Description

Title of Invention: CATALYST COMPOSITION FOR POLYMERIZING

CONJUGATED DIENE MONOMER

Technical Field
[0001]
The present invention relates to a catalyst

composition for polymerizing a conjugated diene monomer.

Background Art
[0002]

Conjugated diene polymers are used as raw material
rubbers in a variety of fields. For example, conjugated
diene polymers are widely used in tires because these
polymers advantageously provide treads having high
resistance to wear and high flexibility at low
temperatures and carcasses having low heat-generating
properties and high flex crack resistance.

Among these, it is known that natural rubber having
a cis-1,4-bond content (hereinafter also referred to as
"cis content") of approximately 100% and conjugated diene
polymers having high tacticity such as polybutadienes
having a cis-1,4-bond content of 98% or more are
crystallized during drawing to attain high tensile
strength (for example, Non-Patent Literature 1). These

highly tactic conjugated diene copolymers have been



produced with a coordination polymerization catalyst. A
variety of catalyst systems such as Ti, Co, and Ni has
been known. Conjugated diene polymers having a high cis
content have been also produced with these catalyst
systems in an industrial scale (for example, Non-Patent
Literature 2).

In the late 1970s, systems using rare earth
catalysts such as rare earth carboxylates have been
proposed. Typically, the rare earth carboxylate catalyst
systems have a cis content of approximately 94 to 97%.
These catalyst systems have higher polymerization
activity than those of the traditional Co, Ni, and Ti
catalysts at a polymerization temperature of 60 to 80°C
or more. For this reason, these catalyst systems enable
polymerization at higher temperatures and have narrower
molecular weight distribution, which are characteristics
not found in the traditional catalyst systems (for
example, Patent Literatures 1 and 2 and Non-Patent
Literature 3).

As an attempt to increase the cis content, a system
using a binuclear complex of a rare earth element and
alkylaluminum has been proposed, which has shown high cis
selectivity at a cis content of 99% or more in the
polymerization of isoprene (Non-Patent Literature 4).

Another rare earth binuclear complex has been
proposed, which is prepared by a reaction of a binuclear

complex of a rare earth element coordinated with toluene




and alkylaluminum halide with alkylaluminum, and attains

polymers having a cis content of 88 to 98.8% (for example,
Patent Literature 3).

Furthermore, a system using a metallocene complex of
a rare earth element has been proposed. This system
attains polymers having a cis content of 96 to 100% (for
example, Patent Literatures 4 to 8).
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Summary of Invention
Technical Problem
[0005]

Unfortunately, the traditionally known catalyst
systems have the following problems.

First, the polymerization systems using a complex of
a transition metal such as Ti, Ni, and Co as the catalyst
system described in Non-Patent Literature 2 need to
undergo polymerization for a long time at a low
polymerization temperature in order to attain a desired
cis content (96 to 98%). This requires a facility to
cool the production process system. A monomer recycling
system 1s required in the production process because the
conversion rates of monomers are low, i.e., 70 to 90%.
As above, the polymerization systems using a complex of a
transition metal such as Ti, Ni, and Co as the catalyst

system requires a larger number of facilities and a



larger amount of energy than those required in the
production process of other conjugated diene polymers.

Although the rare earth catalyst systems described
in Patent Literatures 1 and 2 and Non-Patent Literature 3
simplify the production process and have higher
polymerization activity, the cis content is usually
approximately 94 to 97%. To increase the cis content,
the polymerization needs to be performed by reducing the
polymerization temperature to 10°C or less. In this case,
a problem is that a reduction in the polymerization
temperature causes a reduction in polymerization activity.

The systems using binuclear complexes of rare earth
elements and alkylaluminum described in Non-Patent
Literature 4 show high cis selectivity at a cis content
of 99% or more in polymerization of isoprene. These
systems are used at a polymerization temperature of 25°C
and attain a conversion rate of 99% for a polymerization
time of 15 minutes. A large amount of the catalyst
approximately 10 times the amount of the carboxylic acid
system is needed. The activities of the systems are not
always higher than those of other catalyst systems.

In the systems prepared by a reaction of a binuclear
complex of a rare earth element coordinated with toluene
and alkylaluminum halide with a alkylaluminum, as
described in Patent Literature 3, those having high
polymerization activity have a low cis content of less

than 98% while those having a cis content of more than




98% have a low polymerization rate. These systems do not
attain a cis content of 99% or more, and have
insufficient performance as catalyst systems.

Furthermore, in the rare earth metallocene systems
described in Patent Literatures 4 to 8, those having high
polymerization activity have a low cis content of 96 to
97%. Some systems have a high cis content depending on
the polymerization conditions and types of catalysts.
The systems having a cis content of 99%, for example,
need a polymerization time of 18 hours at a
polymerization temperature of 0°C. It has been reported
that systems having a cis content of 99% or more are
prepared by polymerization at a polymerization
temperature of 25°C for one hour. In this case, a large
amount of the catalyst is used, and the conversion rate
per hour is low, i.e., 60%. The systems having a cis
content of 100% are prepared by polymerization at -20°C
for 5 days, and the conversion rate is 48%, which i1s not
at a level for practical use.

[0006]

As above, it turns out that the cis content and
catalyst activity are mutually contradictory in the
existing catalyst systems. In other words, the catalyst
systems having high polymerization activity have a low
cis content and those having a high cis content have low
polymerization activity. No catalyst system enabling

preparation of polymers having a cis content of 98% or



more and having higher polymerization activity than ever
has been found yet.

An object of the present invention is to provide a
catalyst composition for polymerizing a conjugated diene
monomer that enables polymerization under higher
temperature conditions than ever and can produce a

polymer having a high cis content.

Solution to Problem
[0007]

The present inventors, who have conducted extensive
research to solve the problems, have found that a
composition comprising a rare earth complex having a
specific structure and a specific compound can solve the
problems, and have completed the present invention.
[0008]

Namely, the present invention is as follows.

[1] A catalyst composition for polymerizing a
conjugated diene monomer, comprising components (a) and
(b), wherein

the component (a) is a lanthanoid-aluminum
crosslinked complex having a structure represented by the
following formula (1) or (2):

[Formula 1]
R
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[Formula 2]
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wherein Ln represents one selected from the group
consisting of lanthanoid elements, Sc, and Y; and R! to
R’ may be the same or different, and represent one
selected from the group consisting of a hydrogen atom, an
alkyl group having 1 to 8 carbon atoms, an alkylsilyl
group, an alkyloxy group, and a dialkylamide group; and
the component (b) is an alkylaluminum compound
represented by a formula H,ALR'Y;.,
wherein R'® may be the same or different, and represents
an alkyl group having 1 to 8 carbon atoms or an alkenyl
group having 1 to 8 carbon atoms; and n represents an
integer of 0 to 3.

[2] The catalyst composition for polymerizing the
conjugated diene monomer according to [1], further
comprising one or more compounds (c) selected from the
group consisting of metal halide compounds and halosilyl
compounds.

[3] The catalyst composition for polymerizing the
conjugated diene monomer according to [1] or [2], further
comprising one or more compounds (d) selected from the
group consisting of aluminum oxy compounds represented by
the following formula (3) or (4):

[Formula 3]
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[Formula 4]

Fl‘ﬂ? R18
f
R‘G(»Al—oHAl—oa-R‘g
X y (4)

wherein R'® to R!® may be the same or different, and
represent a hydrogen atom or an alkyl group having 1 to 8
carbon atoms; and x and y represent an integer of 1 to
10000,

and/or borane compounds and borate compounds.

[4] The catalyst composition for polymerizing the
conjugated diene monomer according to any of [1l] to [3],
wherein the alkylaluminum compound comprises a compound
represented by a formula HpA1R?%5_, wherein R?° represents
an alkyl group having 1 to 8 carbon atoms; and n
represents an integer of 0 to 3.

[5] The polymerization catalyst composition
according to any of [1l] to [3], wherein the alkylaluminum
compound comprises diisobutylaluminum hydride or
triisobutylaluminum.

[6] The polymerization catalyst composition
according to any of [2] to [5], wherein the metal halide
compound comprises an aluminum halide compound.

[7] The polymerization catalyst composition
according to any of [3] to [6], wherein the aluminum oxy

compound comprises methylaluminoxane.
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[8] A catalyst composition for polymerizing a
conjugated diene monomer, comprising components (a), (c),
and (d), wherein

the component (a) is a lanthanoid-aluminum
crosslinked complex having a structure represented by the
following formula (1) or (2):

[Formula 5]
R

l
ILn (R4_AI—R2)
| 3

R3 (1)

3 (2)

wherein Ln represents one selected from the group
consisting of lanthanoid elements, Sc, and Y; and R! to
R’ may be the same or different, and represent one
selected from the group consisting of a hydrogen atom, an
alkyl group having 1 to 8 carbon atoms, an alkylsilyl
group, an alkyloxy group, and a dialkylamide group,

the component (c) i1s one or more compounds selected
from the group consisting of metal halide compounds and
halosilyl compounds, and

the component (d) is one or more compounds selected
from the group consisting of aluminum oxy compounds
represented by the following formula (3) or (4):

[Formula 7]




R14
|
R13-(—AI—O%—R15
= (3)

[Formula 8]

R17 R18
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. y o (4)
wherein R'® to R! may be the same or different, and
represent a hydrogen atom or an alkyl group having 1 to 8
carbon atoms; and x and y represent an integer of 1 to
10000,

and/or borane compounds and borate compounds.

[9] The polymerization catalyst composition
according to [8], wherein the metal halide compound
comprises an aluminum halide compound.

[10] The polymerization catalyst composition
according to [8] or [2], wherein the aluminum oxy
compound comprises methylaluminoxane.

[11] A method of producing a polydiene compound
having a cis-1,4-bond content of 98% or more, comprising:

a step of polymerizing a conjugated diene monomer
with the polymerization catalyst composition according to
any of [1] to [10].

[12] A method of producing a polydiene compound,
comprising:

a step of polymerizing a conjugated diene monomer
with the polymerization catalyst composition according to
any of [1] to [10], and reacting the resultant polymer

with a compound comprising one selected from the group
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consisting of a carbonyl group, an imide group, and an
epoxy group.

[13] A polydiene compound produced with the catalyst
composition according to any of [1l] to [10], wherein

a cis-1,4-bond content measured by an NMR method is
98% or more, a ratio of a trans-1,4-bond content to a
1,2-vinyl bond content is within the range of 18:1 to 1:1,
a weight average molecular weight (Mw) is within the
range of 250000 to 2500000, and weight average molecular
weight (Mw)/number average molecular weight (Mn) = 1.4 to
3.3,

[14] A modified polydiene compound produced with the
catalyst composition according to any of [1] to [10],
wherein

a cis-1,4-bond content measured by an NMR method is
98% or more, a ratio of a trans-1,4-bond content to a
1,2-vinyl bond content is within the range of 18:1 to 1:1,
a weight average molecular weight (Mw) is within the
range of 250000 to 2500000, weight average molecular
weight (Mw) /number average molecular weight (Mn) = 1.4 to
3.5, and a rate of introduction of functional groups into

a polymer terminal is 40 to 100%.

Advantageous Effects of Invention
[0009]
The present invention can provide a catalyst

composition for polymerizing a conjugated diene monomer




that can provide polymers having a high cis content and
that has high polymerization activity. Use of the
polymerization catalyst composition according to the
present invention can efficiently provide a conjugated
polydiene having a high cis content of 98% or more under

higher temperature conditions than ever.

Description of Embodiments
[0010]

Hereinafter, embodiments for implementing the
present invention (hereinafter simply referred to as
"present embodiment") will be described in detail. The
present invention will not be limited to present
embodiments below, and can be modified in various ways
within the scope of the gist to be implemented.

[0011]
[First embodiment]

The polymerization catalyst composition according to
first embodiment (present embodiment 1) is

a catalyst composition for polymerizing a conjugated
diene monomer comprising components (a) and (b), wherein

the component (a) is a lanthanoid-aluminum
crosslinked complex having a structure represented by the
following formula (1) or (2):

[0012]

[Formula 9]
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Ln Rﬁ“‘AJ"4?2

[0013]

[Formula 10]

1 R?

R ~.

Ln //“\\
R3 R4

3 (2)

[0014]
wherein Ln represents one selected from the group
consisting of lanthanoid elements, Sc, and Y; and R! to
R* may be the same or different, and represent one
selected from the group consisting of a hydrogen atom, an
alkyl group having 1 to 8 carbon atoms, an alkylsilyl
group, an alkyloxy group, and a dialkylamide group; and

the component (b) is an alkylaluminum compound
represented by the formula Hy,A1R'?5_,
wherein R'® may be the same or different, and represents
an alkyl group having 1 to 8 carbon atoms or an alkenyl
group having 1 to 8 carbon atoms; and n represents an
integer of 1 to 3.
[0015]

The polymerization catalyst composition according to

present embodiment 1 may further comprise one or more
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compounds (c) selected from the group consisting of metal
halide compounds and halosilyl compound.
[0016]

The polymerization catalyst composition according to
present embodiment 1 may further comprise one or more
compounds (d) selected from the group consisting of
aluminum oxy compounds represented by the following
formula (3) or (4):

[0017]

[Formula 11]

Rﬁ4
R13 / }d O\ R15
\ /x

(3)
[0018]

[Formula 12]

R17 R18
| f
R‘B(—Al—oHA|~o)»R‘9
X y (4)

[0019]
wherein R to R! may be the same or different, and
represent a hydrogen atom or an alkyl group having 1 to 8
carbon atoms; and x and y represent an integer of 1 to
10000,

and/or borane compounds and borate compounds.
[0020]

From structure analysis with X rays, the lanthanoid-

aluminum crosslinked complex according to present
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embodiment 1 is found to have the structure represented
by the formula (2). Actually the structure represented
by the formula (2) represents a structure at an extremely
low temperature or at an instant. At room temperature,
the alkyl group {(and other functional groups) in the
formula (2) undergoes exchange reaction at a considerably
high speed. In the formula (2), R! and R® bind to Ln and
Al. Actually, any R, that 1is, R! and R® at an instant, R?
and R* at the next instant, and then R?® and R* repeat
bonding and exchange to form the structure represented by
the formula (1). At an extremely low temperature, slow
exchange of R forms the structure represented by the
formula (2). Then, when the state at room temperature is
observed by NMR or the like, usually two peaks, that is,
a peak of R! and R’ and a peak of R’ and R* are found in
the structure represented by the formula (2). However,
the substituents are exchanged so fast as described above,
so that one peak appears in the middle of the two peaks.
In short, this crosslinked complex can also be
represented in the form of the structure represented by
the formula (1) as if four R bind to Al and three
functional groups represented by (AlR,) bind to Ln. At
an extremely low temperature, two peaks are observed due
to slow exchange of R. The structure represented by the
formula (1) represents the state of the complex at room
temperature while the structure represented by the

formula (2) represents the state of the complex at an



extremely low temperature or an instant. Although the
complex represented by the formula (1) is the same as the
complex represented by the formula (2), the complex is
properly represented by the formula (1) from the results
of NMR analysis, and is properly represented by the
formula (2) from the results by structure analysis with X
rays.

[0021]

The polymerization catalyst composition according to
present embodiment 1 may be used in any conjugated diene
monomer, and conjugated dienes having any structure such
as linear dienes, cyclic dienes, and dienes having
substituents may be used. Specific examples thereof
include 1,3-butadiene, 1,3-isoprene, 1,4-dimethyl-1,3-
butadiene, 1,2-dimethyl-1,3-butadiene, 1,3-dimethyl-1, 3~
butadiene, 1,2,3-trimethyl-1,3-butadiene, cyclohexadiene,
l1-vinylcyclohexene, 1,3,5-hexatriene, and alloocimene.
[0022]

Component (a)

In present embodiment 1, the lanthanoid-aluminum
crosslinked complex (a) has a structure represented by
the following formula (1) or (2):

[0023]

[Formula 13]
R1
Ln R4—f}l-—-R2
R 3 (1)
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[0024]

[Formula 14]

1 R?

R g

Ln P Al\
R3 R?

3 (2)
[0025]
wherein Ln represents one selected from the group
consisting of lanthanoid elements, Sc, and Y; and R* to
R? may be the same or different, and represent one
selected from the group consisting of a hydrogen atom, an
alkyl group having 1 to 8 carbon atoms, an alkylsilyl
group, an alkyloxy group, and a dialkylamide group.

The structures represented by the formulae (1) and
(2) are expressed by chemical formulae Ln(AlR4)3 and
In[ (p-Rz)AlRz]3, respectively.

[0026]

Examples of a specific structure of the lanthanoid-
aluminum crosslinked complex include structures
represented by the following formulae (5) to (11) and
(5)' to (11)':

[0027]

[Formula 15]



= ]9 -
R
-R
R"‘l"
R\/-'\1/R\ll.n/R
o \R/I \T
R
S~
Al
| R
R (5)
|
R 3 sy
R R
| -
R/?"R R "
R
/AI\ - no 7 \R/ \R
R™| "R | |
| R,
Al 'R
R R (8)
| T
L (R—-AI—R) (R——AI—R)
A | ‘
R - R (6)
" ;
R R/’?'
v \R/r “OR R/ \0/| “OR
R B P
bn .y
R (7) R (8)
R (i)R OR
Ln (R-——AI—R) (R—Al-——R) Ln (R_A:|_R)
2 (7) R 3wy
A " "
~R ~R -
\AI/R\l[n/NRz l'?\M/R\lln/"'Ri' \AI/R\ll n/NRz
7 SRTR 7 R NR, 7~ \'.i'/ [ AR
R\ﬁlu\ R\ﬁlu\ b IL\
i R | R | R
R (9) R (10) R (11}
NR; R NR,
Ln (R——-Al———R) (R—AI—R Ln (R-—f}I-R) (R-—-—Al—-R)
R s R {(9)’ R R 210V




- 20 -

[0028]
wherein R represents one selected from the group
consisting of a hydrogen atom and an alkyl group having 1
to 8 carbon atoms.

Like in the structure represented by the formula (6),
in the structures represented by the formulae (7) to (11),
groups binding to both Ln and Al and groups binding to Al
can be exchanged for each other.

These lanthanoid-aluminum crosslinked complexes may
be used singly or in combinations of two or more.

[0029]

Any lanthanoid element represented by Ln can be used
without limitation, and La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
and Dy are preferable, and La, Ce, Pr, Nd, Gd, Tb, and Dy
are more preferable because these will attain a high cis
content.

[0030]

Specific examples of the alkyl group having 1 to 8
carbon atoms include a methyl group, an ethyl group, a
propyl group, an isopropyl group, a butyl group, an
isobutyl group, a t-butyl group, a pentyl group, an
isopentyl group, a cyclopentyl group, a hexyl group, a
cyclohexyl group, a phenyl group, a methylphenyl group, a
pentyl group, an octyl group, and a 2-ethylhexyl group.
Among these, a methyl group, an ethyl group, a propyl
group, an isopropyl group, a butyl group, an isobutyl

group, a t-butyl group, a cyclopentyl group, a cyclohexyl



21 -

group, a phenyl group, and a methylphenyl group are
preferable, and a methyl group, an ethyl group, a propyl
group, an isopropyl group, a butyl group, and an isobutyl
group are more preferable because of high stability of
the complex and high solubility in a solvent.

[0031]

Specific examples of the alkylsilyl group include a
trimethylsilyl group, a dimethylsilyl group, a
trimethoxysilyl group, and a triethoxysilyl group. Among
these, a trimethylsilyl group and a dimethylsilyl group
are preferable from the viewpoint of the stability of the
complex and ease of synthesis.

[0032]

Specific examples of the alkyloxy group include a
methyloxy group, an ethyloxy group, a propyloxy group, an
isopropyloxy group, a butyloxy group, an isobutyloxy
group, a t-butyloxy group, a pentyloxy group, a
neopentyloxy group, a hexyloxy group, a cyclohexyloxy
group, a 2-ethylhexyloxy group, a phenoxy group, a 2,6-
di-t-butylphenoxy group, a 2, 6-di-iscobutylphenoxy group,
a 2,6-diisopropylphenoxy group, a 2,4,6-tri-t-
butylphenoxy group, a 2,4, 6-tri-isobutylphenoxy group, a
2,4,6-triisopropylphenoxy group, and a 2,6-di-t-butyl-4-
methylphenoxy group. Among these, a methyloxy group, an
ethyloxy group, a propyloxy group, an isopropyloxy group,
a butyloxy group, an isobutyloxy group, a t-butyloxy

group, a 2,6-di-t-butylphenoxy group, a 2,6-di-
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isobutylphenoxy group, a 2, 6-diisopropylphenoxy group, a
2,4,6-tri-t-butylphenoxy group, a 2,4, 6-tri-
isobutylphenoxy group, a 2,4,6-triisopropylphenoxy group,
and a 2,6-di-t-butyl-4-methylphenoxy group are preferable
from the viewpoint of the stability of the complex and
ease of synthesis.

[0033]

Specific examples of the dialkylamide group include
a dimethylamide group, a diethylamide group, a
dipropylamide group, a diisopropylamide group, a
dibutylamide group, a diisobutylamide group, a
bistrimethylsilylamide group, and a bisdimethylsilylamide
group. Among these, a dimethylamide group, a
diethylamide group, a diisopropylamide group, a
bistrimethylsilylamide group, and a bisdimethylsilylamide
group are preferable from the viewpoint of the stability
of the complex and ease of synthesis.

[0034]
Component (b)

In present embodiment 1, the alkylaluminum compound
is represented by the formula H,ALR!?;_,. Here, R!® may be
the same or different, and represents an alkyl group
having 1 to 8 carbon atoms or an alkenyl group having 1
to 8 carbon atoms; and n represents an integer of 1 to 3.

The alkylaluminum compound preferably comprises a

compound represented by the formula H,AlR?°;_, wherein R?°




represents an alkyl group having 1 to 8 carbon atoms, and
n represents an integer of 1 to 3.
[0035]

Specific examples of the alkylaluminum compound in
present embodiment 1 include trimethylaluminum,
triethylaluminum, tri-n-propylaluminum,
triisopropylaluminum, tri-n-butylaluminum,
triisobutylaluminum, tri-t-butylaluminum,
tripentylaluminum, trihexylaluminum,
tricyclohexylaluminum, trioctylaluminum, diethylaluminum
hydride, di-n-propylaluminum hydride, di-n-butylaluminum
hydride, diisobutylaluminum hydride, dihexylaluminum
hydride, diisohexylaluminum hydride, dioctylaluminum
hydride, diisococtylaluminum hydride, ethylaluminum
dihydride, n-propylaluminum dihydride, and
isobutylaluminum dihydride. Among these,
diisobutylaluminum hydride and triisobutylaluminum are
preferable because of stabilization of active species.
[0036]

Component (c)

Specific examples of the metal halide compound in
present embodiment 1 include aluminum halide compounds
such as dimethylaluminum chloride, methylaluminum
dichloride, diethylaluminum chloride, ethylaluminum
dichloride, and ethylaluminum sesquichloride; titanium
tetrachloride, tin tetrachloride, and tin dichloride.

Specific examples of the halosilyl compound include
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silicon tetrachloride, trimethylchlorosilane,
methyldichlorosilane, dimethyldichlorosilane, and
methyltrichlorosilane. These metal halide compounds and
halosilyl compounds may be used singly or in combinations
of two or more. Besides the compounds above, phosphorus
trichloride, benzoyl chloride, and t-butyl chloride may
be included.

[0037]

Component (d)

In present embodiment 1, the component (d) comprises
one or more compounds selected from the group consisting
of aluminum oxy compounds represented by the following
formula (3) or (4):

[0038]

[Formula 16]

R14

(L Y o
R13\Al o/xR (3)

[0039]

[Formula 17]

R17 R13
i |
R"‘(—Al—o)—(-Al—o)—R'g
X y (4)

[0040]
wherein R' to R may be the same or different, and

represent a hydrogen atom or an alkyl group having 1 to 8




_.25,

carbon atoms; and x and y represent an integer of 1 to
10000,

and/or borane compounds and borate compounds.
[0041]

Here, examples of the alkyl group having 1 to 8
carbon atoms include those as described above. x and y
represent an integer of 1 to 10000, preferably 1 to 100,
and more preferably 1 to 20.

[0042]

Specific examples of the aluminum oxy compound
include methylaluminoxane, ethylaluminoxane, n-
propylaluminoxane, n-butylaluminoxane,
isobutylaluminoxane, t-butylaluminoxane, hexylaluminoxane,
isohexylaluminoxane, and copolymers of methylaluminoxane
and isobutylaluminoxane. Among these, methylaluminoxane,
isobutylaluminoxane, and copolymers of methylaluminoxane
and isobutylaluminoxane are preferable because of high
solubility in a solvent and ease of handling. The
aluminum oxy compound may contain an alkylaluminum
compound derived from a raw material such as
trimethylaluminum. The aluminum oxy compound may be
produced by any known method. For example, the aluminum
oxy compound can be produced as follows: trialkylaluminum
or dialkylaluminum monochloride is added in an organic
solvent such as benzene, toluene, and xylene, and water,
steam, steam-containing nitrogen gas, or a salt

containing crystallization water such as copper sulfate



pentahydrate or aluminum sulfate hexadecahydrate 1is
further added to react these materials. These aluminum
oxy compounds may be used singly or in combinations of
two or more.

[0043]

Specific examples of the borane compounds include
triphenylborane and tris(pentafluorophenyl)borane and
specific examples of the borate compounds include N,N-
dimethylanilinium tetrakis (pentafluorophenyl)borate,
trityl tetrakis(pentafluorophenyl)borate, lithium
tetrakis (pentafluorophenyl)borate, and ammonium
tetrakis (pentafluorophenyl)borate. Among these,
tris(pentafluorophenyl)borane, N,N-dimethylanilinium
tetrakis (pentafluorophenyl)borate, and trityl
tetrakis (pentafluorophenyl)borate are preferable because
of high solubility in a solvent and ease of handling.
These borane compounds and borate compounds may be used
singly or in combinations of two or more.

[0044]

The molar ratio of the lanthanoid-aluminum
crosslinked complex to the alkylaluminum compound is
preferably lanthanoid-aluminum crosslinked
complex:alkylaluminum compound = 1:0.1 to 1:50, more
preferably lanthanoid-aluminum crosslinked
complex:alkylaluminum compound = 1:0.5 to 1:10, and still
more preferably lanthanoid-aluminum crosslinked

complex:alkylaluminum compound = 1:1 to 1:8. At a ratio
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of the lanthanoid-aluminum crosslinked complex to the
alkylaluminum compound within the above range, the
molecular weight and activity are well-balanced.
[0045]

The molar ratio of the lanthanoid-aluminum
crosslinked complex to the aluminum oxy compound is
preferably lanthanoid-aluminum crosslinked
complex:aluminum oxy compound = 1:5 to 1:5000, more
preferably lanthanoid-aluminum crosslinked
complex:aluminum oxy compound = 1:5 to 1:1000, and still
more preferably lanthanoid-aluminum crosslinked
complex:aluminum oxy compound = 1:5 to 1:500. At a ratio
of the lanthanoid-aluminum crosslinked complex to the
aluminum oxy compound within the above range,
polymerization reproductivity is improved.

[0046]

The ratio of the lanthanoid-aluminum crosslinked
complex to the borane compound and/or the borate compound
is preferably lanthanoid metal:borane element = 1:0.5 to
1:5, more preferably lanthanoid metal:borane element =
1:0.7 to 1:3, and still more preferably lanthanoid
metal:borane element = 1:0.9 to 1:2 in terms of the molar
ratio of the lanthanoid metal to the borane element. At
a ratio of the lanthanoid-aluminum crosslinked complex to
the borane compound and/or the borate compound within the
above range, polymerization reproductivity is improved.

[0047]
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The ratio of the lanthanoid-aluminum crosslinked
complex to the metal halide compound and/or the halosilyl
compound is preferably lanthanoid metal:halogen = 1:0 to
1:5, more preferably lanthanoid metal:halogen = 1:0.5 to
1:4, and still more preferably lanthanoid metal:halogen =
1:0.8 to 1:3.5 in terms of the molar ratio of the
lanthanoid metal to the halogen element. At a ratio of
the lanthanoid-aluminum crosslinked complex to the metal
halide compound and/or the halosilyl compound within the
above range, polymerization reproductivity is improved.
[0048]

The polymerization catalyst composition according to
present embodiment 1 can be prepared by mixing the
lanthanoid-aluminum crosslinked complex with the
alkylaluminum compound and optionally with one or more
compounds selected from the group consisting of the
aluminum oxy compounds and/or the borane compounds and
the borate compounds and one or more compounds selected
from the group consisting of the metal halide compounds
and the halosilyl compounds. At this time, these
catalyst components can also be preparatively dissolved
in a solvent or the like and diluted for use. The
solvent used to dissolve and dilute the catalyst
components 1is preferably a solvent system not reactive
with the catalyst composition above to generate any
undesirable compound in the polymerization reaction.

Specifically, examples of such a solvent include
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hydrocarbon compounds such as pentane, n-hexane, heptane,
octane, cyclopentane, and cyclohexane; and aromatic
hydrocarbon compounds such as benzene, toluene, xylene,
cumene, and ethylbenzene.

[0049]

The catalyst components above may be used singly or
in combinations of two or more. To efficiently prepare
the catalyst composition with high reproductivity, the
process is preferably performed under a nitrogen or argon
stream. Commercially available argon contained in a gas
cylinder may be used at it is. Nitrogen is preferably
used after oxygen and the moisture content are removed
with a column or the like, or ultra high purity nitrogen
is used. Desirably, the tools to be used are
preparatively dried sufficiently with a dryer or the like.
Preferably, the moisture content, polar substances having
active hydrogen and carbonyl groups, and the like are
preparatively removed from the solvent and the moncmer to
be used by use of a dehydrating agent or distillation and
purification.

[0050]

In preparation of the catalyst polymerization
composition, the components can be mixed by any method,
and examples thereof include (1) a method of mixing only
the catalyst components preparatively, (2) a method of
mixing the catalyst components in the presence of a small

amount of a monomer to be polymerized, (3) a method of



mixing the catalyst components in the presence of a
coordinating solvent or compound other than the monomer,
(4) a method of mixing the catalyst components in the
presence of a small amount of the monomer to be
polymerized and a coordinating solvent or compound other
than the monomer, and (5) a method of preparatively
introducing the catalyst components into a reactor
containing the monomer to prepare the catalyst
polymerization composition in the reactor. Any of these
methods may be used for the catalyst system according to
the present invention. The respective methods will be
described in detail below, but present embodiments will
not be limited to the following methods.
[0051]
(1) Method of mixing only catalyst components
preparatively

By this method, the catalyst components can be mixed
in the presence of a solvent. The lanthanoid—aluminum
crosslinked complex can be used in the form of a solid
substance. Preferably, the complex is preparatively
dissolved in a solvent. The catalyst components can be
prepared in order in Method (A) or (B). The one or more
compounds selected from the aluminum oxy compounds, the
borane compounds, and the borate compounds and the one or
more compounds selected from the metal halide compounds

and the halosilyl compounds may be optionally added.
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(A) Method of mixing the lanthanoid-aluminum crosslinked
complex with one or more compocunds selected from the
aluminum oxy compounds, the borane compounds, and the
borate compounds, adding the alkylaluminum compound, and
finally adding one or more compounds selected from the
metal halide compounds and the halosilyl compounds; or
(B) Method of mixing the lanthanoid-aluminum crosslinked
complex with the alkylaluminum compound, adding one or
more compounds selected from the aluminum oxy compounds,
the borane compounds, and the borate compounds, and
finally adding one or more compounds selected from the
metal halide compounds and the halosilyl compounds.

In this case, the preparation time may be set to any
time needed to mix and react the respective catalyst
components.

[0052]

The preparation time can be arbitrarily varied
between 0.5 and approximately 120 minutes, for example.
At a preparation time less than 0.5 minutes, the
catalysts components may not be sufficiently mixed. The
preparation time of 120 minutes or more does not have any
particular problem, but the preparation time more than
needed is unnecessary. Approximately 120 minutes at most
is enough for the reaction. The temperature during
preparation can be within the range of approximately -10
to 60°C. The polymerization catalyst composition after

the reaction can be preserved as it is for a long time



under a condition in which the temperature, the moisture
content, oxygen, and the like are appropriately
controlled.
[0053]
(2) Method of mixing catalyst components in the presence
of small amount of monomer to be polymerized

In this method, the catalyst components are mixed in
the presence of a solvent and a monomer used in
polymerization. The molar ratio of the lanthanoid-
aluminum crosslinked complex to the monomer is preferably
approximately 1:1 to 1:2000. The catalyst components can
be mixed in order in Method (A) or (B):
(A) Method of preparatively mixing predetermined amounts
of the monomer and the solvent, mixing the mixture with
the lanthanoid-aluminum crosslinked complex and one or
more compounds selected from the aluminum oxy compounds,
the borane compounds, and the borate compounds, and
finally adding one or more compounds selected from the
metal halide compounds and the halosilyl compounds; or
(B) Method of preparatively mixing predetermined amounts
of the monomer and the solvent, adding the lanthanoid-
aluminum crosslinked complex and the alkylaluminum
compound to the mixture, then adding one or more
compounds selected from the aluminum oxy compounds, the
borane compounds, and the borate compounds, and finally
adding one or more compounds selected from the metal

halide compounds and the halosilyl compounds.



[0054]

In this case, the preparation time can be set to any
time needed to mix and react the catalyst components and
to react the catalyst composition with the monomer. The
preparation time can be arbitrarily varied between 0.5
and approximately 120 minutes, for example. At a
preparation time less than 0.5 minutes, the catalysts
components may not be sufficiently mixed. The
preparation time of 120 minutes or more does not have any
particular problem, but the preparation time more than
needed is unnecessary. Approximately 120 minutes at most
is enough for the reaction. The temperature during
preparation can be within the range of approximately -10
to 60°C. The polymerization catalyst composition after
the reaction can be preserved as it is for a long time
under a condition in which the temperature, the moisture
content, oxygen, and the like are appropriately
controlled.

[0055]
(3) Method of mixing catalyst components in the presence
of coordinating solvent or compound other than monomer

In this method, the catalyst components are mixed in
the presence of a solvent and a coordinating solvent or
compound other than the monomer. The molar ratio of the
lanthanoid-aluminum crosslinked complex to the monomer is
preferably approximately 1:1 to 1:2000. In this case,

examples of the coordinating solvent other than the



monomer include compounds having an aromatic ring,
compounds having a lone electron-pair, and aprotic
solvents such as benzene, toluene, xylene, ethylbenzene,
mesitylene, cumene, butylbenzenes, diethyl ether,
tetrahydrofuran, and pyridine. Examples of the
coordinating compound other than the monomer include
compounds having a lone electron-pair and compounds
having a carbon-carbon double bond such as tertiary
amines, alkylphosphines, arylphosphines, phosphates,
cyclic olefins, substituted dienes, and cyclic dienes.
The catalyst components can be mixed in order in Method
(A) or (B):

(A) Method of preparatively mixing a predetermined amount
of the coordinating solvent or compound with a solvent,
mixing the mixture with the lanthanoid-aluminum
crosslinked complex and one or more compounds selected
from the aluminum oxy compounds, the borane compounds,
and the borate compounds, then adding the alkylaluminum
compound, and finally adding one or more compounds
selected from the metal halide compounds and the
halosilyl compounds; or

(B) Method of preparatively mixing a predetermined amount
of the coordinating solvent or compound with a solvent,
adding the lanthanoid-aluminum crosslinked complex and
the alkylaluminum compound to the mixture, then adding
one or more compounds selected from the aluminum oxy

compounds, the borane compounds, and the borate compounds,



and finally adding one or more compounds selected from
the metal halide compounds and the halosilyl compounds.
[0056]

In this case, the preparation time may be set to any
time needed to mix and react the respective catalyst
components. The preparation time can be arbitrarily
varied between 0.5 and approximately 120 minutes, for
example. At a preparation time less than 0.5 minutes,
the catalysts components may not be sufficiently mixed.
The preparation time of 120 minutes does not have any
particular problem, but the preparation time more than
needed is unnecessary. Approximately 120 minutes at most
is enough for the reaction. The temperature during
preparation can be within the range of approximately -10
to 60°C. The polymerization catalyst composition after
the reaction can be preserved as it is for a long time
under a condition in which the temperature, the moisture
content, oxygen, and the like are appropriately
controlled.

[0057]

(4) Method of mixing the catalyst components in the
presence of small amount of monomer to be polymerized and
coordinating solvent or compound other than monomer

In this method, the catalyst components are mixed in
the presence of the solvent, the coordinating solvent or
compound other than the monomer and the monomer used in

polymerization. The molar ratio of the lanthanoid-
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aluminum crosslinked complex to the monomer is preferably
approximately 1:1 to 1:2000. In this case, examples of
the coordinating solvent other than the monomer include
compounds having an aromatic ring, compounds having a
lone electron-pair, and aprotic sclvents such as benzene,
toluene, xylene, ethylbenzene, mesitylene, cumene,
butylbenzenes, diethyl ether, tetrahydrofuran, and
pyridine. Examples of the coordinating compound other
than the monomer include compounds having a lone
electron-pair and compounds having a carbon-carbon double
bond such as tertiary amines, alkylphosphines,
arylphosphines, phosphates, cyclic olefins, substituted
dienes, and cyclic dienes. The catalyst components can
be mixed in order in Method (A) or (B):

[0058]

(AY Method of preparatively mixing a predetermined amount
of the coordinating solvent or compound with a
predetermined amount of the solvent and a predetermined
amount of the monomer, mixing the mixture with the
lanthanoid-aluminum crosslinked complex and one or more
compounds selected from the aluminum oxy compounds, the
borane compounds, and the borate compounds, then adding
the alkylaluminum compound, and finally adding one or
more compounds selected from the metal halide compounds
and the halosilyl compounds; or

(B) Method of preparatively mixing a predetermined amount

of coordinating solvent or compound with a predetermined
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amount of the solvent and a predetermined amount of the
monomer, adding the lanthanoid-aluminum crosslinked
complex and the alkylaluminum compound to the mixture,
then mixing the mixture with one or more compounds
selected from the aluminum oxy compounds, the borane
compounds, and the borate compounds, and finally adding
one or more compounds selected from the metal halide
compounds and the halosilyl compounds.

In this case, the preparation time can be set to any
time needed to mix and react the catalyst components and
to react the resultant catalyst component with the
monomer. The preparation time can be arbitrarily varied
between 0.5 and approximately 120 minutes, for example.
At a preparation time less than 0.5 minutes, the
catalysts components may not be sufficiently mixed. The
preparation time of 120 minutes does not have any
particular problem, but the preparation time more than
needed 1s unnecessary. Approximately 120 minutes at most
is enough for the reaction. The temperature during
preparation can be within the range of approximately -10
to 60°C. The polymerization catalyst composition after
the reaction can be preserved as it is for a long time
under a condition in which the temperature, the moisture
content, oxygen, and the like are appropriately
controlled.

[0059]



(5) Method of preparatively introducing catalyst
components into reactor containing monomer to prepare
catalyst polymerization composition in reactor

In this method, predetermined amounts of a solvent
and a monomer are preparatively placed in a reactor, and
the catalyst components preparatively dissolved in a
solvent is added to the mixture. Desirably the same
solvent used in polymerization is used to dissolve the
catalyst components. The coordinating solvent used in
(3) and (4) above may be used. Similarly in (3) and (4),
a coordinating compound may be added. An exemplary
method of introducing the catalyst components into the
reactor when using a low boiling point monomer such as
butadiene is a method of placing the catalyst components
in a pressure-resistant container under an inert gas such
as nitrogen and argon, and sending the catalyst
components with the inert gas into the reactor under
pressure. When the monomer has a high boiling point and
is polymerized at normal pressure, the catalyst
components can be introduced into the reactor with a
syringe or the like. The catalyst components may be
introduced into the reactor in any order described in the
following methods:
(A) Method of introducing the lanthanocid-aluminum
crosslinked complex into the reactor first, mixing one or
more compounds selected from the aluminum oxy compounds,

the borane compounds, and the borate compounds, then
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adding the alkylaluminum compound, and finally adding one
or more compounds selected from the metal halide
compounds and the halosilyl compounds; and

(B) Method of introducing one or more compounds selected
from the aluminum oxy compounds, the borane compounds,
and the borate compounds into the reactor first, adding
the lanthanoid-aluminum crosslinked complex and the
alkylaluminum compound, and finally adding one or more
compounds selected from the metal halide compounds and
the halosilyl compounds.

[0060]

At this time, the interval from addition of one
catalyst component to addition of another catalyst
component may correspond to the time to mix the one
catalyst component with the monomer solution in the
reactor and react the catalyst component. The interval
from addition of the lanthanoid-aluminum crosslinked
complex to addition of the aluminum oxy compound, the
borane compound, and/or the borate compound can be
arbitrarily varied between 0.5 minutes and approximately
60 minutes. At a mixing interval less than 0.5 minutes,
mixing may be insufficient. At a mixing interval more
than 60 minutes, no problem coccurs. However, an interval
longer than needed leads to inefficiency. The interval
from mixing the lanthanoid-aluminum crosslinked complex
with the aluminum oxy compound, the borane compound,

and/or the borate compound to addition of the metal
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halide compound and/or the halosilyl compound can be
arbitrarily varied between 1 and approximately 30 minutes.
At a mixing interval less than 1 minute, the lanthanoid-
aluminum crosslinked complex may not be sufficiently
reacted with the aluminum oxy compound, the borane
compound, and/or the borate compound. At a mixing
interval more than 30 minutes, no problem occurs.
However, an interval longer than needed leads to
inefficiency.

[0061]

The conjugated diene monomer using the
polymerization catalyst composition according to present
embodiment 1 can be polymerized under any condition, in
the presence of or the absence of a solvent. In
polymerization in the presence of the solvent, preferable
solvent systems are those not reactive with the
polymerization catalyst composition to generate any
undesirable compound in the polymerization reaction.
Specific examples thereof include hydrocarbon compounds
such as butane, pentane, n-hexane, heptane, octane,
cyclopentane, cyclohexane, l-butene, Z2-butene, and 1,2-
butadiene; and aromatic hydrocarbon compounds such as
benzene, toluene, xylene, cumene, and ethylbenzene.

These solvents may be used singly or in combinations of
two or more.

[0062]



The polymerization catalyst composition according to
present embodiment 1 reacts with the moisture content or
a polar substance. To prevent this, the moisture content,
the polar substance, the stabilizer, and the like are
preferably preparatively removed from the solvent and the
monomer used in the polymerization by use of a
dehydrating agent or distillation. The moisture content
and the polar substance can be removed by the following
methods, for example:

(A) Method of passing the solvent and the monomer through
a column containing a dehydrating agent such as alumina
and molecular sieves to remove the moisture content.
Desirably the column is preparatively dried, and the
moisture content is removed from the dehydrating agent in
vacuum under high temperature to activate the dehydrating
agent. The solvent to be dehydrated is preferably a
commercially available dehydrated solvent.

(B) Method of distilling and purification the solvent and
the monomer in the presence of a dehydrating agent. For
example, a method of refluxing in the presence of
hydrogenation calcium, sodium, sodium benzophenone ketyl,
or the like, and distillation.

(C) Method of preparatively adding a compound such as
alkylaluminum, alkyllithium, and alkylmagnesium to the
solvent to be used, and reacting the solution with the
moisture content, a polar substance, and the like to

remove the moisture content. This method is the simplest



if the reaction product of the added compound with the
moisture content, the polar substance, and the like does
not affect polymerization. A particularly preferable
additive is alkylaluminum. This method may be used in
combination with Methods (A) and (B).

[0063]

The polymerization reaction may be performed at any
polymerization temperature. The polymerization
temperature 1s preferably -50 to 100°C, more preferably -
10 to 80°C, and still more preferably 0 to 70°C. Any
polymerization time may be set, and the polymerization
time is preferably approximately 1 minute to 6 hours, and
more preferably approximately 5 minutes to 5 hours.

[0064]

These reaction conditions may be properly selected
according to types of catalysts. The polymerization
reaction in present embodiment 1 may use a batch
polymerization method or a continuous polymerization
method. Examples of a reactor used in polymerization
include vessel reactors and tube reactors. Alternatively,
a plurality of reactors may be used in combination. To
keep the inside of the reactor uniform during
polymerization, the inside of the reactor may be stirred
by any method. A known stirring method can be used. To
keep the inside of the reactor uniform during stirring, a
baffle or the like may be mounted. To keep the reactor

temperature at a desired temperature during



polymerization, the reactor may be heated or cooled. For
the heating method, the reactor can be heated with a
jacket, an internal coil, an external heat exchanger, or
the like by use of electricity, steam, or a heat medium
according to the purpose. In cooling, a jacket, an
internal coil, an external heat exchanger, a refluxing
apparatus and the like can also be used. In cooling, the
reactor can be cooled with water, a coolant, a sensible
heat or latent heat of a solvent, or the like. These
cooling methods may be used in combination.

[0065]

After the polymerization reaction reaches a
predetermined polymerization rate, a known polymerization
terminator is added to the polymerization reaction system
to terminate the reaction. Then, the polymer generated
by a typical method can be separated from the
polymerization reaction system. Examples of the
polymerization terminator include compounds having active
hydrogen such as water, alcohols, phenols, and carboxylic
acids; compounds having a carbonyl group such as ketone,
aldehyde, carboxylic acids, esters, and carbamates;
compounds having primary and secondary amino groups;
compounds having an epoxy group and a glycidyl group; and
compounds having a cyano group.

[0066]
During the polymerization reaction, a functional

group can be introduced into the polymer by use of a



44 -

compound suitable for termination of polymerization.
Examples of the compound that can introduce a functional
group (functional group introducing agent) include
compounds having a carbonyl group such as ketones,
aldehydes, carboxylic acids, acid anhydrides, and esters;
compounds having primary and secondary imide groups;
compounds having an epoxy group and a glycidyl group;
amino group-containing alkoxysilane compounds; imino
group-containing alkoxysilane compounds; and mercapto
group-containing alkoxysilane compounds.

[0067]

Examples of the ketone compound include 2-propanone,
2-butanone, 2-pentanone, 2-hexanone, Z2-heptanone, 2-
octanone, 3-pentanone, 2,4-pentanedione, 3-hexanone, 2,5-
hexanedione, cyclopropanone, cyclobutanone,
cyclopentanone, cyclohexanone, acetophenone, and
benzophenone.

[0068]

Examples of the aldehyde compound include
formaldehyde, ethanal, propanal, butanal, pentanal,
benzaldehyde, and acrylic aldehyde.

[0069]

Examples of the carboxylic acid compound include
acetic acid, stearic acid, adipic acid, maleic acid,
benzoic acid, acrylic acid, methacrylic acid, phthalic

acid, isophthalic acid, terephthalic acid, trimellitic
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acid, pyromellitic acid, mellitic acid, polymethacrylic
acid ester compounds, or polyacrylic acid compounds.
[0070]

Examples of acid anhydrides include acetic anhydride,
propionic anhydride, isobutyric anhydride, isovaleric
anhydride, heptanoic anhydride, benzoic anhydride,
cinnamic anhydride, succinic anhydride, methylsuccinic
anhydride, maleic anhydride, glutaric anhydride,
citraconic anhydride, phthalic anhydride, and styrene-
maleic anhydride copolymers.

[0071]

Examples of ester compounds include ethyl acetate,
ethyl stearate, diethyl adipate, diethyl maleate, methyl
benzoate, ethyl acrylate, ethyl methacrylate, diethyl
phthalate, dimethyl terephthalate, tributyl trimellitate,
tetraoctyl pyromellitate, hexaethyl mellitate, phenyl
acetate, polymethyl methacrylate, polyethyl acrylate,
polyisobutyl acrylate, dimethyl carbonate, diethyl
carbonate, dipropyl carbonate, dihexyl carbonate, and
diphenyl carbonate.

[0072]

Examples of glycidyl compounds include N,N-
diglycidylaniline, N,N-diglycidyl-o-toluidine, N,N-
diglycidyl (-4-glycidyloxy)aniline, N,N-diglycidyl (-2-
glycidyloxy)aniline, N,N,N',N'-
tetraglycidylaminodiphenylmethane,

trisepoxypropylisocyanurate, N-glycidyl-dibutylamine, N-



glycidylpyrrolidine, N-glycidylpiperidine, N-
glycidylhexamethyleneimine, N-glycidylmorpholine, N,N'-
diglycidylpiperazine, N,N'-diglycidylhomopiperazine, N-
glycidyl-N'-methylpiperazine, N-glycidyl-N'-
benzylpiperazine, and 2-diglycidylaminoethyl-N-
methylpyrrolidine.

[0073]

Examples of the amino group-containing alkoxysilane
compounds include 3-dimethylaminopropyl (triethoxy)silane,
3-dimethylaminopropyl (trimethoxy)silane, 3-
diethylaminopropyl (triethoxy)silane, 3-
diethylaminopropyl (trimethoxy)silane, 2-
dimethylaminoethyl (triethoxy)silane, 2-
dimethylaminoethyl (trimethoxy)silane, 3-
dimethylaminopropyl (diethoxy)methylsilane, 3-
dibutylaminopropyl (triethoxy)silane, 3-
aminopropyltrimethoxysilane, 3-aminopropyltriethoxysilane,
aminophenyltrimethoxysilane, aminophenyltriethoxysilane,
3-(N-methylamino)propyltrimethoxysilane, 3-(N-
methylamino)propyltriethoxysilaneN- (2-
methoxycarbonyl)methyl-N-methyl-3-
aminomethyltrimethoxysilane, N-(2-methoxycarbonyl)methyl-
N-methyl-3-aminoethyltrimethoxysilane, N-(2-
methoxycarbonyl)methyl-N-methyl-3-
aminopropyltrimethoxysilane, N-(2-ethoxycarbonyl)methyl-
N-methyl-3-aminomethyltriethoxysilane, N-(2-

ethoxycarbonyl)methyl-N-methyl-3-
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aminoethyltriethoxysilane, N-(2-ethoxycarbonyl)methyl-N-
methyl-3-aminopropyltriethoxysilane, and N-(2-
ethoxycarbonyl)ethyl-N-trimethylsilyl-3-
aminopropyltriethoxysilane. Among these, N-(2-
ethoxycarbonyl)ethyl-N-trimethylsilyl-3-
aminopropyltriethoxysilane is preferable.
[0074]

Examples of the imino group-containing alkoxysilane
compounds include 3-(1-
hexamethyleneimino)propyl (triethoxy)silane, 3-(1-
hexamethyleneimino)propyl (trimethoxy)silane, (1-
hexamethyleneimino)methyl (trimethoxy)silane, (1-
hexamethyleneimino)methyl (triethoxy)silane, 2-(1-
hexamethyleneimino)ethyl (triethoxy)silane, 2-(1-
hexamethyleneimino)ethyl (trimethoxy)silane, 3-(1-
pyrrolidinyl)propyl (triethoxy)silane, 3-(1-
pyrrolidinyl)propyl (trimethoxy)silane, 3-(1-
heptamethyleneimino)propyl (triethoxy)silane, 3-(1-
dodecamethyleneimino)propyl (triethoxy)silane, 3-(1-
hexamethyleneimino)propyl (diethoxy)methylsilane, and 3-
(l1-hexamethyleneimino) propyl (diethoxy)ethylsilane.
Examples thereof also include N-(1l,3-dimethylbutylidene)-
3-(triethoxysilyl)-1l-propaneamine, N-(1-
methylethylidene)-3-(triethoxysilyl)-1l-propaneamine, N-
ethylidene-3-(triethoxysilyl)-l-propaneamine, N-(1-
methylpropylidene)-3-(triethoxysilyl)-1l-propaneamine, N-

(4-N,N-dimethylaminobenzylidene)-3-(triethoxysilyl)-1-




propaneamine, and N-(cyclohexylidene)-3-(triethoxysilyl)-
l-propaneamine; and trimethoxysilyl compounds,
methyldiethoxysilyl compounds, ethyldiethoxysilyl
compounds, methyldimethoxysilyl compounds, and
ethyldimethoxysilyl compounds corresponding to these
triethoxysilyl compounds. Furthermore, examples thereof
include 1-[3-(triethoxysilyl)propyl]-4,5-dihydroimidazole,
1-[{3-(trimethoxysilyl)propyl]-4,5-dihydroimidazole, 3-
[10-(triethoxysilyl)decyl]-4-oxazoline, 3-(1-
hexamethyleneimino)propyl (triethoxy)silane, (1-
hexamethyleneimino)methyl (trimethoxy) silane, N-(3-
triethoxysilylpropyl)-4,5-dihydroimidazole, N-(3-
isopropoxysilylpropyl)-4,5-dihydroimidazole, and N-(3-
methyldiethoxysilylpropyl)-4,5-dihydroimidazole.

[0075]

Examples of the mercapto group-containing
alkoxysilane compounds include 3-
mercaptopropyltriethoxysilane, 3-
mercaptopropyltrimethoxysilane, 2-
mercaptoethyltriethoxysilane, 2-
mercaptoethyltrimethoxysilane, 3-
mercaptopropyl (diethoxy)methylsilane, 3-
mercaptopropyl (monoethoxy)dimethylsilane,
mercaptophenyltrimethoxysilane, and
mercaptophenyltriethoxysilane.

[0076]
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These functional group introducing agents may be
used singly or in combinations of two or more.
[0077]
[Second embodiment]

The polymerization catalyst composition according to
second embodiment (present embodiment 2) is

a catalyst composition for polymerizing a conjugated
diene monomer comprising components (a), (c), and (d),
wherein

the component (a) is a lanthanoid-aluminum
crosslinked complex having a structure represented by the
following formula (1) or (2):
[Formula 18]

R

|
Ln <R4—AI—R2>
' 3

R3 (1)

[Formula 19]

2
R1\ /R
Ln Al
N
R3 R4
3 (2)

wherein Ln represents one selected from the group
consisting of lanthanoid elements, Sc, and Y; and R! to
R? may be the same or different, and represent one
selected from the group consisting of a hydrogen atom, an
alkyl group having 1 to 8 carbon atoms, an alkylsilyl

group, an alkyloxy group, and a dialkylamide group,
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the component (c) 1s one or more compounds selected
from the group consisting of metal halide compounds and
halosilyl compounds, and

the component (d) is one or more compounds selected
from the group consisting of aluminum oxy compounds
represented by the following formula (3) or (4):

[Formula 20]

R4
|
R13~(—AI—O—}—R15
X (3)

[Formula 21]

R17 R18
R'G%AI—OH}\I—O)»WQ
. Yy (4)
wherein R'® to R?® may be the same or different, and
represent a hydrogen atom or an alkyl group having 1 to 8
carbon atoms; and x and y represent an integer of 1 to
10000,
and/or borane compounds and borate compounds.
[0078]

The components contained in the polymerization
catalyst composition according to present embodiment 2
and the preparation method are the same as those
described in present embodiment 1, and the descriptions
will be omitted.

[0079]

By polymerization of a conjugated diene monomer

using the polymerization catalyst compositions according

to present embodiments 1 and 2, polydiene compounds



having a high cis-1,4-bond content can be produced. Here,
the cis-1,4-bond content is preferably 96% or more, more
preferably 97% or more, and still more preferably 98% or
more.

[0080]

Besides cis-1,4-bond, the molar ratio of the trans-
1,4-bond content to the 1,2-vinyl bond content is
preferably within the range of 18:1 to 1:1. At a 1,2-
vinyl bond content less than the content above, Tg may
increase and low temperature properties may reduce. At a
1,2-vinyl bond content more than the content above, a
large amount of heat may be generated in application of
tires and the like to reduce performance.

The cis-1,4-bond content, the trans-1,4-bond content,
and the 1,2-vinyl bond content can be measured by IR, 'H-
NMR, or "C-NMR.

[0081]

The molecular weight of the polydiene compound
contributes to the good balance of exhibition of physical
properties during crosslinking and processability. The
weight average molecular weight (Mw) of the polydiene
compound is preferably within the range of 250000 to
2500000. Molecular weight distribution contributes to
the balance of strength and physical properties and an
improvement in resistance to wear. The weight average
molecular weight (Mw)/number average molecular weight

(Mn) is preferably adjusted. The Mw/Mn of the polydiene



compound 1is preferably 1.1 to 5.0. At Mw/Mn within the
range above, the polymer will have a good balance between
strength and physical properties, and have high
resistance to wear.

[0082]

When the polydiene compound is modified, the rate of
introduction of functional groups into the polymer
terminal is preferably 40 to 100%.

Here, the rate of introduction of functional groups
into the polymer terminal can be calculated by the
following methods, for example.

A modified polymer can be separated from a non-
modified polymer with silica or an ion exchange resin,
and the rate of introduction of functional groups into
the modified polydiene compound {(hereinafter also
referred to as "mass fraction") can be calculated.
Specific methods will be described below:

Method 1): a glass column or the like is filled with
silica or an ion exchange resin, and a polymer solution
prepared by dissolving a polymer containing a
predetermined mass of a modified polydiene compound is
treated through the glass column. Subsequently, after
the polymer solution is dried and solidified under
reduced pressure, the mass of the polymer is measured.

At this time, the polymer adsorbed by silica or the ion

exchange resin is defined as the modified polymer. The
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mass fraction (C) of the modified polydiene compound can
be calculated by the following method:

C=[(A - B)/A] x 100

A: the mass of the polymer dissolved in the solvent

B: the mass of the polymer treated with the column

C: % by mass of the modified polymer

In this method, during the treatment of the polymer
containing the modified polydiene compound with silica or
the ion exchange resin, silica or the ion exchange resin
may be added to the polymer solution, and silica or the
ion exchange resin may be separated by filtration after
the solution is stirred for a predetermined period of
time. Optionally silica or the ion exchange resin can be
rewashed with a solvent or the like.

Method 2): a predetermined amount of silica or an
ion exchange resin is added to a polymer solution
prepared by dissolving a polymer containing a
predetermined mass of a modified polydiene compound.
After the solution is stirred for a predetermined period
of time, silica or the ion exchange resin 1is separated by
filtration. Then, silica or the ion exchange resin is
washed with a solvent. Subsequently, the washing liquid
is mixed with the polymer solution, and the mixed
solution is dried and solidified under reduced pressure.
Then, the mass of the polymer is measured. At this time,
the polymer adsorbed by silica or the ion exchange resin

is defined as the modified polydiene compound. The mass
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fraction of the modified polydiene compound can be
calculated by the same method as above.
[0083]

Method 3): a glass column or the like is filled with
silica or an ion exchange resin. A polymer solution
prepared by dissolving a polymer containing a
predetermined mass of a modified polydiene compound and a
reference polymer (such as polystyrene) in a solvent is
treated through the column. Then, the polymer solution
is dried and solidified under reduced pressure. The
polymer solution before and after the treatment is
measured by NMR. The polymer adsorbed by silica or the
ion exchange resin is defined as the modified polydiene
compound. The mass fraction of the modified polydiene

compound can be calculated by the same method as above.

Examples
(0084]

Hereinafter, present embodiments will be described
in more detail using Examples, but present embodiments
will not be limited to Examples below.

[0085]

Prior to use, all of the solvents, monomers,

nitrogen, and tools used in Examples were preparatively

treated by methods shown below such as purification.
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Nitrogen: prior to use, nitrogen was passed through
a commercially available dehydration column (zeolite) and
a deoxidation column (reduced metal).

Solvents: the solvents for preparing the catalyst
were refluxed under benzophenone ketyl, and were
distilled. Prior to use, the solvents for polymerization
other than those shown below were preparatively passed
through an activated alumina column, and it was checked
that the moisture content reached less than 1 ppm.

Monomers: prior to use, the monomers were refined by
the same method as that in the solvents for
polymerization.

Tools: prior to use, the tools were dried with a
100°C dryer for 24 h.

[0086]

In Examples, physical properties were measured by
the following methods.

(1) Polymerization conversion rate: a polymer solution
was extracted from a reactor, and was placed into a
pressure-resistant bottle containing a mixture of
predetermined amounts of n-propylbenzene and toluene.

The weight of the extracted polymer solution was measured.
The polymer solution was analyzed by gas chromatography
using n-propylbenzene as a standard substance to
determine the polymerization conversion rate from the
ratio between the peak of n-propylbenzene and the peak of

butadiene.
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[0087]
(2) Molecular weight: a polymer solution was extracted
from a reactor, and was washed with a 1 N hydrochloric
acid aqueous solution with a separating funnel three
times. The resultant solution was reprecipitated in
methanol. A stabilizer was added, and the solution was
dried at 50°C for 3 hours. The molecular weight was
determined in terms of polystyrene by GPC with a
tetrahydrofuran solution containing an a-methylstyrene
dimer as an internal standard.
[0088]
(3) Microstructure: a polymer solution was refined by the
same method as that in the molecular weight sample, and
was dried. The resultant polymer was dissolved in
deuterochloroform, and was measured by 1H-NMR and 13C-NMR.
The ratio between 1,4-bond and 1,2-bond was determined as
the ratio between the area at 4.94 to 5.03 ppm (1,2-bond)
and the area at 5.30 to 5.50 ppm (1,4-bond), which were
determined by 1H-NMR. The ratio between cis-bond and
trans-bond in 1,4-bond was determined as the ratio
between the area at 25.5 ppm (cis-bond) and the area at
32.8 ppm (trans-bond), which were determined by 13C-NMR.
[0089]
[Synthesis of lanthanoid-aluminum crosslinked complex]
The lanthanoid-aluminum crosslinked complex was
synthesized according to the method described in

Organometallics 1995, 14, 1107-1109. The following raw
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materials and the like were used. Hereinafter, the

chemical formula of the lanthanoid-aluminum crosslinked
complex in Examples will be expressed as Ln[ (L-Rp)AlR;]3
according to the method described in the above literature.

Nitrogen: prior to use, nitrogen was passed through
a commercially available dehydration column (zeolite)
(made by NIKKA SEIKO CO., LTD.) and a deoxidation column
(reduced metal).

Solvents: tetrahydrofuran, n-hexane

Prior to use, the solvents to be used were
preparatively refluxed for 24 hours or more in the
presence of benzophenone ketyl, and it was checked with a
Karl Fischer moisture meter that the moisture content in
each solvent reached less than 1 ppm.

Lanthanoid metal salts:

Neodymium trichloride: commercially available
anhydrous chloride (made by Sigma-Aldrich Corporation)
was used.

Gadolinium trichloride: commercially available
anhydrous chloride (made by Sigma-Aldrich Corporation)
was used.

Yttrium trichloride: commercially available
anhydrous chloride (made by Sigma-Aldrich Corporation)
was used.

Dimethylamidelithium: commercially available
dimethylamidelithium (made by Sigma-Aldrich Corporation,

5% hexane dispersion liquid) was filtered under nitrogen.
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The product was dried, and weighed, and a predetermined
amount of dimethylamidelithium was used.

Trimethylaluminum: commercially available
trimethylaluminum (made by KANTO CHEMICAL CO., INC., 1 M
hexane solution) was used.
[0090]
(Synthesis Example 1)
Synthesis of Nd(thf)s;Cl;

Nd (thf)s;Cls was synthesized inside of a nitrogen box.
4 g of neodymium trichloride, anhydrous made by Sigma-
Aldrich Corporation was placed in a 200 mL Schlenk flask,
and 25 mL of tetrahydrofuran was added. The solution was
stirred at room temperature overnight to prepare a
tetrahydrofuran dispersion liquid of 7.45 g of a target
product Nd(thf)sCls.
[0091]
Synthesis of Nd(NMe;)3LiCls

Nd (NMe,) 3-LiCl; was synthesized inside of a nitrogen
box. 2.6 g of dimethylamidelithium was dissolved in 50
mL of tetrahydrofuran. Inside of the nitrogen box, the
tetrahydrofuran solution of dimethylamidelithium was
slowly dropped into the tetrahydrofuran dispersion liquid
of Nd(thf)s3Cl; over 2 hours while the temperature of the
reaction solution was carefully controlled not to rise to
room temperature or more. After the reaction, the

solution was stirred at room temperature overnight, and



tetrahydrofuran as the solvent was distilled away under
reduced pressure to prepare 6 g of a target product.
[0092]
Synthesis of Nd[ (p—-Mey)AlMey];

Nd[ (u-Me,)AlMe,]3 was synthesized inside of a
nitrogen box. 23 mL of n-hexane was added to
Nd (NMe;) 3-LiCls to prepare a dispersion liquid. 125 mL of
a 1 M hexane solution of trimethylaluminum was slowly
dropped over 2 hours while the temperature of the
reaction solution was carefully controlled not to rise to
room temperature or more. After the reaction, the
reaction solution was stirred at room temperature
overnight, and n-hexane as the solvent, non-reacted
trimethylaluminum and other byproducts were distilled
away under reduced pressure until a reaction product was
dried and solidified.

The reaction product was dispersed with 15 to 30 mL
of n-hexane. The dispersion liquid was filtered with a
glass filter to separate an insoluble content. Under
reduced pressure, n-hexane was removed from the liquid
after filtration to prepare 7.5 g of a crude product by
drying and solidification. 2 to 5 mL of n-hexane was
added to the crude product to wash the crude product at -
50 to 60°C. Then, n-hexane was removed. This operation
was repeated four times. In the 5th operation, the

product was recrystallized at -50 to 60°C. After n-



hexane was removed, the product was dried under reduced
pressure to prepare 3.8 g of needle crystals.

The 1H-NMR analysis revealed that the methyl group
resided at the same position described in the literature,
i.e., at 10.56 ppm, and that a target product having a
purity of 97% was synthesized.

[0093]
(Synthesis Example 2)
Synthesis of Gd(thf)sCl;

Gd (thf)s;Cl; was synthesized inside of a nitrogen box.
4 g of gadolinium trichloride, anhydrous made by Sigma-
Aldrich Corporation was placed in a 200 mL Schlenk flask,
and 25 mL of tetrahydrofuran was added. The solution was
stirred at room temperature overnight to prepare a
tetrahydrofuran dispersion liquid of 7.45 g of a target
product Gd(thf);Cls.

[0094]
Synthesis of Gd(NMe;)3;LiCls;

Gd (NMe,) 3:LiCl; was synthesized inside of a nitrogen
box. 2.6 g of dimethylamidelithium was dissolved in 50
mL of tetrahydrofuran. Inside of the nitrogen box, the
tetrahydrofuran solution of dimethylamidelithium was
slowly dropped into the tetrahydrofuran dispersion liquid
of Gd(thf)s;Cl; over 2 hours while the temperature of the
reaction solution was carefully controlled not to rise to
room temperature or more. After the reaction, the

solution was stirred at room temperature overnight, and



tetrahydrofuran as the solvent was distilled away under
reduced pressure to prepare 6 g of a target product.
[0095]
Synthesis of Gd[ (p-Mey)AlMes]s

Gd[ (p-Mez)AlMe,]; was synthesized inside of a
nitrogen box. 23 mL of n-hexane was added to
Gd (NMe;) 3-LiCl;z to prepare a dispersion ligquid. 125 mL of
a 1 M hexane solution of trimethylaluminum was slowly
dropped over 2 hours while the temperature of the
reaction solution was carefully controlled not to rise to
room temperature or more. After the reaction, the
reaction solution was stirred at room temperature
overnight, and n-hexane as the solvent, non-reacted
trimethylaluminum and other byproducts were distilled
away under reduced pressure until a reaction product was
dried and solidified.

The reaction product was dispersed with 15 to 30 mL
of n-hexane. The dispersion liquid was filtered with a
glass filter to separate an insoluble content. Under
reduced pressure, n-hexane was removed from the liquid
after filtration to prepare 7.5 g of a crude product by
drying and solidification. 2 tc 5 mL of n-hexane was
added to the crude product to wash the crude product at -
50 to 60°C. Then, n-hexane was removed. This operation
was repeated four times. In the 5th operation, the

product was recrystallized at -50 to 60°C. After n-
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hexane was removed, the product was dried under reduced
pressure to prepare 3.8 g of a target product.
[0096]
(Synthesis Example 3)
Synthesis of Y (thf)sClj

Y (thf)3Cls was synthesized inside of a nitrogen box.
4 g of yttrium trichloride, anhydrous made by Sigma-
Aldrich Corporation was placed in a 200 mL Schlenk flask,
and 25 mL of tetrahydrofuran was added. The solution was
stirred at room temperature overnight to prepare a
tetrahydrofuran dispersion liquid of 7.45 g of a target
product Nd(thf)s;Cls.
[0097]
Synthesis of Y (NMe;)3LiCl;

Y (NMe;)3:LiCls was synthesized inside of a nitrogen
box. 2.6 g of dimethylamidelithium was dissolved in 50
mL of tetrahydrofuran. Inside of the nitrogen box, the
tetrahydrofuran solution of dimethylamidelithium was
slowly dropped into the tetrahydrofuran dispersion liquid
of Nd(thf)s;Cls over 2 hours while the temperature of the
reaction solution was carefully controlled not to rise to
room temperature or more. After the reaction, the
solution was stirred at room temperature overnight, and
tetrahydrofuran as the solvent was distilled away under
reduced pressure to prepare 6 g of a target product.
[0098]

Synthesis of Y[ (p-Mey)AlMej]s



Y[ (p-Mez)AlMe,]3 was synthesized inside of a nitrogen
box. 23 mL of n-hexane was added to Y (NMe;)sLiCls; to
prepare a dispersion liquid. 125 mL of a 1 M hexane
solution of trimethylaluminum was slowly dropped over 2
hours while the temperature of the reaction solution was
carefully controlled not to rise to room temperature or
more. After the reaction, the reaction solution was
stirred at room temperature overnight, and n-hexane as
the solvent, non-reacted trimethylaluminum and other
byproducts were was distilled away under reduced pressure
until a reaction product was dried and solidified.

The reaction product was dispersed with 15 to 30 mL
of n-hexane. The dispersion liquid was filtered with a
glass filter to separate an insoluble content. Under
reduced pressure, n-hexane was removed from the liquid
after filtration to prepare 7.5 g of a crude product by
drying and solidification. 2 to 5 mL of n-hexane was
added to the crude product to wash the crude product at -
50 to 60°C. Then, n-hexane was removed. This operation
was repeated four times. In the 5th operation, the
product was recrystallized at -50 to 60°C. After n-
hexane was removed, the product was dried under reduced
pressure to prepare 3.8 g of a target product.

[0099]
(Comparative Synthesis Example 1)

Synthesis of Nd(Vers)s



Nd(Vers)s; was synthesized in an aqueous system. A
raw material, cyclohexane, was used without being treated
by purification or the like. 2.9 g of versatic acid
(CgH19COOH, Mw = 172.3) was dissolved in 300 mL of
cyclohexane (Wako Pure Chemical Industries, Ltd., super
grade) in a 1000 mL beaker. 0.6 g of sodium hydroxide
was dissolved in 200 mL of water, and the solution was
added to the solution of versatic acid in cyclohexane.
The solution was stirred for 2 hours. A white solid was
deposited, and was dissolved in a water layer. The color
of the water layer changed to white. Then, 2 g of
NdC13:6H,0 was dissolved in 50 mL of water, and the
solution was added into the beaker. The solution was
stirred for 2 hours.

When the water layer became transparent and an
organic layer became violet, the solution in the beaker
was placed into a 1000 mL separating funnel. After the
water layer was separated, the organic layer was further
washed with 100 mL of water twice. (300 mL of
Cyclohexane was added to the solution. The solution was
placed in a 1000 mL recovery flask. A Dean-Stark trap
and a Dimroth condenser were attached to the recovery
flask. While stirring in an oil bath was being performed,
refluxing was started. While water deposited in the
Dean-Stark trap was being removed, refluxing was
performed until the liquid in the flask became

transparent and the moisture content reached less than




100 ppm. The solution in the flask was condensed to 100
mL, and was placed into a pressure-resistant bottle or a
Schlenk flask. Then, the inside of the system was
subjected to degassing and replacement with nitrogen. Nd
was titrated by a Cu-PAN method to determine the
concentration as 0.17 mol/L.
[0100]
(Comparative Synthesis Example 2)

Under a nitrogen atmosphere, an n-hexane solution
(2.8 mL, 6.2 mmol) of 15% n-butyllithium was slowly
dropped into a solution of pentamethylcyclopentadiene
(made by Sigma-Aldrich Corporation) (0.8 g, 6.2 mmol) in
20 mL of dehydrated n-hexane. The produced precipitate
was filtered to prepare 0.88 g of a white precipitate.
The white precipitate was dissolved in dehydrated
tetrahydrofuran, and the solution was slowly dropped into
a dehydrated tetrahydrofuran solution of gadolinium
chloride, anhydrous (made by Sigma-Aldrich Corporation)
(0.79 g, 3 mmol). Tetrahydrofuran was distilled away
from the reaction solution, and 40 mL of dehydrated
toluene was added to prepare a toluene solution of
[ (CsMes) ,GdC1,Li (thf),2] (1.95 g, 3 mmol). 15 mL of a
toluene solution of K[N(SiMes3),] (0.60 g, 3 mmol) (made
by Sigma-Aldrich Corporation) was slowly dropped into 40
mL of the resultant toluene solution of
[ (CsMes) ,GAC1,Li (thf),]. The resultant solution was

stirred at room temperature for 16 hours.



After stirring, toluene was distilled away from the
solution under reduced pressure. 60 mL of hexane was
added to the resultant residue, and the solution was
stirred for 3 hours. The solution was filtered through a
filter to remove precipitates. Hexane was distilled away
from the resultant filtrate under reduced pressure to

prepare a yellow solid, i.e., [(CsMes),GdN(SiMes3),] (1.10

oe

g, ylield: 62%).
[0101]
(Comparative Synthesis Example 3)

A yellow green solid, i.e., [(CsMesH),GAN(SiMes),] was
prepared (yield: 65%) in the same manner as in
Comparative Synthesis Example 2 except that
[ (CsMes) ,GdC1,L1i (thf),] was replaced with
[ (CsMe4H) ,GAC1,Li (thf),].

[0102]
(Comparative Synthesis Example 4)

Under a nitrogen atmosphere, 1.59 mL of a
tetrahydrofuran solution of Na(CsHs) (3.17 mmol) was
slowly dropped into 10 mL of a tetrahydrofuran solution
of GdCl3 (0.84 g, 3.17 mmol), and the resultant solution
was stirred at room temperature for 1 hour. 15 mL of a
tetrahydrofuran solution of KN (SiMes), (1.26 g, 6.34
mmol) was added to the solution after stirring, and the
solution was stirred at room temperature for 14 hours.

Tetrahydrofuran was distilled away from the solution

under reduced pressure, and 60 mL of hexane was added to
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the resultant residue. The resultant solution was
filtered through a filter to remove precipitates. Hexane
was distilled away from the filtrate under reduced
pressure to prepare a white solid, i.e.,

[ (CsHg) GA [N (SiMej3)2]12] (thf) (1.14 g, yield: 52%).

[0103]

(Comparative Synthesis Example 5)

A blue solid, i.e., [(CsHs)Nd[N{SiMes3)z12] (thf) was
prepared (yield: 45%) in the same manner as in
Comparative Synthesis Example 5 except that the raw
material GdCl; was replaced with NdCls.

[0104]
(Comparative Synthesis Example 6)
(Synthesis of (i-PrCsHg).GdN (SiMes) )

Nitrogen: prior to use, nitrogen was passed through
a commercially available dehydration column (zeolite) and
deoxidation column (reduced metal).

Solvents: tetrahydrofuran, n-hexane, toluene

Prior to use, the solvents to be used were
preparatively refluxed for 24 hours or more in the
presence of benzophenone ketyl, and it was checked with a
Karl Fischer moisture meter that the moisture content in
each solvent reached less than 1 ppm.

1.91 g of a tetrahydrofuran dispersion liquid of
Gd (thf)3Cl; was prepared by the same method as that for
synthesis of Gd(thf)s;Cls; in Synthesis Example 2. While

the dispersion liquid was being stirred in a nitrogen box,



40 mL of a tetrahydrofuran solution of 1.1 g of i-
PrCsH4Na (made by Sigma-Aldrich Corporation) was slowly
dropped into the dispersion liquid so as to prevent the
temperature of the dispersion liquid from rising to room
temperature or more. After dropping was completed, the
reaction solution was stirred at room temperature for 16
hours or more. Next, tetrahydrofuran was distilled away
under reduced pressure, and 30 mL of dehydrated toluene
was added. 20 mL of a toluene solution of 0.72 g of
K[N(SiMe3),] (made by Sigma-Aldrich Corporation) was
slowly dropped into the solution so as to prevent the
temperature of the solution from rising to room
temperature or more. After dropping, the solution was
stirred at room temperature for 16 hours. Subsequently,
toluene was distilled away under reduced pressure, and
100 mL of hexane was added. Precipitates were filtered
through a filter, and hexane was distilled away under
reduced pressure to prepare 21.6 g of a yellow liquid,
i.e., (i-PrCsHy),GdN (SiMes) .

[0105]

[Preparation of polymerization catalyst composition]

The entire operation to prepare a catalyst
composition was performed inside of a nitrogen box. The
following solvents and tools were used.

Solvents: cyclohexane, n-hexane, and toluene used
were commercially available dehydration solvents

(dehydrated cyclohexane and n-hexane made by KANTO




CHEMICAL CO., INC.; super dehydrated toluene made by Wako
Pure Chemical Industries, Ltd.) preparatively prepared by
passing each solvent through an activated alumina column
to adjust the moisture content to less than 1 ppm.

Tools: tools used (sample vials, syringes, needles,
stainless steel pipes) were preparatively dried with a
dryer at 100°C for 24 hours.

[0106]

The following aluminum oxy compounds, alkylaluminum
compounds, borane compounds, and borate compounds were
used.

[Aluminum oxy compounds]

made by Tosoh Finechem Corporation: TMAO-210

Chemical Formula
[0107]

[Formula 22]

I\Ille
——A—o03—
n
[0108]
made by Tosoh Finechem Corporation: MMAO-3A
Chemical Formula

[0109]

[Formula 23]

i-Bu

—(—/LI-—-O')}—EII\I—O-)-E
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[0110]
made by Tosoh Finechem Corporation: PBAO
Chemical Formula

[0111]

[Formula 24]
i-Bu
O —

[0112]
[Alkylaluminum compound]

made by KANTO CHEMICAL CO., INC., diisobutylaluminum
hydride
[0113]
[Borane compound]

made by Sigma-Aldrich Corporation,
tris(pentafluorophenyl)borane

Chemical Formula

B[ (CeFs) 3]
[0114]
[Borate compounds]

made by Tosoh Finechem Corporation,
trityltetrakis (pentafluorophenyl)borate

Chemical Formula

(CeHs) 3C [B (CeF's) 4]

made by Tosoh Finechem Corporation, N,N-
dimethylanilinium tetrakis (pentafluorophenyl)borate

Chemical Formula




(CH3) 2N (CeHs) [B (C6F's) 4]
[0115]

The following metal halide compounds were used.

made by Tosoh Finechem Corporation, diethylaluminum
chloride

Chemical Formula (C,Hs),Al1C1l

made by Tosoh Finechem Corporation, dimethylaluminum
chloride

Chemical Formula (CHj),A1C1

made by Tosoh Finechem Corporation, ethylaluminum
sesquichloride

Chemical Formula (C,Hs)3A1,Cl;

[0116]
(Examples 1 to 15)

A predetermined amount (see Table 1) of Nd[ (p-
Me,)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 1) of methylaluminoxane
(made by Tosoh Finechem Corporation, TMAO-210, 2.4 M,
toluene solution) was added, and the solution was stirred
for 15 minutes. Subsequently, 9 mL of diisobutylaluminum
hydride (KANTO CHEMICAL CO., INC., 1.0 M, hexane
solution) was added, and the solution was stirred for 5
minutes. Subsequently, a predetermined amount (see Table
1) of diethylaluminum chloride (made by Tosoh Finechem

Corporation, 1 M, hexane solution) was added. The



solution was stirred for 15 minutes, and was placed in an
stainless steel pipe to prepare Catalyst Composition 1.
[0117]

(Example 16)

A predetermined amount (see Table 2) of Nd[ (p-
Me,)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 2) of methylaluminoxane
(made by Tosoh Finechem Corporation, MMAO-3A, 2.4 M,
toluene solution) was added, and the solution was stirred
for 15 minutes. Subsequently, a predetermined amount of
triisobutylaluminum (KANTO CHEMICAL CO., INC., 1.0 M,
hexane solution) as alkylaluminum (see Item of
alkylaluminum in Table 2) was added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 2) of diethylaluminum chloride (made by
Tosoh Finechem Corporation, 1 M, hexane solution) was
added. The solution was stirred for 15 minutes, and was
placed in an stainless steel pipe to prepare Catalyst
Composition 2.

[0118]
(Example 17)

A predetermined amount (see Table 2) of Nd[ (p-
Me,)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 2) of methylaluminoxane

(made by Tosoh Finechem Corporation, MMAO-3A, 2.4 M,



13 -

toluene solution) was added, and the solution was stirred
for 15 minutes. Subsequently, a predetermined amount of
triethylaluminum (KANTO CHEMICAL CO., INC., 1.0 M, hexane
solution) as alkylaluminum (see Item of alkylaluminum in
Table 2) was added, and the solution was stirred for 20
minutes. Subsequently, a predetermined amount (see Table
2) of diethylaluminum chloride (made by Tosoh Finechem
Corporation, 1 M, hexane solution) was added. The
solution was stirred for 15 minutes, and was placed in an
stainless steel pipe to prepare Catalyst Composition 3.
[0119]

(Example 18)

A predetermined amount (see Table 2) of Nd[ (p-
Me,)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 2) of methylaluminoxane
(made by Tosoh Finechem Corporation, MMAO-3A, 2.4 M,
toluene solution) was added, and the solution was stirred
for 15 minutes. Subsequently, a predetermined amount of
trihexylaluminum (made by Tosoh Finechem Corporation,
TNHAL, 1.0 M, cyclohexane solution) as alkylaluminum (see
Item of alkylaluminum in Table 2) was added, and the
solution was stirred for 15 minutes. Subsequently, a
predetermined amount (see Table 2) of diethylaluminum
chloride (made by Tosoh Finechem Corporation, 1 M, hexane

solution) was added. The solution was stirred for 15
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minutes, and was placed in an stainless steel pipe to
prepare Catalyst Composition 4.

[0120]

(Examples 19 to 21)

A predetermined amount (see Table 3) of Nd[ (p-
Me,)AlMe;]3; prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 3) of methylaluminoxane
(made by Tosoh Finechem Corporation, MMAO-3A, 2.4 M,
toluene solution) was added, and the solution was stirred
for 15 minutes. Subsequently, a predetermined amount
(see Table 3) of diisobutylaluminum aluminum hydride
(made by Tosoh Finechem Corporation, TNHAL, 1.0 M,
cyclohexane solution) was added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 3) of diethylaluminum chloride (made by
Tosoh Finechem Corporation, 1 M, hexane solution) was
added. The solution was stirred for 15 minutes, and was
placed in an stainless steel pipe to prepare Catalyst
Composition 5.

[0121]
(Examples 22 and 23)

A predetermined amount (see Table 4) of Nd[ (p-
Me,)AlMe,]s; prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 4) of methylaluminoxane

(made by Tosoh Finechem Corporation, PBAO, 2.4 M,
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cyclohexane solution) was added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 4) of diisobutylaluminum hydride (KANTO
CHEMICAL CO., INC., 1.0 M, hexane solution) was added,
and the solution was stirred for 5 minutes. Subsequently,
a predetermined amount (see Table 4) of diethylaluminum
chloride (made by Tosoh Finechem Corporation, 1 M, hexane
solution) was added. The solution was stirred for 15
minutes, and was placed in an stainless steel pipe to
prepare Catalyst Composition 6.
[0122]
(Example 24)

40 mg of a predetermined amount (see Table 5) of
Nd[ (n-Mez)AlMe,]3 prepared in Synthesis Example 1 was
dissolved in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 5) of
tris(pentafluorophenyl)borane (Chemical Formula)
B[ (C¢Fs)3] (made by Sigma-Aldrich Corporation) was added,
and the solution was stirred for 15 minutes.
Subsequently, a predetermined amount (see Table 5) of
diisobutylaluminum hydride (KANTO CHEMICAL CO., INC., 1.0
M, hexane solution) was added, and the solution was
stirred for 5 minutes. Subsequently, a predetermined
amount (see Table 5) of diethylaluminum chloride (made by
Tosoh Finechem Corporation, 1 M, hexane solution) was

added. The solution was stirred for 15 minutes, and was
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placed in an stainless steel pipe to prepare Catalyst
Composition 7.

[0123]

(Example 25)

A predetermined amount (see Table 5) of Nd[ (p-
Me,)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 5) of
trityltetrakis(pentafluorophenyl)borate (Chemical
Formula) (CgHs)3C[B(CeFs)s] (made by Tosoh Finechem
Corporation) was added, and the solution was stirred for
15 minutes. Subsequently, a predetermined amount (see
Table 5) of diisobutylaluminum hydride (KANTO CHEMICAL
CO., INC., 1.0 M, hexane solution) was added, and the
solution was stirred for 5 minutes. Subsequently, a
predetermined amount (see Table 5) of diethylaluminum
chloride (made by Tosoh Finechem Corporation) was added.
The solution was stirred for 15 minutes, and was placed
in an stainless steel pipe to prepare Catalyst
Composition 8.

[0124]
(Example 26)

A predetermined amount (see Table 5) of Nd[ (p-
Me,y)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of toluene in a sample vial. A predetermined
amount (see Table 5) of

trityltetrakis(pentafluorophenyl)borate (Chemical
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Formula) (CgHs)3C[B(CeFs)4] (made by Tosoh Finechem
Corporation) was added, and the solution was stirred for
15 minutes. Subsequently, a predetermined amount (see
Table 5) of diisobutylaluminum hydride (KANTO CHEMICAL
CO., INC., 1.0 M, hexane solution) was added, and the
solution was stirred for 5 minutes. Subsequently, a
predetermined amount (see Table 5) of diethylaluminum
chloride (made by Tosoh Finechem Corporation) was added.
The solution was stirred for 15 minutes, and was placed
in an stainless steel pipe to prepare Catalyst
Composition 9.

[0125]

(Example 27)

A predetermined amount (see Table 5) of Nd[ (p-
Me,)AlMe;]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 5) of N,N-
dimethylanilinium tetrakis(pentafluorophenyl)borate
(Chemical Formula) (CH3)2N(CgHs) [B(Cg¢F5)4] (made by Tosoh
Finechem Corporation) was added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 5) of diisobutylaluminum hydride (KANTO
CHEMICAL CO., INC., 1.0 M, hexane solution) was added,
and the solution was stirred for 5 minutes. Subsequently,
a predetermined amount (see Table 5) of diethylaluminum
chloride (made by Tosoh Finechem Corporation, 1 M, hexane

solution) was added. The solution was stirred for 15
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minutes, and was placed in an stainless steel pipe to
prepare Catalyst Composition 10.

[0126]

(Example 28)

A predetermined amount (see Table 6) of Nd[ (p-
Me,)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 6) of methylaluminoxane
(made by Tosoh Finechem Corporation, TMAO-210, 2.4 M,
cyclohexane solution) was added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 6) of diisobutylaluminum hydride (KANTO
CHEMICAL CO., INC., 1.0 M, hexane solution) was added,
and the solution was stirred for 5 minutes. Subsequently,
a predetermined amount (see Table 6) of dimethylaluminum
chloride (made by Tosoh Finechem Corporation, 1 M, hexane
solution) was added. The solution was stirred for 15
minutes, and was placed in an stainless steel pipe to
prepare Catalyst Composition 11.

[0127]
(Example 29)

A predetermined amount (see Table 6) of Nd[ (p-
Me;)AlMe;]5; prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 6) of methylaluminoxane
(made by Tosoh Finechem Corporation, TMAO-210, 2.4 M,

cyclohexane solution) was added, and the solution was
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stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 6) of diisobutylaluminum hydride (KANTO
CHEMICAL CO., INC., 1.0 M, hexane solution) was added,
and the solution was stirred for 5 minutes. Subsequently,
a predetermined amount (see Table 6) of ethylaluminum
sesquichloride (made by Tosoh Finechem Corporation, 1 M,
hexane solution) was added. The solution was stirred for
15 minutes, and was placed in an stainless steel pipe to
prepare Catalyst Composition 12.

[0128]

(Example 30)

Catalyst Composition 13 was prepared by the same
method as in Example 1 except that Nd[ (p-Me;)AlMe;]3 was
replaced with a predetermined amount (see Table 7) of
Gd[ (u-Mez)AlMe,]3 prepared in Synthesis Example 2.

[0129]
(Example 31)

Catalyst Composition 14 was prepared by the same
method as in Example 1 except that Nd[ (p-Me,)AlMe,]; was
replaced with a predetermined amount (see Table 7) of
Y[ (p-Me,)AlMeyl3; prepared in Synthesis Example 3.

[0130]
(Examples 32 to 40)

A predetermined amount (see Table 8) of Nd[ (u-
Me,)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A

predetermined amount (see Table 8) of methylaluminoxane
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(made by Tosoh Finechem Corporation, TMAO-210, 2.4 M,
toluene solution) wad added, and the solution was stirred
for 15 minutes. Subsequently, a predetermined amount
(see Table 8) of diethylaluminum chloride (made by Tosoh
Finechem Corporation, 1 M, hexane solution) was added.
The solution was stirred for 15 minutes, and was placed
in an stainless steel pipe to prepare Catalyst
Composition 15.

[0131]

(Examples 41 to 43)

A predetermined amount (see Table 9) of Nd[ (p-
Me,)AlMe,;]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 9) of methylaluminoxane
(made by Tosoh Finechem Corporation, MMAO-3A, 2.4 M,
cyclohexane solution) wad added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 9) of diethylaluminum chloride (made by
Tosoh Finechem Corporation, 1 M, hexane solution) was
added. The solution was stirred for 15 minutes, and was
placed in an stainless steel pipe to prepare Catalyst
Composition 1l6.

[0132]
(Examples 44 and 45)

A predetermined amount (see Table 10) of Nd[ (p-
Me,)AlMe,;]3; prepared in Synthesis Example 1 was dissolved

in 20 mL of cyclohexane in a sample vial. A
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predetermined amount (see Table 10) of methylaluminoxane
(made by Tosoh Finechem Corporation, PBAO, 2.4 M,
cyclohexane solution) wad added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 10) of diethylaluminum chloride (made
by Tosoh Finechem Corporation, 1 M, hexane solution) was
added. The solution was stirred for 15 minutes, and was
placed in an stainless steel pipe to prepare Catalyst
Composition 17.
[0133]
(Example 46)

A predetermined amount (see Table 11), 40 mg of
Nd[ (n-Me,)AlMe,]3 prepared in Synthesis Example 1 was
dissolved in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 11) of
tris(pentafluorophenyl)borane (Chemical Formula)
B[ (CeFs)3] (made by Sigma-Aldrich Corporation) was added,
and the solution was stirred for 15 minutes.
Subsequently, a predetermined amocunt (see Table 11) of
diethylaluminum chloride (made by Tosoh Finechem
Corporation, 1 M, hexane solution) was added. The
solution was stirred for 15 minutes, and was placed in an
stainless steel pipe to prepare Catalyst Composition 18.
[0134]
(Example 47)

A predetermined amount (see Table 11), 40 mg of

Nd [ (u-Me,) AlMe,]3 prepared in Synthesis Example 1 was
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dissolved in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 11) of
trityltetrakis(pentafluorophenyl)borate (Chemical
Formula) (CgHs)3C[B(CeFs5)4] (made by Tosoh Finechem
Corporation) was added, and the soclution was stirred for
15 minutes. Subsequently, a predetermined amount (see
Table 11) of diethylaluminum chloride (made by Tosoh
Finechem Corporation) was added. The solution was
stirred for 15 minutes, and was placed in an stainless
steel pipe to prepare Catalyst Composition 19.
[0135]
(Example 48)

A predetermined amount (see Table 11) of Nd[ (p-
Me,;) AlMe;]3; prepared in Synthesis Example 1 was dissolved
in 20 mL of toluene in a sample vial. A predetermined
amount (see Table 11) of
trityltetrakis(pentafluorophenyl)borate (Chemical
Formula) (CgHs)3C[B(CeFs)s] (made by Tosoh Finechem
Corporation) was added, and the solution was stirred for
15 minutes. Subsequently, a predetermined amount (see
Table 11) of diethylaluminum chloride (made by Tosoh
Finechem Corporation) was added. The solution was
stirred for 15 minutes, and was placed in an stainless
steel pipe to prepare Catalyst Composition 20.
[0136]

(Example 49)
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A predetermined amount (see Table 11) of Nd[ (p-
Me,)AlMe;]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 11) of N,N-
dimethylanilinium tetrakis(pentafluorophenyl)borate
(Chemical Formula) (CHs3)aN(CeHs) [B(CeFs)4] (made by Tosoh
Finechem Corporation) was added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 11) of diethylaluminum chloride (made
by Tosoh Finechem Corporation, M, hexane solution) was
added. The solution was stirred for 15 minutes, and was
placed in an stainless steel pipe to prepare Catalyst
Composition 21.

[0137]
(Example 50)

A predetermined amount (see Table 12) of Nd[ (p-

Me,;) AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 12) of methylaluminoxane
(made by Tosoh Finechem Corporation, TMAO-210, 2.4 M,
cyclohexane solution) was added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 12) of dimethylaluminum chloride (made
by Tosoh Finechem Corporation, 1 M, hexane solution) was
added. The solution was stirred for 15 minutes, and was
placed in an stainless steel pipe to prepare Catalyst

Composition 22.
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[0138]
(Example 51)

A predetermined amount (see Table 12) of Nd[ (p-
Me,)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. A
predetermined amount (see Table 12) of methylaluminoxane
(made by Tosoh Finechem Corporation, TMAO-210, 2.4 M,
cyclohexane solution) was added, and the solution was
stirred for 15 minutes. Subsequently, a predetermined
amount (see Table 12) of ethylaluminum sesquichloride
(made by Tosoh Finechem Corporation, 1 M, hexane
solution) was added. The solution was stirred for 15
minutes, and was placed in an stainless steel pipe to
prepare Catalyst Composition 23.

[0139]
(Example 52)

Catalyst Composition 23 was prepared by the same
method as in Example 1 except that Nd[ (u-Me;)AlMe;]; was
replaced with a predetermined amount (see Table 13) of
Gd[ (np-Mey)AlMe,]; prepared in Synthesis Example 2.

[0140]
(Example 53)

Catalyst Composition 24 was prepared by the same
method as in Example 1 except that Nd[ (p-Me;)AlMe,]s; was
replaced with a predetermined amount (see Table 13) of
Y[ (u-Me,)AlMe;,]3 prepared in Synthesis Example 3.

(0141]
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(Comparative Example 1)

In a pressure-resistant bottle preparatively
subjected to replacement with nitrogen, 10 mL of
cyclohexane and 1 mL of butadiene were placed. A
predetermined amount (see Table 14) of cyclohexane
solution of Nd(Vers)s; prepared in Comparative Synthesis
Example 1 was added, and was mixed with cyclohexane and
butadiene. A predetermined amount (see Table 14) of
diisobutylaluminum hydride was added, and the solution
was reacted by stirring for 5 minutes. A predetermined
amount (see Table 14) of diethylaluminum chloride was
added, and the solution was reacted for 20 minutes to
prepare Comparative Catalyst Composition 1.

[0142]
(Comparative Example 2)

A predetermined amount (see Table 14) of Nd[ (p-
Me,)AlMe,]3 prepared in Synthesis Example 1 was dissolved
in 20 mL of cyclohexane in a sample vial. Subsequently,
a predetermined amount (see Table 14) of diethylaluminum
chloride (made by Tosoh Finechem Corporation, 1 M, hexane
solution) was added. The solution was stirred for 15
minutes, and was placed in an stainless steel pipe to
prepare Comparative Catalyst Composition 2.

[0143]
(Comparative Examples 3 to 5)
In a glove box under a nitrogen atmosphere, a

predetermined amount (see Table 15) of [(i-
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PrCsHy) 2GAN (SiMej3) ,] prepared in Comparative Synthesis
Example 6, a predetermined amount (see Table 15) of
trityltetrakis(pentafluorophenyl)borate (Chemical
Formula) (CeHs)3C[B(CgFs)4] (made by Tosoh Finechem
Corporation), and a predetermined amount (see Table 15)
of diiscobutylaluminum hydride were placed in a pressure-
resistant sample tube, and were dissolved with 10 mL of
toluene. The solution was placed in an stainless steel
pipe to prepare Comparative Catalyst Composition 3.
[0144]

(Comparative Example 6)

In a glove box under a nitrogen atmosphere, a
predetermined amount (see Table 16) of [(i-
PrCsHy) ,GAN (SiMej3) ;] prepared in Comparative Synthesis
Example 6 and a predetermined amount (see Table 16) of
MMAO-3A (made by Tosoh Finechem Corporation, tocluene
solvent) were placed in a pressure-resistant sample tube,
and were dissolved with 5 mL of toluene. The solution
was placed in an stainless steel pipe to prepare
Comparative Catalyst Composition 4.

[0145]
(Comparative Example 7)

In a glove box under a nitrogen atmosphere, a
predetermined amount (see Table 17) of
[ (CsMes) ,GAN (SiMes) ;] prepared in Comparative Synthesis
Example 2 was placed in a sample vial, and was dissolved

with 6 mL of toluene. Next, a predetermined amount (see
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Table 17) of MMAO-3A (made by Tosoh Finechem Corporation,
toluene solvent) was added. The solution was placed in
an stainless steel pipe to prepare Comparative Catalyst
Composition 5.

[0146]

(Comparative Example 8)

In a glove box under a nitrogen atmosphere, a
predetermined amount (see Table 17) of
[ (CsMes) ,GAN (SiMes3) 2] prepared in Comparative Synthesis
Example 2 was placed in a sample vial, and was dissolved
with 6 mL of toluene.

Next, a predetermined amount (see Table 17) of
triisobutylaluminum and a predetermined amount (see Table
17) of N,N-dimethylanilinium
tetrakis (pentafluorophenyl)borate (Chemical Formula)
(CH3) 2N (CeHs) [B(CgFs5) 4] (made by Tosoh Finechem
Corporation) were added. The solution was placed in an
stainless steel pipe to prepare Comparative Catalyst
Composition 6.

[0147]
(Comparative Examples 9 and 10)

In a glove box under a nitrogen atmosphere, a
predetermined amount (see Table 18) of
[ (CsMeyH) ,GAN (SiMes) 2] prepared in Comparative Synthesis
Example 3 was placed in a sample vial, and was dissolved
with 6 mL of toluene. Next, a predetermined amount (see

Table 18) of MMAO-3A (made by Tosoh Finechem Corporation,
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toluene solvent) was added. The solution was placed in
an stainless steel pipe to prepare Comparative Catalyst
Composition 7.
[0148]
(Comparative Example 11)

In a glove box under a nitrogen atmosphere, a
predetermined amount (see Table 19) of
[ (CsMeyH) 2GAN (SiMes) 2] prepared in Comparative Synthesis
Example 3 was placed in a sample vial, and was dissolved
with 6 mL of toluene. Next, a predetermined amount (see
Table 19) of N,N-dimethylanilinium
tetrakis (pentafluorophenyl)borate (Chemical Formula)
(CH3) 2N (CgHs) [B(C4F5) 4] (made by Tosoh Finechem
Corporation), and then a predetermined amount (see Table
19) of triisobutylaluminum (made by Tosoh Finechem
Corporation) were added. The solution was placed in an
stainless steel pipe to prepare Comparative Catalyst
Composition 8.
[0149]
(Comparative Examples 12 and 13)

In a glove box under a nitrogen atmosphere, a
predetermined amount (see Table 20) of
[ (CsHs) GA[N (SiMes)2]2] prepared in Comparative Synthesis
Example 4 was placed in a sample vial, and was dissolved
with 6 mL of toluene. Next, a predetermined amount (see
Table 20) of N,N-dimethylanilinium

tetrakis (pentafluorophenyl)borate (Chemical Formula)



(CH3) 2N (CgHs) [B(CgF5) 4] (made by Tosoh Finechem
Corporation), and then a predetermined amount (see Table
20) of triisobutylaluminum (made by Tosoh Finechem
Corporation) were added. The solution was placed in an
stainless steel pipe to prepare Comparative Catalyst
Composition 9.
[0150]
(Comparative Example 14)

In a glove box under a nitrogen atmosphere, a
predetermined amount (see Table 21) of
[ (CsHs)NA [N (SiMe3),]2] prepared in Comparative Synthesis
Example 5 was placed in a sample vial, and was dissolved
with 6 mL of toluene. Next, a predetermined amount (see
Table 21) of (CH3)2N(CgHs) [B(CsFs)s] (made by Tosoh
Finechem Corporation, toluene solvent) was added. The
solution was placed in an stainless steel pipe to
prepare Comparative Catalyst Composition 10.
[0151]
(Examples 1 to 53)

A polymerization solvent (see Tables 1 to 13) and a
33% butadiene cyclohexane solution were placed in a 1.5 L
autoclave made of stainless steel such that the total
amount was 750 g, and were adjusted to have a
predetermined concentration of butadiene.

While the monomer solution was being stirred in an
0oil bath, the reactor inner temperature was adjusted to a

predetermined temperature. The prepared catalyst



composition was fed by nitrogen under pressure into the
reactor through an stainless steel pipe. After
polymerization was performed for a predetermined period
of time, ethanol was added to terminate polymerization.
The polymer solution was extracted, was washed with a 1 N
hydrochloric acid aqueous solution three times, and was
reprecipitated with methanol. Then, 0.1%
dibutylhydroxytoluene (BHT) was added, and the product
was dried in vacuum at 50°C. Test conditions and the
results are shown in Tables 1 to 13.
[0152]
(Comparative Examples 1 to 14)

A polymerization solvent (see Tables 14 to 21) and a
33% butadiene cyclohexane solution were placed in a 1.5 L
autoclave made of stainless steel such that the total
amount was 750 g, and were adjusted to have a
predetermined concentration of butadiene.

While the monomer solution was being stirred in an
oil bath, the reactor inner temperature was adjusted to a
predetermined temperature. The prepared comparative
catalyst composition was fed by nitrogen under pressure
into the reactor through an stainless steel pipe. After
polymerization was performed for a predetermined period
of time, ethanol was added to terminate polymerization.
The polymer solution was extracted, was washed with a 1 N
hydrochloric acid aqueous solution three times, and was

reprecipitated with methanol. Then, 0.1% BHT was added,



and the product was dried in vacuum at 50°C. Test

conditions and the results are shown in Tables 14 to 21.

[0153]
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No. |Catalyst preparation conditions Polymerization cenditions Results
T T | A ~
Amount of catalyst P?i_lvrllﬂpgl::frl:n Molecular weight (x 10000) i\(«::;:mstmadre
L | ! ! . |Concentration Polymerization|Conversion|Number |Weight [
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composition | Me;) | g 35 : solvent = ; = weight cis |trans|vinyl
| i 210 hydride chloride | temperature| temperature molecular |molecular| ..° % . ¥
| AlMe:]; [ | - - distribution | bond|bond| bond
| | | weight  |weight | |
w mmol | wio °C °C min % «10000 | x10000 | Mw/Mn | cis |trans|vinyl
Example! Catalyst < _ ) o | . . " ‘ -
i teomposition1 | 021 42 0.88 042 Cyclohexane 0| 54 2 60 98 18 36 30 990703
Example Catalyst i . . ! | | i [ | - .
3 composition 1] 11 21 0.44 022 Cyclohexane 10 10 32 60 %9 | 3 | =& 22 |992| 04! 04
Example| Catalvst | =5 i : o n { &
- |oomposidion | 011 21 | 0.44 0.22 n-Hexane 10 10 28 60 98 | 29 74 26 |991| 06 03
Example|Catalyst - 5 P o - 2 P
e !wmmmm AL 21 | 0.44 0.22 | Cyclohexane 10 10 26 60 100 30 74 24 los1|0s| 04
| Cataly. | | ] |
Sy Catelyst 0.11 21 0.44 022 Cyclohexane 16 10 31 60 [ 37 89 | 24 |991]|04|04
5 composition 1 | I | |
T Catalvs 1 | | ! N
oy o 021 | 42 0.68 0.42 Toluene 10 5 19 60 98 | 17 | 55 32 99.[ 05 04
| compasition ] | |
- 1 ] |
R o on | 2 0.44 022 Cyclohexane | 10 10 33 60 9% 2 | m | 27 [%93|03]04
7 composition | | | |
ExampletCatalyst 0.1] | 0.44 0.22 Cyclohexane 25 7 7 60 73 25 80 | 32 [994]03 ; 0.4
8 compaosition ! |
orpie Catalyst ot | a1 044 022 Cyclohexane | 2.5 40 40 7 90 w0 | 29 | 29 |982[13]05
9 composition 1 | | | | |
. | | | f
g i 011 | 21 0.44 033 Cyclohexane | 2.5 20 20 120 92 13 | 1 | 55 |991]0s5]o04
10 composition | | |
P o i 0.11 a | 0.44 0.28 Cyclohexane 2.5 20 20 60 85 15 66 43 |99.1| 04|04
il composition ] |
EampmcetaR 0.11 2 | 0.44 0.31 Cyclohexane 25 20 20 180 96 14 80 59 [99.0] 06|04
12 composition 1 |
EXMpley Cataiyst 011 | 21 0.44 024 Cyclohexane | 25 20 20 120 9% 14 64 a7 |o89| 06|05
13 compaosition 1 | | !
SEmnpi Catalyst o1 | 2 | 044 039 Cyclohexane | 2.5 20 20 240 9 0 | 8 85 [991] 05|04
14 | composition 1 [ !
EEamplegCatalyst 011 | 10 0.44 0.22 Cyclohexane | 2.5 20 | 20 20 79 11 52 468 |99.0] 0.6 04
15 composition | | | .
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[Tzakble 2]

No Catalyst preparation conditions Polymerization conditions Results
| Amount of catalyst P (:i)mefizt":ltri(m Molecular weight (x 10000} | Microstructure
| mperature %)
lCatalyst Ndl (1 y Concentration Polymerization|Conversion| Number | Weight . i ‘
i e ump[fsilion I\(/jl[c(:)l MMAO- AlvIlusiinim Diethylaluminum Pol):m‘u ZBUO| of butadiene Starting Highest time rate average [ average ka‘lqleyular 14- 14- w]-‘z»'
| AlMe 3A |TF ) chloride  [FOVEN temperature| temperature molecular|molecular| YCiEDt  |ciS jtrans]viny]
| AlMe;]; | weight _ beedali distribution [bond| band| bond
i mmol wt% o °c min % x10000 | x10000 | MwMn | cis |wans|vinyl
Example| Catalyst i - |
16 compagtionz) ) 2 o4 0.22 Cyrclohexane 25 20 20 60 99 73 162 22 [99.0 0.6 | 0.4
Example| Catalyst = »
T compbsition.'*‘ 0.11 21 . 1.76 0.22 Cyclohexane 25 20 20 60 93 75 167 2.2 '98.9| 07104
Example| Catalyst f = = | ’
13 | composition 4 0.11 ‘ 21 ‘ 1.76 022 Cyclohexane 25 20 20 60 98 68 170 25 |98.91 08| 03
[Table 3]
\ : o
No |Caralyst preparation conditions EPo]ymcrization conditions |Rcsults
| Amount of catalyst [ Polymerization ‘ Molecular weight (x 10000) | Microstructure
! ! temperature ‘ (%)
| | Concentration Polymerization|Conversion{Number |Weisht
[ Cataly T _ B ) ek edis . ) ] A : g Molecular [1.4- |14- |1,2-
|§;:;‘{7itutavn ‘ l\}j{L(})L MMAO-| Ditscbutylaluminum| Diethylaluminum :;s::;:rrzmxon of butadiene | Starting | Highest tme e EVCIREn | |averagc cho:;tu : |cis |trans Em\l
| : AlMé:]: 3A hydride chloride temperature| temperature ! Q:ilzgtﬂar ir:eoilge;?lar distribution|bond|bond|bond
| mmol wt% °C ec | min | % x10000 | x10000 | Mw/Mn | cis |trans|vinyl
Fwys lol Caialve -
K Caalyst 0.11 2 0.44 022 | Cyclohexane 10 10 24 30 99 28 63 23 989 08 | 03
19 | compaosition 5 B |
Iy 2
BamplejCaalyst | oo | 1o | 022 0.12 Cyclohexane | 10 10 18 60 o8 31 7 23 |992| 06|02
20 composition 5 i |
=t atalv I 3 g
Sramplglamlyst on | 10 | 0.44 022 Cyclohexane 10 10 2 | 3 99 29 61 21 |991f07 |02
21 composition 5 | { |
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[Table 4]

No. Catalyst preparation conditicns ‘Polymcrizar.ion conditions Results
Amount of catalyst Polymerization Molecular weight (x 10000) | Microstructure
temperature (%)
Concentratio| — " ) 14-11.2-
5 ‘ ’ . Polymerizatio | Conversio |Number |Weight |Molecular [1,4- |77 | 57
Catal)stv_ Ndj(p- PBA | Diisobutylaluminu | Diethylaluminu | Polymerizatio | - no‘f. | Starting | Highest ntime |nrate average |average |weight  |cis oy Jeiny
compositio | Me;)AlMe,] . . . butadiene | temperatur| temperatur A g s |l
#l O m hydride m chloride  |n solvent molecula |molecula |distributio |bon |
n ) | e e . H bon [hon
{ rweight |rweight |n d d
mmol w% | °C °C min % x10000 | x10000 | Mw/Mn | cis | tran | /iny
| s |1
| | S
Exampi | CAAYSt | | |
:'27 Pl compositio 0.11 21 0.44 022 Cyclohexane 25 20 20 60 99 2 65 3 98.8| 0.9 I 03
= né |
; Catalyst ! !
Exampl | =": oyt)s |
£33 compositio 0.11 21 | 0.44 0.2 Cyclohexane 23 {20 20 60 99 25 67 2.7 988/ 08|04
~__In6 ﬁ |
[Teble 9]
No | Catalyst preparation conditions Polymerization conditions Results
P izati ! Tar weight (x 10000) | Microstructure
Amount of catalyst ?;ﬁzmn Molecular weight (x ) (%)
Catal Nd[(u- |B N Stuting | Eiighesr |7 PCkiin JOOVErNO rimber [Neight ; Jioleruler 11,4- o Il
atalyst Nd[(p- oran | ... \ : o 2 . 2 fime o rate 3 i - Y
| % Diisobutylaluminu | Diethylaluminu | Polymenzatio : n average |(average |weight cis |
Ecompo,smo VAl be o m hydride m chloride  |n solvent butadiene temp:ramr lcmp:ratur molecula | molecula|distributio [bon ;on :)on
jo ‘ orale rweight [rweight |n d a ld
mmol wi¥ °C °C min % x10000 | x10000 | Mw/Mn | cis | tran|/iny
s 1
Zxamp | COAYSE | |
‘*‘:f“'” compositio| 0.1 | 0.1 0.44 0.22 Cyclohexane| 2.5 20 20 60 98 21 55 26 |9se| 1001
-4 -
n;ys
Exampl Catalyst
L-“25 P! compositio 0.11 ‘ 0.11 0.44 0.22 Cyclohexane 25 20 20 60 9 23 67 29 |990/0802
i n8
Excamnt |C2AYSt | .,f
_":(‘)‘“” compositio| 0.1 0.1] 0.44 022 Cyclohexane 25 20 20 60 96 31 82 26 93.,i L1| 02
(i n9 | s

6




| Catalys
i EX?UH()I "';"‘Jf' st 1 |
Ly compositio 0.11 0 0.44 4 ¢ 2.5 ! ‘ ) 92 4 6 9 98 9
' g4/ 010 0.11 0. | 0.22 (_,yclohcxanc 25 i 20 0 60 2
: | e & & J9 2 ,‘ ,.\Q 0.C ': 3




[Table 6]
No |Catalyst preparation conditions Polymerization conditions Results
l Amount of catalyst Polymerization Molecular weight (x 10000) Microstructure
I 3 temperature (%)
‘ | 1 haseRinii Polymerizatio |Conversio |Number |Wei ght |Molecular [1.4- [1,4- |1.2
Cutslver Ndl(1- ' B | " . . : umber |Weig Molecular |1.4- |1,4- |1.2-
st T Me\ﬂﬁﬁeﬂ]h“o. Disobuylaloming |8l Polymerizatio | gagienc it | oo | ntme larate  laverage [average [weight [cis |wans|viny
£ | 210 | mhyaride | "' fn sotvent pc pe ; molecula |molecula [distributio [bon |bon |I
[ ‘ rweight |rweight |n /d |d |kond
‘ mmol wt% | °C e min % %x10000 | x10000 | Mw/Mn | cis |trans| viny
[ l
Examp} | Catalyst ‘ .i
23 COMPOSIto (R B! 011 | 0.44 (.22 | Cyclohexane 25 20 20 60 ! 99 28 62 23 99.01 0.7 | 0.3
= nll | . |
Examp]| | -2lyst [ i [
_;',,9 ' | ComposItio 0.11 0.11 0.44 { 0.15 | Cyclohexane 25 | 20 20 60 { 99 3i } 66 2.1 9910603
. nl2 1 | . ] !
[Table 7]
No. | Catalyst preparation conditions Polymerization conditions Results
[ | | izati s e y | Microstructure
Amount of catalyst Polymerization Molecular weight (x 10000) 1 ¥ nicture
[ | temperature (%)
. | Gd[{p- [ j ... _|Concentration Polym_crization Conversion| Number | Weight v I1 412
Ex;lrrr;‘;{;s[:tlon?MCZMJMCZ]3 TMAO-| Diisobutylaluminum| Dicthylaluminum z;l‘?::mm"’“ of butadiene | Starting | Highest time rate average | average |- i:ixtar cis |uan s {vinyl
| or¥[- | 210 hydride chloride temperature|temperature molecular|molecular| . ¢ o con lbondbond{bond
Me2)AIMe2]3 weight | weight
mmal wt% S & © h Y% x 10000 l x10000 | Mw/Mn | cis |trans|vinyl
Example Catalyst |
:”-Szu'np " composition| 0.11 0.11 0.44 0.22 | Cyclohexane 35 20 20 3 95 56 127 2.3 98.9| 0.7 | 0.4
13 i |
£ amnlel C2EAYSE | [ ‘ )
51 9 ccrnpc.sr.:on} 0.11 011 044 0.22 Cyclohexane 2.5 20 20 5 72 72 194 2.7 1‘98.2 1.2 | 06
14 |

96




[Table 8]
No. ]Catalyst preparation conditions Polymerization conditions Results
.Amoum of catalyst Polymerization Molecular weight (x 10000) | Microstructure
| , temperature (%)
i(iatanvst [ Nd[(p- | ‘ Conieglmﬁo o Highest | CLmerizatio|Conversio |Number (Weight Molecular | 1,4- 14 |12
1 c’omp'o.sin ol Me ) A(]F:Acl. | TMAO| Diethylaluminu | Polymerizatio| ... di;ne " tam;\lg l4 18 est:x ntime |nrate average |average |weight | cis tran l"m)’
; | VeAIME L 210 | mchloride | solvent o i e e molecula|molecula|distributio | bon
" I | . & r weight |r weight n d gon SOD
‘[ nimiol wt% 2P0 o h % %x10000 | x10000 | Mw/Mn | cis | tran |viny
| s 1
oot | CRRIYS | | 1]
S5 |compositio ' 0.42 l 84 0.84 Toluene 10 40 51.7 2 95.8 80 | 189 24 |98.8/ 0.5 0.7
o n 1S5 | |
. Catalyst | [ +
KA ? @ .
i:x:m)l compositio 0.42 84 0.84 Cyclohexane 10 40 571.7 1.5 93.0 66 180 2.7 989/ 03| 0.8
33 |
> |nls , | ‘
By Catalyst | ' ' ‘ y
eE ';impl compositio| (.42 " 84 0.84 Octane 10 40 572 ] 94.5 67 153 23  |988/05|08
: nis ' 1
Catalyst
= | 3
fgzgmpl.composizioi 0.21 42 042 | Cyclohexane| 2.5 40 40 2 99.2 89 241 271 [99.0[ 0.4 | 2.6
\§ n I3 \'
= |Catalyst | | i I
fﬁg’“p' \compositio| 021 | 42 042 | Cyclohexane 25 60 60 1 90.3 41 98 241|981 1.1 2.8
: nl5 . 1 l
. Catalyst ‘ |
F_ii;‘:mpl!compositioi 0.21 42 021 | Cyclohexane 2.5 40 40 1 90.3 72 151 2.1 |986[09] 0.6
s nl3 - ‘ ‘
. |Caralyst ’ I | ‘ ‘
f‘;" P compositio]  0.21 42 0.63 Cyclohexane 25 40 40 24 61.1 49 187 | 3.84 198.6/04]1.0
' In 15 | | 4
-.. 1| Catalyst t
Eemtl | compositio| 021 | 5.3 063 |Cyclohexane| 2.5 40 40 8 sag | &0 | 156 | 26 |ms{os|os
s [n 15 ‘ | ! | |
-, |Catalyst | I w l '
E;?]n'p"‘compositio 0.21 53 | 0.63 iCyclohcxanC\ 25 40 40 25 99.3 54 179 ! 332 [984|1.1/05
" In1s ‘ ‘ |
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[Table 9]
No. Catalyst preparation conditions rPolyrnerization conditions {Results
Amount of catalyst Polymerization Molecular weight (x 10000) | Microstructure
temperature ‘ (%)
Conccmmtiol Polymerizatio|Conversio | Numb ;w ight |Molecul I] { 1,4-[1,2-
| Cartalyst N » ) ) . £ : o Y 4 umber eight olecular |1,4-| " coscc,
!cjr:p'zyssilioy \/I:-";j.»[k(llll\de- [MMAO Diethylaluminu | Polymerizatio butrzlu;)icne ' rci:a:{;gu : tc”]g:rest:r ntime n rate :a\rcragc lavcragc weight cis r‘mn ‘;m_\
In 7| 3A | mochioride  |n solvent “ pe mpe . |molecula|molecula|distributio |bon bon |b
I‘ d 1‘ r weight |r weight |n CR " Jon
mmol wi% o °c | h % x10000 | x10000 | Mw/Mn | cis |tran|viny
| s 1
[Catalyst | | | |
Exampl | o2 | - .
ed] compositio 0.42 84 0.84 Cyclohexane 10 40 55 2 98.0 72 155 22 98.9| 0.3 | 2.8
n16 |
Ecanl Catalyst |
ed2 g compositio 0.42 84 ' 0.84 | Cyclohexane 10 40 57 2 97.6 75 165 22 98.9| 0.4 | 0.7
5 nlé
S Catalyst | '
o 43..p compositio 0.42 84 0.84 i Cyclohexane 10 40 61 1 90.2 68 158 23 !98.7i 0.5 | 0.8
{n 16 \ | . |
[Teble 10]
No. iC atalyst preparation conditions Polymerization conditions Results
j ) _ Polymerization Molecular weight (x 10000) | Microstructure
Amount of catalyst rye
. | temperature . (%)
| Concentratio - : . {1,4-1.2-
[ - Polymerizatio|Conversio [Number |Weight |Molecular|l,4- -
4 L - | t : 2 ; B 3 trz .
'Caul;-si_ oM Nd[g"\li | PBA | Diethylaluminu Polymcrizatiol bullzlu‘i)icnc ly Sta.rtmrgu T‘ngflrcs:u' ntime n rate laverage |average |welght cis :‘m \"m)
’zomposmo Mez)AlMe:]| mchiloside  Brsolvede _ cmp:ra ¥ me;..a 8 molecula|moleculz distributio [bon |, |ton
3 4 | rar orght | 4
. | |r weight !rwugh. 0 d le
mmol | wi% °C °C h % x10000 | x10000 | Mw/Mn | cis |tran|viny
| l | s | 1
Exampl |Catalyst | 0.42 84 | 0.84 | Cyclohexane | 10 | 40 | 56 | 2 96.5 go | 192 | 22 |988/04]|08

86




e44  |compositio !
In17 |
. l‘Catalysl ' | \
s 45 P compositio|  0.42 84 | 0.84 }Cyclohexanel 10 40 60 2 97.0 75 173 23 [98.8(04 (08
) nl7 | | | |
iTeble 11]
No. Catalyst preparation conditions Polymerization conditions Results
T s : :
Amount of catalyst P ?g:::?:é‘r’:“ Molecular weight (x 10000) Mlcm(it’r)ucmrc
70
. N Concentration Polymerization|Conversion|Number |Weight |
C\:lal)sl. . Nd[(u- |Borane Diethylaluminum Polymerization| ¢ tadiene Starting Highest fime ot e foe Mqlvcu!ar 174- 1.4- l:2-
composition Me;) or S solvent = = |weight cis |trans|vinyl
chloride temperature| femperature molecular|maolecular| .." = .
AlMe,]; | borate weight |weight distribution|bond|bond|bond
mmol wt% °0 o h Ya x10000 | 10000 | Mw/Mn | cis |trans|vinyl
Exsnple) Catalyst 021 | 021 0.42 Cyclohexane 25 40 40 3 90.0 38 165 43 [987| 03] 10
46 composition 18
Eiinpie) Caralyst 042 | 0.42 0.84 Cyclohexane 10 40 55 2 99.0 45 178 39 9850312
47 composition 19
SEAmpH AR, 021 | 021 0.42 Cyclohexane | 2.5 40 40 2 78.4 31 124 40 |987| 02| 11
48 composition 20
A | 021 | 021 0.42 Cyclohexanc | 2.5 40 40 3 90 | 75 173 23 [988( 0309
49 composition 21 { |
[Takle 12]
(No. Catalyst preparation conditions l Polymerization conditions Results
‘ Polymerization Molecular weight {x 10000) Microstructure
Amount of catalyst ‘ te}n perature (%)
‘ .. |Concentration Polymerization|Conversion|Number |Weight e
Catalyst Nd[(k- | 1304 0. Metat| POIYMETiZation| oo piadiene Starting | Highest firmie bote average |average Mqleculdr 1:‘.1- 1,4-' 132.
i Mey) 210 !halidc sobvent temperature| temperature molecular{molecular “:mg.m B el o i :
AlMe,]; | ! weight |weight distribution bond|bond|bond
mmol 1 W% °C °C h % x10000 | x10000 | Mw/Mn | cis |trans|viny]

66




Example| Catalyst Z ' I | |
50 P Comp—osition 2 0.21 42 (.42 | Cyclohaxane 2.5 40 ‘ 40 2 90.0 72 195 ‘ ki 198.9| 0.4 | 0.7
Example| Catalyst ' \ ‘
51 4 composition 23 0.21 42 | 0.28 | Cyclohexane 25 } 40 40 2 99.0 8 | 197 24 99.0| 05 | 0.5
[Teble 13]
.. | . wn » - Vo
No. | Catalyst preparation conditions Polymerization conditions Results
: Amount of catalvst " Polymerization | Molecular weight (x 10000) microstructure
i temperature | (%)
- Concentratio g s ; 11.4-11.2-
- Gd‘[(_g - ’ . Polymerizatio|Conversio |Number |Weight |Molecular [1,4- A !132
atalyst Me;)AlMe, TMAO| Di " - n ol Starting | Highest . . 2 |tran |viny
s , iethylaluminu | Polymerizatio butadi ntme |nrate average |average |weight cis | ‘
compositio| 15 or Y[(u- . ) utadiene |temperatur|temperatur 5 i (s |l
\ -210 | mchloride | solvent moleculajmoiecula|distributio |bon \
n Me;)AlMe; | e [ L ; {bon |bon
']_ , r weight |r weight |n d d |d
{ mmol wt% °C °C h % %x10000 | x10000 | Mw/Mn | cis |tran |viny
| s | I
Exampl Catalyst | | ‘ '
e‘57 P compositio|  0.21 | 42 | 0.42 Cyclohexane 25 40 40 6 90.0 53 195 37 |989(03] 0.6
N n24 { |
Exam liCatalyst 1 i ’
" 5'3 P compositio 021 | 42 0.42 Cyclohexane 25 40 40 12 76.2 72 215 29 974|051 2.1
In25 .
[Table 14]
No Catalyst preparation conditions Polymerization conditions |Results
el Microstructure|
;Amount of catalyst Molecular weight (x 10000) : e/(z::):ra cture
f .| Polymerization —_— : : 7
Concentration| - . Polymerization|Conversion| Number |Weight ,
Catalyst ‘ - s Polymerization . starting i - Molecular 14-1.2-
COmp}(/JSlt'lon‘ Nd Diisabuiyishn S Wa— solvent oI temperature " . aVelmgal 3"51"38:' weight 1,4-cis bond |trans|vinyl
, hydride chloride molecular "?0. eoular] ;. v tion bond|bond
weight  |weight
mmol wt% e h % x10000 | x10000 | Mw/Mn cis | trans|vinyl
- - - i - |
E:;ﬁ’;’:‘;“l 3:{’;”““ 063 5.25 189 | Cyclohexane 10 0 2 83 75 36 43 97 |28 | 04

00T




composition l '1 —
1 |
Comparativ:i
‘Comparative] catalyst {52 54 Cveloh - R
Example 2 compositionl 2o . yclohexane 25 40 1 96 20 153 7.5 94.9 48|03
2 [
[Table 15]
: = . =
No. | Catalyst preparation conditions ' Polymerization conditions Results
Amount of catalyst | Microstrucsure
! ; Polymerization A (%)
f(i- Diisobutylalu|Polymerizati Concepition of }startino | Polymerization Conversion rate
Catalyst composition . (CeH3)3CB| ™ . 7 S A butadiene e time .
PrC5H4)2Gd (C6F5)] minum  |solvent temperature | 1.4-cis boad
N(SiMe3)2] hydride : J
mmol | w% °C ? h % cis
Comparative | Comparative catalyst | = | ' 1
Example 3 |composition 3 0.16 | 0.16 ! 0.32 Toluene ? 15 0 | 18 85 99.1
Comparative | Comparative catalyst [
Exampled |composition3 | o2t | oz | o4 Tolune | 20 -20 120 96 100
Comparative | Comparative catalyst " , =, N [
Esanmle 5 || commasitivn 3 ‘ 0.21 0.21 0.42 Toluene 1 20 25 1 99 94.5
[Table 16]
(No. Catalyst preparation conditions Polymerization conditions Resuits
I Amount of catalyst l Molecular weight (x 10000) Microstructure
E \ | (%)
o i | . . |Concentration . . |Polymerization|Conversion|Number |Weight
Caml)st.f | (G- II IMAO- Pollymcnzauon of butadiene | Folymerization time rate average |average I\/.Iqlucl(l:[ular J. 4-cis bond
composition | b c5p4)2GAN(SIMe3)2)|  3A  [3OVM i ;‘a‘:r‘;‘t%m molecular|molecular| B - |TFER Y
P weight  |weight
mmol wi% °C h % %10000 | 10000 | Mw/Mn cis
- . _|Comparative
Comparative
E‘arﬁpl: 6" catalyst 0.74 70.4 Toluene 20 25 3 58 223 776 2.8 94
) composition |

T0T
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[Table 17]

' Cata])st‘ { l i
No |preparation | | Polymerization conditions | Results
conditions | |
f Amount of ‘ Molecular weight (x 10000)  |Microstructure
catalyst Pl 2 ‘(%)
: : . _{Polymerization - - = s
Catalyst f MMAO3A or Polymenization Canchmation starting Polymmzanun Conversion|Number | Weight Molecular |
o [(CSN]QI‘H) et " - . - of butadiene time rate avernge |average X X
composition M -1 (CH3)2N(C6HS)| Triisobutylaluminum|solvent temperature > weight 1,4-cis bond
‘ |2GAN(SiMe3)2] [B(C6F5)4] molecular| molecular| /= |
| | | weight  |weight .
| | mmol ] wi% G | h % x10000 | x10000 | Mw/Mn | cis
o {Comparative T 1
Comparative| { |
OMPEAIVE| catalyst | 074 | 70 4 Toluene 10 40 | 1 99 24 75 31 | 943
Example 7 A '
composition 5 | |
| Comparative | ‘
C ; |
OMPATALVE! catalyst | o7 0.74 7.04 Tolucne 10 40 15 99 2 68 3 | @32
Example 8 -~ |
composition 6 ' | |
[Table 18]
| Catalyst
No. | preparation Polymerization conditions Results
| conditions
! Amount of Molecular weight (x 10000) Microstructure
| catalyst - - %)
’ N o Conccntration‘Stc;r}t;.r:l1 :nza e Polymerization | Conversion |Number ‘Weight Malsciilic
| Catalyst [(C5MedH) |MMAO- Polymerization| ¢ bytadiene | e time rate average  |average | . :
|composition | : solvent temperature . |weight 1,4-cis bond
; "ZGdN(SIMC3)2]| A molecular |molecnlar distribution
1 ‘ weight  |weight
| mmol g wi% | °C h % x10000 | x10000 | Mw/Mn | cis
| s | | |
Comparative i ke { s 5 | |
catalyst ‘ 0.74 | 704 Toluene 20 25 1.5 99 53.5 112 21 98.6
Exampie 9 S - |
composition 7
. |Comparative j
Comparative | alyst 0.74 704 | Toluene 20 40 I %9 2 | 65 27 | 938
Example 10 | s [
composition 7 | | |

€0T




[Table 19]

| Catalyst | |
NO | preparation Polymerization conditions ’Results
| conditions ‘
Am‘lwm of Molecular weight (x 10000y |Microstructure
catalyst | (%
i I Concentration Pulymeris uo"fPol)maizanan‘Convcrsion Number |Weight | ‘( s
Catalyst andits | — Polymerization . starting [ ) ET - [Molecular |
coiposition [(C5Me4H) |(CH3)2N(C6HS) Triisobutylaluminum solvent of butadiene R time rate average |average || oop 1 4-cis bood
2GdN(SiMe3)2] [B(C6F5) ' = molecular| molecular| ;.7 %" . ’
, ‘ hweight _|weight | Sistribution|
, | mmol i W% oc | h % | x10000 | x10000 | MwMn |  cis
. ‘Compa.ral:ive | | | | ] |
Comparative| | | |
OMPATANYE] o talyst 0.74 0.74 7.04 Toluene 20 25 24 10 24 53 23 | 982
Example 11 L |
| composition 8 | 1 | |
[Table 20]
No Catalyst preparation conditions Polymenization conditions Results
Amount of | Molecular weight (x 10000) Microstructure
S | Polymerization 08
‘ Coricentrafion p Polymerization| Conversion|Number |Weight
Catalyst ) = > | Polymerization ; starting 4 | (. Molecular
o [(C5HS5) (CH3)2N(C6HS)| . ... 5 . 13 of butadiene " time |rate average |average ! .
Compositon 2GdN({SiMe3)2] [B{C&F3) Triisobutylaluminumisolvent SR pECEIR f molcculurimo]cmlai‘ ;:z;fit::mion S
weight |weight
omol wi% | °C h % x10000 | x10000 | Mw/Mn | cis
| Comparative | ‘ l
T AT - 0.74 0.74 7.04 | Toluene 20 25 1 60 58 128 22 99.2
Example 12 | composition | | |
9 | !
Comparative 1 ‘ ‘
ompRryRonialyst 0.74 074 | 7.04 Toluene | 20 | 40 1 99 4 | 88 26 953
Example 13 | composition |
9 { |

vOoT




[Table 21]
No | Catalyst preparation conditions anl:merxmlmn conditions Results
Amount of | [ ' Molecular weight (x 10000) | Microstructur
catalyst | | ¢ (%)
= Concentratio | Polymerizatio o . -
| " Polymerizati i o Jeigh cular
| Catalyst | [(C5Me4H)2Nd | (CH3)2N(C6H5 Tritsobuitaming Polymerizatio no_f n starting 0}:::5 o 0(5‘:;?1'510 ::ir:ﬁtr [::.::g:z !‘:‘;I;;.Jlm
composition N ) 5 n solvent butadiene | temperature - 4 ;n"O]:C:llla distributio | 1/4-cis bond
‘ (s3] | IB(CES) | | £ weight |rweight |n |
| mmol | ' [ wi% °C h [ % | 10000 | x10000 | Mw/Mn | cis
: T [ |
Compasie (P2 Ll ol
¢ Example|” Sove 0.74 0.74 | 7.04 Toluene 20 25 3 7% | 36 68 1.9 95
14 T(())mpmllmn “ } | {
| |

G0T
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Industrial Applicability
[0154]

Use of the catalyst according to the present
invention can efficiently provide a conjugated polydiene
having a high cis content of 98% or more. Such diene
polymers having a high cis content are suitably used in

applications of tires or the like.
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Claims

[Claim 1]

A catalyst composition for polymerizing a conjugated
diene monomer, comprising components (a) and (b), wherein

the component (a) is a lanthanoid-aluminum
crosslinked complex having a structure represented by the
following formula (1) or (2):
[Formula 1]

R

|
Ln (R4—AI—R2)
‘ 3

R3 (1)

[Formula 2]

3 (2)

wherein Ln represents one selected from the group
consisting of lanthanoid elements, Sc, and Y; and R! to
R* may be the same or different, and represent one
selected from the group consisting of a hydrogen atom, an
alkyl group having 1 to 8 carbon atoms, an alkylsilyl
group, an alkyloxy group, and a dialkylamide group; and

the component (b) is an alkylaluminum compound
represented by a formula H,A1RY5
wherein R'® may be the same or different, and represents

an alkyl group having 1 to 8 carbon atoms or an alkenyl
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group having 1 to 8 carbon atoms; and n represents an
integer of 0 to 3.
[Claim 2]

The catalyst composition for polymerizing the
conjugated diene monomer according to claim 1, further
comprising one or more compounds (c¢) selected from the
group consisting of metal halide compounds and halosilyl
compounds.

[Claim 3]

The catalyst composition for polymerizing the
conjugated diene monomer according to claim 1 or 2,
further comprising one or more compounds (d) selected
from the group consisting of aluminum oxy compounds
represented by the following formula (3) or (4):

[Formula 3]

R14
I
R13-(—A|—o—)—R‘5
X (3)

[Formula 4]

R17 R18
| |
R‘S(—Al—oHA1—o>—R19
X y (4)

wherein R to R!® may be the same or different, and
represent a hydrogen atom or an alkyl group having 1 to 8
carbon atoms; and x and y represent an integer of 1 to
10000,

and/or borane compounds and borate compounds.

[Claim 4]
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The catalyst composition for polymerizing the
conjugated diene monomer according to any one of claims 1
to 3, wherein the alkylaluminum compound comprises a
compound represented by a formula HnAlR203_n wherein R?°
represents an alkyl group having 1 to 8 carbon atoms; and
n represents an integer of 0 to 3.

[Claim 5]

The polymerization catalyst composition according to
any one of claims 1 to 3, wherein the alkylaluminum
compound comprises diisobutylaluminum hydride or
triisobutylaluminum.

[Claim 6]

The polymerization catalyst composition according to
any one of claims 2 to 5, wherein the metal halide
compound comprises an aluminum halide compound.

[Claim 7]

The polymerization catalyst composition according to
any one of claims 3 to 6, wherein the aluminum oxy
compound comprises methylaluminoxane.

[Claim 8]

A catalyst composition for polymerizing a conjugated
diene monomer, comprising components (a), (c), and (d),
wherein

the component (a) is a lanthanoid-aluminum
crosslinked complex having a structure represented by the
following formula (1) or (2):

[Formula 5]
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R1
o]

[Formula 6]

1 2
RL_ R
Ln Al

P alhe
R3 R4

3 (2)

wherein Ln represents one selected from the group
consisting of lanthanoid elements, Sc, and Y; and R! to
R* may be the same or different, and represent one
selected from the group consisting of a hydrogen atom, an
alkyl group having 1 to 8 carbon atoms, an alkylsilyl
group, an alkyloxy group, and a dialkylamide group,

the component (c¢) is one or more compounds selected
from the group consisting of metal halide compounds and
halosilyl compounds, and

the component (d) is one or more compounds selected
from the group consisting of aluminum oxy compounds
represented by the following formula (3) or (4):

[Formula 7]

R14
|
R”-Em—o-)—ﬁ15
X (3)

[Formula 8]

T17 R13
|
R’G(—AI—OHA:—O}—RW
i y (4)
wherein R to R' may be the same or different, and

represent a hydrogen atom or an alkyl group having 1 to 8
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carbon atoms; and x and y represent an integer of 1 to
10000,

and/or borane compounds and borate compounds.
[Claim 9]

The polymerization catalyst composition according to
claim 8, wherein the metal halide compound comprises an
aluminum halide compound.

[Claim 10]

The polymerization catalyst composition according to
claim 8 or 9, wherein the aluminum oxy compound comprises
methylaluminoxane.

[Claim 11]

A method of producing a polydiene compound having a
cis-1,4-bond content of 98% or more, comprising:

a step of polymerizing a conjugated diene monomer
with the polymerization catalyst composition according to
any one of claims 1 to 10.

[Claim 12]

A method of producing a polydiene compound,
comprising:

a step of polymerizing a conjugated diene monomer
with the polymerization catalyst composition according to
any one of claims 1 to 10, and reacting the resultant
polymer with a compound comprising one selected from the
group consisting of a carbonyl group, an imide group, and
an epoxy group.

[Claim 13]
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A polydiene compound produced with the catalyst
composition according to any one of claims 1 to 10,
wherein

a cis-1,4-bond content measured by an NMR method is
98% or more, a ratio of a trans-1,4-bond content to a
1,2-vinyl bond content is within the range of 18:1 to 1:1,
a weight average molecular weight (Mw) 1is within the

range of 250000 to 2500000, and weight average molecular

weight (Mw)/number average molecular weight (Mn) = 1.4 to
3.5.
[Claim 14]

A modified polydiene compound produced with the
catalyst composition according to any one of claims 1 to
10, wherein

a cis-1,4-bond content measured by an NMR method is
98% or more, a ratio of a trans-1,4-bond content to a
1,2-vinyl bond content is within the range of 18:1 to 1:1,
a weight average molecular weight (Mw) 1s within the
range of 250000 to 2500000, weight average molecular
weight (Mw)/number average molecular weight (Mn) = 1.4 to
3.5, and a rate of introduction of functional groups into

a polymer terminal is 40 to 100%.



