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Metallocenes, whether using a cocatalyst or not, act as catalysts in ethylene polymerization. The positive charge
on the transition metal of a metallocene might have an important role in polymerization as an active site in our
model approach. Using semiempirical calculations in the absence of cocatalyst, we show one of the possibilities
that the positive charge on a metallocene might be more easily transferred through the Cp ring of a ligand to
the ethylene than to transfer directly from the transition metal to the ethylene. In these calculations, the charge
on titanium in an eight C2H4 system is transferred and a polymer chain is produced. This reaction takes place
only when ethylenes are arranged in a particular direction with respect to the ring, but does not take place for
ethylenes near Ti or Cl atoms. The same mechanism is shown for a metallocene ligand which is sterically hin-
dered or where the Cp ring is replaced by fluorenyl. These results suggest an entirely new polymerization mech-
anism in the absence of a cocatalyst in which the Cp ring is the active site.

Introduction

A lot of research1-6 has sought to identify and utilize metal-
locene catalysts since they were discovered as useful reagents
for the stereospecific Ziegler-Natta polymerization of oligo-
mers.7,8 After titanocene dichloride (Cp2TiCl2) was used as
the catalyst in polymerization reactions by Breslow and New-
burg,9,10 metallocene catalysts have been accepted as having
industrial potential since the mid-1980s.11-13

Even though many metallocene catalysts and their deriva-
tives have been suggested, metallocenes themselves are not
powerful catalysts because of low activity. However, active
catalysts can be made from the complexes with cocatalysts
such as methylaluminoxane (MAO) or AlRnCl3-n.14-17

Despite more than 30 years of intensive research, the pre-
cise nature of the active center and the mechanism of poly-
merization are still not fully understood. On the basis of
experimental evidence, two mechanisms have been suggested
for the mechanism of Ziegler-Natta olefin polymerization.
The first one is the direct olefin insertion mechanism sug-
gested by Cossee and Arlman.18-20 In this mechanism, a vacant
coordination site is generated initially, and then a metaloalkyl
ring-type complex is formed. Studies on the reaction of Cp-
(CH3)2(PPh3)Co with C2H4,23 using deuterium labeling exper-
iments, support the direct insertion mechanism. In the sec-
ond scheme proposed by Green and Rooney,21,22 there is an
α-hydrogen shift from the growing polymer chain to the
transition metal to form a metal carbene. Second or third-
row transition complexes generally follow the Green-Rooney
mechanism. In particular, it has been observed that both
(CHCMe3)(H)(PMe3)3I2Ta24,25 and (η5-C5Me5)2(C2H4)(H)Nb26

insert ethylene via a metathesis-type mechanism. To follow
the direct insertion schemes, the catalyst should be activated,
or the ligand should be small enough not to cause steric hin-
drance. In this paper, we will study the polymerization pro-
cess theoretically using computer calculations of the titanium
metallocenes cyclopentadienyl titanium trichloride (C5H5TiCl3,
CpTiCl3), dicyclopentadienyl titanium dichloride (C10H10TiCl2,

Cp2TiCl2), pentamethylcyclopentadienyl titanium trichlorid
(C10H15TiCl3), and cyclopentadienyl fluorenyl titanium dichlo
ride (C18H14TiCl2). The first two catalysts are simple system
which allow computational investigation of the reactio
mechanism. The last two illustrate more sterically hinder
systems.

Computational Methods

The calculations that we performed on these systems w
of the incomplete neglect of differential overlap by Zern
(ZINDO) type27-29 which has been successfully applied 
complexes including the transition metals.30-32 Self-consis-
tent field (SCF) calculations were applied to models of co
plexes made with the metallocene catalyst and ethylene
using a generalized closed-shell operator described e
where.33-35 Semiempirical ZINDO calculations were don
using the program HYPERCHEM 4.5 from Hypercube, In
running on PC compatibles. ab initio calculations using the
3-21G* basis set included in the program SPARTAN 5
were also done to determine the structure of the catalyst.

Results and Discussion

The optimized structure of dicyclopentadienyl titaniu
dichloride (Cp2TiCl2) and cyclopentadienyl titanium trichlo-
ride (CpTiCl3) obtained by ZINDO in HYPERCHEM 4.5
which is modified for transition metal complexes is repr
sented in Table 1. We also determined the catalyst struc
using ab initio methods (Spartan 3-21*G basis set). The tw
structures agree to within expected differences. These st
tures agree with experimental studies using electron diffr
tion,36 neutron diffraction,37 and X-ray diffraction.38-41

We compare our results with X-ray data in Table 1. T
computed structure agrees well with X-ray diffraction expe
imental results. The structure in Figure 1 is our optimiz
structure, and we take it as the basic structure in the p
merization processes for subsequent calculations. The s



1270     Bull. Korean Chem. Soc. 1999, Vol. 20, No. 11 Man Chai Chang et al.

the
 of
e
, or
at

cuss

rva-
 we
pu-
the
ne
h as

lo-
s of
ite
d
ce

0 Å.
i-
ing
ig-
n-

ing

rgy
nta-
to

ion

nta-
ene
Cp
rgy
c-

l
m

ture for CpTiCl3 is in Figure 2. The calculated structure is
again in good agreement with experimental data.41

Two kinds of ethylene polymerization mechanisms using
the Cp2TiCl2 catalyst have been proposed by Green et al..21,22

However, the results shown in Figure 1 and Table 1, suggest
a difficulty for polymerization according to the mechanisms
proposed by Green et al. because the Ti atom and cyclopen-
tadienyl ring are too close (2.0-2.4 Å) to either insert an eth-
ylene between them or do the α-hydrogen shift of the meta-
thesis mechanism. The intermediate complexes suggested by
Cossee and Arlman would probably be precluded due to
high steric hindrance even though the Cossee and Arlman

mechanism might be correct for smaller ligands. For 
cyclopentadienyl ring or more bulky groups, the structure
Cp2TiCl2 would need to be distorted in order to form th
intermediate complexes proposed by Cossee and Arlman
the Cp2TiCl2 catalyst should be reacted with a cocatalyst th
activates titanium.14-17,42

Because of these observations, we calculate and dis
the directional selectivity and the reactivity of Cp2TiCl2 with-
out a cocatalyst. But there is no direct experimental obse
tion about the mechanism of ethylene polymerization, so
tried to suggest one of the possibilities by using the com
tational method. In this research, we did not deal with 
process of polymerization under the cationic metalloce
catalyst constructed by the assistance of a cocatalyst suc
methylaluminoxane (MAO) or AlRnCl3-n.

Processes of Polymerization under CpTiCl3 Catalyst.
In this section, we study CpTiCl3 as a catalyst in the poly-
merization of ethylene because it has the simplest cyc
organic ligand. We seek the active site where the proces
polymerization is initiated. In order to find out the active s
of CpTiCl3, we arbitrarily inserted 14 ethylenes aroun
CpTiCl3 as shown in Figure 3. The smallest C-C distan
between nearest neighbors in the starting structure is 3.
The ethylene orientations were arbitrary. A ZINDO sem
empirical calculation was begun using this as the start
configuration. This calculation seeks a lower energy conf
uration. Bond breaking and forming are allowed. The te
dency toward polymerization should be revealed by form
polyethylene as a lower energy product.

We noted the important structural changes during the ene
minimization process. Some ethylenes near the cyclope
dienyl ring change their C-C bond length from 1.34 Å 
around 1.54 Å and H-C-H bond angle from 120o to around
110o. These phenomena mean that the orbital configurat
on carbon atoms of ethylene is changed to sp3 type from sp2

type. However, other ethylenes near TiCl3 do not show any
change in their bond length and bond angle. The cyclope
dienyl ring itself also shows structural changes as ethyl
approaches the Cp ring: out-of-plane distortion of the 
ring is increased, and aromaticity is broken. If the ene
minimization process is continued, an entirely different stru

Table 1. Structural Data of CpTiCl3 and Cp2TiCl2

 CpTiCl3  Cp2TiCl2

Bond distance (Å)
Ti-Cl1
Ti-Cl2
Ti-Cl3
C-C(in Cp ring)a

Bond angle(o)
Cl-Ti-Cla 
C-C-C(in Cp ring)a

Cp-Ti-Cp

 Oursb

2.34(2.23)
2.35(2.23)
2.35(2.23)
1.43(1.42)

100.81(103.33)
108.00(108.00)

 Exp.c

2.30
2.27
2.33
1.43

102.00
108.00

 Oursb

2.45(2.30)
2.46(2.30)

1.431 
1.431 (1.39)

91.72(109.47)
108.00(108.00)
136.40(135.25)

 Exp.d

2.36
2.37

1.38 
1.39 

94.43
108.00
130.89

aaverage value. bZINDO results using HyperChem 4.5. Values in paren-
theses are from Spartan 3-21G* ab initio calculation. cref. 41. dref. 40.

� �

Figure 1. Molecular structure of Cp2TiCl2 as determined by ZINDO
geometry optimization.

Figure 2. Molecular structure of CpTiCl3 as determined by ZINDO
geometry optimization.

Figure 3. Starting model for energy minimization process of CpTiC3

+ 14C2H4. Ethylenes are arbitrarily distributed keeping the minimu
C-C distance as 3.0 Å
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ture is obtained, but we generally stopped after 500-1000
iterations of the conjugate gradient geometry optimization
algorithm. The intermediate configuration ontained during
the optimization illustrates the possibility that polymeriza-
tion can be modeled using this method. Structural changes in
ethylenes are of two types. Some which are close to TiCl3 do
not show any change in their structure. Others move 1-1.5 Å
toward the Cp ring, gradually show the indications of poly-
merization as mentioned above, and finally participate in the
polymerization processes together with other ethylenes near
the Cp ring. In addition, all of the ethylenes placed around
the edge of Cp ring near TiCl3 show structural changes as
they move toward the Cp ring. Among the 14 ethylenes,
eight ethylenes show significant out-of-plane distortion and
the remaining 6 are farther away from CpTiCl3 catalyst and
show little structural distortion.

Although we did not use a cocatalyst in our calculation,
many researchers14-17 have suggested that TiCl3 acts as an
active site during the polymerization after making a complex
with a cocatalyst such as MAO or AlRnCl3-n. Our results,
which do not include a cocatalyst, tell us that the TiCl3 site is
not an active site in this case; rather, the polymerization pro-
cess is initiated from the cyclopentadienyl ring. In future
work, we will investigate the role of the cocatalyst in the
activation and the mechanism of ethylene polymerization by
the activated metallocene catalyst. 

Metallocenes are known to act as catalysts in polymeriza-
tion and can polymerize ethylene in the absence of cocata-
lyst, although the activity is very low43,44 compared to cocatalyst
activated metallocene. In addition, in the absence of a cocat-
alyst, the product ethylene chains are short -8 to 10 ethylenes
in length. The question we wish to answer is: Why doesn’t
the metallocene itself keep polymerizing ethylene continu-
ously? and why is there such a big difference in the degree of
polymerization between normal and cocatalyst activated met-
allocene? When one of the ligands in a metallocene is removed
by the cocatalyst, the titanium atom develops a positive charge.
This positive ion is a seed to initiate the process of polymer-
ization. In such a case, others have suggested that the transi-
tion metal itself is an active site.14-17,42 Catalytic activity is
reduced when the charge on titanium is reduced by dispers-
ing the charge through the ethylene chain. But in the pres-
ence of the cocatalyst, the metallocene can be active as the
catalyst in the process of polymerization by being reacti-
vated continuously by the cocatalyst. In the absence of the
cocatalyst, the positive charge on the metallocene might be
easier to transfer through the Cp ring to an ethylene than
transferred directly from the titanium metal to the ethylene
because the Cp ring is more electron rich than ethylene. The
positive charge in this case may not be as strong as the
charge produced by the cocatalyst. To show the ability of the
Cp ring to transfer charge from Ti to ethylenes, we arranged
ethylenes in chains of different lengths as shown in Figure 7
for n = 4. The charges on atomic centers were estimated
using Mulliken population analysis at typical intermediate
steps in the minimization. Without ethylenes (n = 0) the charge
on Ti is 0.955, whereas the average charge of carbon atoms

in Cp ring is -0.42. If ethylenes are added, the Ti cha
drops showing charge transfer to ethylene. For n = 8, the
charge drops to 0.386, but the average charge of car
atoms in Cp ring has not changed appreciably. The decre
of positive charge on the titanium as determined by Mullik
population analysis is as shown in Table 2. The proces
polymerization might be terminated around the seventh e
ylene because the charge is reduced to one third of the o
nal one and there is no cocatalyst to reactivate it. T
positive charge on the titanium metal is steeply decrease
shown in Table 2. In the case of a complex composed
seven or eight ethylenes, the charge on titanium is reduce
half or one third of the charge with only one ethylene, ev
though the charges of the carbon atoms in the Cp ring
similar to the charges before ethylene is added. In ot
words, the positive charge of titanium is spread through 
ethylenes without changing the charge of Cp ring. Wh
more than eight ethylenes are complexed, the charge of 
nium is less than one third of the charge when there is o
one ethylene. This might be thought as insufficient to co
tinue the polymerization. Futhermore, the ethylenes after
eighth show only slight structural changes in their bond len
and bond angle. These structural changes are too sma
indicate the polymerization process is taking place wh
more than eight ethylenes are added to the system. Acc
ing to our calculational model without a cocatalyst, a met
locene can polymerize only about seven ethylene molec
in one chain in agreement with experimental results.43,44

The energy diagram of the HOMO (Highest Occupi
Molecular Orbital) and LUMO (Lowest Unoccupied Molec
ular Orbital) of the complexes listed in Table 2 is depicted
Figure 4. The energy of the LUMO for all complexes 
almost the same, but the energy of the HOMO increases,
the energy gap between the HOMO and the LUMO decrea
as the number of ethylenes increases. This fact means
the complex can be easily excited and reacted to be polym
ized as the degree of polymerization is increased. But e
though the energy gap is small, the polymerization might 
continue because the decreasing charge on the metal 
discussed previously decreases the driving force to withd

Table 2. Atomic Charge and Electronic Energy of CpTiCl3 + nC2H4

Molecular System
 Atomic Charge

 (LUMO, HOMO)c 
 Ti  C1

a  Cp ringb

 CpTiCl3  0.955  -0.045  -0.042  (0.878, -9.738)
 CpTiCl3 + C2H4  0.932  -0.063  -0.049  (1.000, -7.620)
 CpTiCl3 + 2C2H4  0.918  -0.082  -0.054  (1.128, -4.790)
 CpTiCl3 + 3C2H4  0.899  -0.086  -0.056  (1.393, -3.275)
 CpTiCl3 + 4C2H4  0.849  -0.083  -0.061  (1.495, -2.433)
 CpTiCl3 + 5C2H4  0.704  -0.071  -0.065  (1.504, -1.786)
 CpTiCl3 + 6C2H4  0.575  -0.059  -0.066  (1.464, -1.098)
 CpTiCl3 + 7C2H4  0.513  -0.053  -0.066  (1.483, -0.558)
 CpTiCl3 + 8C2H4  0.386  -0.042  -0.056  (1.568, 0.032)

atomic charges are calculated by the ZINDO method using Mullik
population analysis (implemented in HyperChem 4.5). afirst carbon atom
in Cp ring. baverage charge of carbon atom in Cp ring. ceV.
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an electron from the HOMO. In other words, without the
cocatalyst to propagate positive charge to the metal atom,
the polymerization can not continue further than about 7 eth-
ylene units.

Next, we investigate the effect of changing the direction of
ethylene placement with respect to the cyclopentadienyl
ring. Using the starting structure in Figure 5 where the ethyl-
ene planes are perpendicular to the Cp ring, no structural
changes are observed during the optimization process. When
the ethylene planes are parallel to the Cp ring as shown in
Figure 6 with the C=C axis aligned with Cp reflection plane,
no structural changes are observed either. However, the
polymerization of ethylene is shown clearly in Figure 7b
where the initial structure as shown in Figure 7a has the
C=C axis of the ethylenes aligned obliquely to the C2 axis of
the Cp ring about 55o, and the projection of C=C axis of eth-
ylene to the Cp ring is coincident with a C2 axis of the Cp
ring. Any arrangement where the oblique angle is changed
more than a few degrees from 55o is unsuccessful. On the
basis of these three results, we conclude that ethylene can be
polymerized not only on the specific site of the CpTiCl3 cat-
alyst, but also along a specific orientation with respect to the
catalyst.

Using the ideas and methods used in the above calcula-

tions, we now seek to explain whether ethylenes can
polymerized at other sites near the Cp ring. The model o
chain and 3-chain systems depicted in Figure 8 and 9. s
that ethylenes can be polymerized at any carbon site of
Cp ring during the structure optimization. They can even
polymerized simultaneously at all five sites as long as th
are aligned in the proper direction.

Processes of Polymerization under Cp2TiCl 2 Catalyst.
The polymerization activity of Cp2TiCl2 without cocatalyst
might be very low due to the structural hindrance as d
cussed before. To polymerize according to the mechan
proposed by Cossee or Green, the ethylene should com
with Cp2TiCl2 as shown in Figure 10. In this case, the tw
Cp rings would need to be distorted to where they are alm

Figure 4. HOMO and LUMO energies from SCF ZINDO calculation.
The occupied states are HOMO and the unoccupied states are
LUMO.

Figure 5. Starting model for energy minimization process of
CpTiCl3 + 4C2H4. Four ethylenes are arranged perpendicular to Cp
ring keeping the C-C distance between ethylene carbons 3.0 Å. 

Figure 6. Starting model for energy minimization process 
CpTiCl3 + 4C2H4. Four ethylenes are arranged parallel to Cp ri
keeping the C-C distance between the ethylene carbons 3.0 Å.

Figure 7. Energy minimization process of CpTiCl3 + 4C2H4. Four
ethylenes are arranged oblique to Cp ring keeping the C-C dista
between ethylene carbons 3.0 Å. Structure a is the starting mo
and b is an intermediate structure obtained during the optimizat
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parallel to each other. This is an energetically unfavora
arrangement, and the complex’s original molecular prop
ties may be significantly altered. Hortmann and Brintzinge45

have pointed out this steric effect for the metallocene ca
lysts and argued the importance of the steric effect on re
tivity and stereoselectivity trends. Several researchers46-49

have addressed the influence of varying the ring-ligand s
stituents. The electronic energy of the complex in Figure
and the complex having only one ethylene nearest to Cp 
by removing three ethylenes in Figure 11a is -7974.348 
and -8015.807 eV, respectively. The complex shown in F
ure 10 is less stable by about 41.459 eV. The HOMO a
LUMO of the above complexes are -4.174 and -4.482 
3.884 and -0.548 eV, respectively. These energy val
include the implication that the metallocene complex in F
ure 11 is more easily excited and reactive than that of Fig

Figure 8. Energy minimization process of CpTiCl3 + 8C2H4(2-
chain). Eight ethylenes in two 4-membered chains are arranged
oblique to Cp ring keeping the C-C distance between ethylene
carbons 3.0 Å. Structure a is the starting model, and b is an
intermediate structure obtained during the optimization.

Figure 9. Energy minimization process of CpTiCl3 + 12C2H4(3-
chain). Twelve ethylenes in three 4-membered chains are arranged
oblique to Cp ring keeping the C-C distance between ethylene
carbons 3.0 Å. Structure a is the starting model, and b is an
intermediate structure obtained during the optimization.

Figure 10. The molecular structure of Cp2TiCl2 + C2H4. Ethylene
is directly combined with the titanium atom through a charge-
transfer complex. The bond distances between titanium and two
carbon atoms of ethylene are 2.15 Å and 2.15 Å.

Figure 11. Energy minimization process of Cp2TiCl2 + 4C2H4.
Four ethylenes are arranged oblique to Cp ring keeping the 
distance between the ethylene carbons 3.0 Å. Structure a is
starting model, and b is an intermediate structure obtained du
the optimization.

Figure 12. Energy minimization process of Cp2TiCl2 + 8C2H4(2-
chain). Eight ethylenes in two 4-membered chains are arran
oblique to Cp ring keeping the C-C distance between ethyl
carbons 3.0 Å. Structure a is the starting model, and b is
intermediate structure obtained during the optimization.
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10, but that type of complex in Figure 10 is also plausible if
unsaturated ‘‘cation-like’’ active centers are formed by the
cocatalyst.50-53

Using the ideas and methods applied to the polymerization
with the CpTiCl3 catalyst of the previous section, typical
computational results for polymerization processes of Cp2TiCl2
+ 4C2H4 (1-chain) and Cp2TiCl2 + 8C2H4 (2-chain) are depicted
in Figure 11 and 12.

From our results, we propose another ethylene polymer-
ization mechanism under the titanocene catalyst, which is a
different polymerization mechanism than those suggested by
Cossee and Arlman18-20 or Green and Rooney.21,22 This mech-
anism can explain the ethylene polymerization process well
and also explain the activity of polymerization.

Polymerization Mechanism using C10H15TiCl 3 and
C18H14TiCl 2 Catalysts. Using the same ideas and proce-
dures applied to the previous cases, we now try to show how
ethylenes can be polymerized even though the catalyst has
bulky ligands such as pentamethylcyclopentadienyl titanium
trichloride (C10H15TiCl3) and cyclopentadienylfluorenyl tita-
nium dichloride (C18H14TiCl2). The initial structure of C10H15-
TiCl3 and C18H14TiCl2 in Figure 13 and 14, respectively, are
the optimized structure, and their structural data obtained by
ZINDO optimization are represented in Table 3. The fluore-
nyl ring in the optimized structure of C18H14TiCl2 is inclined
slightly backward while still maintaining aromaticity. Ethyl-
enes arranged stereospecifically as in Figure 15a and 16a are
polymerized as shown in Figure 15b and 16b. Due to the

side chains of the ring in Figure 15 and the size of ring
Figure 16, ethylenes must be oriented more stereospe
cally than in CpTiCl3 and Cp2TiCl2, in agreement with the
priciples discussed by Hortmann and Brintzinger.45 Namely,
the steric hindrance caused by the methyl groups and flu
nyl ring of C10H15TiCl3 and C18H14TiCl2 catalysts can make
the ethylene polymerize only in a stereospecific directi
and at a specified position as shown in Figure 15a and 
ure 16a. The projection of the C=C axis onto the Cp ring
coincident with a C2 axis of the Cp ring as shown in Figur
15a, and ethylenes are aligned obliquely upward from the
ring so that the methyl groups attached to the Cp ring do
hinder the ethylene. Ethylenes which satisfy the above c
ditions can be polymerized as illustrated in the cases CpT3

or Cp2TiCl2. Furthermore, one polymer chain restricts th
propagation of other chains because of steric hindrance

Figure 13. Molecular structure of C10H15TiCl3 as determined by
ZINDO geometry optimization.

Figure 14. Molecular structure of C18H14TiCl2 as determined by
ZINDO geometry optimization

Table 3. Structural Data of C10H15TiCl3 and C18H14TiCl2

C10H15TiCl3 C18H14TiCl2

 Bond distance (Å)
 Ti-Cl1
 Ti-Cl2
 Ti-Cl3
 C-C(in Cp ring)a

 C(in Cp ring)-C(in CH3)a

 C-C of benzyl ring(in fluorene)a

 C-C of Cp ring(in fluorene)a

 Bond angle(o)
 Cl-Ti-Cla

 C-C-C(in Cp ring)a

 Cp-Ti-Cp
 C(in CH3)-C-Ca

 C-C-C of benzyl ring(in fluorene)a

 
C-C-C(in Cp ring)a

 

 
 2.37

 2.37
 2.37
 1.45
 1.40

 101.03
 107.89

 125.95

  
2.47
2.45

1.41 
1.41 
1.43

93.55

119.92 
120.00
108.00

aaverage values. Values are obtained by ZINDO optimization.

�

�

Figure 15. Energy minimization process of C10H15TiCl3 + 4C2H4.
Four ethylenes are arranged in a linear chain obliquely and incli
in relation to Cp ring keeping the C-C distance between ethyl
carbons 3.0 Å. Structure a is the starting model, and b is
intermediate structure obtained during the optimization.
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the case of C10H15TiCl3 catalyst, a maximum of two chains
can be polymerized due to the steric hindrance between methyl
groups of the Cp ring, or between ethylenes of one chain and
ethylenes of another chain. Three polymeric chains are pos-
sible on the fluorenyl ring due to the steric hindrance between
ethylene chains in the C18H14TiCl2 catalytic complex.

The trends and the mechanism of polymerization under
these two catalysts as shown in Figure 15 and Figure 16 are
similar to the results using of CpTiCl3 and Cp2TiCl2 catalysts
as shown in Figure 7 and Figure 11.

 
Conclusion

We have demonstrated a new polymerization mechanism
by calculating various types of polymerizing processes where
metallocene catalysts such as C5H5TiCl3, C10H10TiCl2, C10H15-
TiCl3, and C18H14TiCl2 react with ethylene in the absence of
a cocatalyst, even though it is one of the possibilities. Using
this mechanism, the degree of polymerization is limited about
seven or eight in our model calculations, and the active site
for polymerization is not the transition metal but the Cp ring.
In particular, ethylene can be polymerized only when the
ethylenes are arranged in particular orientation with respect
to the Cp ring.
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