas, an effect of AliBu3 concentration on molecular weight was
not observed. The chain end groups of resulting polypropenes were studied by 1°C NMR
spectroscopy and an increase in the molar ratio of Et end groups (derived from chain transfer to
AlEt3) to nPr end groups (derived from B-hydrogen transfer) was observed with the increase in
the molar ratio of AlEts/Zr. On the other hand, the chain transfer reactions not only by AlEt3
but AliBusz were detected in syndiospecific polymerization with iPr(Cp)(Flu)ZrCl;. The molar
ratio of alkyl (R) end groups (derived from chain transfer to AIR3) to nPr end groups was
higher in the polypropene obtained with AlEt3 than that obtained with AliBus. The ratios of
kira to kp (ks = rate constant of chain transfer to AlR3, kp = rate constant of propagation)

were determined by kinetic study.
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Chapter 5 Effect of Cocatalysts on Microstructures of Polypropene Obtained

with Zirconocene Catalysts

Polypropenes were prepared by aspecific, isospecific, and syndiospecific zirconocene
catalysts combined with MAO or AIR3 (R = Et, iBu)YPh3CB(CgFs5)4 as cocatalysts. The
microstructures of the polypropenes were studied by 13C NMR spectroscopy.  Effect of
cocatalysts on the stereospecificity of atactic polypropenes was not observed with any
zirconocene catalysts.  Clear difference of isospecificity and regioselectivity of isotactic
polypropenes prepared by Cz-symmetrical zirconocene catalysts could not be observed using
any cocatalysts.  On the other hand, the [rrrr] pentad fraction of syndiotactic polypropene
prepared by iPr(Cp)(Flu)ZrCl, with MAO was found to be higher than with
AlR3/Ph3CB(CgFs)4. The stereoirregular fraction of [rmmr] was almost the same in any
syndiotactic polypropenes, but the [rmrr] fraction was higher in the polypropenes obtained with
AlR3/Ph3CB(CgFs)4. The frequent migration of propagating polymer chain to the vacant site
was suggested in syndiospecific polymerization with iPr(Cp)(Flu)ZrCl, using AIR3 (R = Et,
iBu)/Ph3CB(CgFs)4 as cocatalysts.

Chapter 6 Molecular Size of Poly(ethene-co-propene) Obtained with

Zirconocene and Hafnocene Catalysts

Copolymerization of ethene with propene was carried out with CppMCly, rac-Et(Ind);MCl,,
and rac-Me3Si(Ind);MCly (M = Zr, Hf) using MAO as a cocatalyst. Molecular size of the
copolymer decreased with an increase of propene content in the copolymerization with
zirconocene and non-bridged hafnocene catalysts. On the other hand, the minimum molecular
size of poly(ethene-co-propene) was obtained at about 50 mol % of propene content in the
copolymer with ansa-hafnocene catalysts (rac-Et(Ind);HfCl, and rac-MesSi(Ind);HfCl;). The
polymerization activity was decreased with the increase of propene feed ratio with non-bridged
aspecific metallocene catalysts (CppMCl,), while the rate enhancement effect was observed in

the copolymerization with isospecific metallocene catalysts. The profile of molecular size was
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discussed based on the chain propagation, chain transfer reaction in the copolymerization, and

chain end structures of the copolymers obtained.

Chapter 7 Copolymerization of Propene and Nonconjugated Diene with

Zirconocene Catalysts

Copolymerizations of propene with 1,5-hexadiene and 1,7-octadiene were carried out with
1sospecific rac-Me;Si(Ind)2ZrCly and syndiospecific PhpC(Cp)(Flu)ZrCl; combined with
MAO. Cycloaddition of noﬁconjugated dienes with intramolecular cyclization proceeded in the
copolymerizations.

In the copolymerization of propene with 1,5-hexadiene, stereoselectivity in the cycloaddition
of 1,5-hexadiene was investigated based on the structures of isolated methylene-1,3-
cyclopentane units. It was found that 1,5-hexadiene was inserted stereospecifically by
enantiomorphic-site control with both catalysts. The diastereoselectivity in cyclization step of
1,2-inserted 1,5-hexadiene was, however, independent of stereospecificity of the catalysts. It
was suggested that a propene insertion after the cycloaddition of 1,5-hexadiene was less
enantioselctive in the copolymerization with PhyC(Cp)(Flu)ZrCly. Decrease of cyclization
selectivity was observed with an increase of 1,5-hexadiene concentration. The cyclization
selectivity in copolymerization was smaller than that in 1,5-hexadiene homopolymerization with
rac-Me>Si(Ind)»ZrCl, at the same 1,5-hexadiene concentration due to the obstruction of
cyclization by propene insertion.

In the copolymerization of propene with 1,7-octadiene, the cyclization selectivity of 1,7-
octadiene was smaller than that of the copolymerization with 1,5-hexadiene. The cyclization
selectivity of poly(propene-co-1,7-octadiene) obtained with PhoC(Cp)(Flu)ZrCl, was lower
than that with rac-Me;Si(Ind)2ZrCl;.  The difference of the cyclization selectivity with
catalysts used was discussed by the conformational models in the transition state of cyclization.
Smaller cyclization selectivity was observed in the copolymerization in comparison to that in
1,7-octadiene homopolymerization with both catalysts, and this tendency made it clear that

propene insertion could disturb the cyclization of the 1,2-inserted 1,7-octadiene.  The

181



Chapter 9

monomer reactivity ratios were calculated on the basis of the copolymer composition equations

involving the intramolecular cyclization reaction.

Chapter 8 Crystalline Structures of Syndiotactic Poly(propene-co-olefin)s

Five kinds of syndiotactic poly(propene-co-olefin)s (olefin = ethene, 1-butene, 1-pentene, 1-
hexene, and 4-methyl-1-pentene) were prepared by iPr(Cp)(Flu)ZrCl,-MAO. Structures and
properties of those copolymers were examined by 13C NMR, GPC, DSC, and X-ray
diffraction analyses. Tp of the copolymers, except poly(propene-co-1-butene), showed a
drastic depression with an increase of comonomer content. On the contrary, poly(propene-co-
1-butene) showed a small depression of Ty, with an increase of 1-butene and, furthermore, had
Tm in the whole range of 1-butene content.

Crystalline structure of syndiotactic poly(propene-co-1-butene) was studied by wide angle X-
ray diffractometry, and the a axis of the copolymer expanded linearly with an increase of 1-
butene content while the b axis showed little change. Plausible unit cells for the syndiotactic
poly(propene-co-1-butene) in the crystal were proposed.

Isothermal crystallization behavior of the syndiotactic poly(propene-co-olefin)s was
examined by depolarized light intensity technique. It was found that kind of comonomer did
not affect the crystallization behavior. The crystalline structures of isothemally crystallized
copolymers were studied by WAXD, and structures of Cell II were suggested in all the

copolymers except poly(propene-co-1-butene) with low 1-butene content.
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