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ABSTRACT: The effect of solvent polarity on the initiation and propagation of ethylene polymerization
with a constrained geometry catalyst (CGC) and MAO counterion was investigated by the density
functional theory (DFT) with the conductor-like screening model (COSMO). Structures and energetics of
reactant, 7-complex, transition state, y-agostic product, and -agostic product during insertion of ethylene
monomer into the catalytic active species of ionic pair or cationic catalyst are analyzed using the software
DMol®. A comparative analysis on the energetics of the ethylene insertion in the gas state and in solvents
with different dielectric constants (¢) shows that the solvent polarity affects the energetics of monomer
insertion very differently depending upon the model for active catalytic species and/or polymerization
stage. This different behavior provides a very useful method for identifying the real active catalytic species
in experiment. The two important features of molecular structure determining the dependency of enegetics
on the solvent polarity are the degree of exposure of the Ti atom on the solvent medium and the degree
of separation of ionic pair during monomer insertion.

I. Introduction

The metallocene catalysts have several desirable
properties such as high activity, an ability to produce
high-molecular-weight polymers with a narrow molec-
ular-weight distribution and a potential for rigorous
control of stereoselectivity by tailoring metallocene
ligands.!~* Such fascinating properties of the metallo-
cene catalyst have invited a large number of experi-
mental®~7 and theoretical®=?® studies on the metal-
locene-based polymerization. Although those studies
have contributed to understanding of the mechanism
of monomer insertion into an active site of the catalytic
species in the polymerization to some extent, the mech-
anism of monomer insertion has not been clearly
understood, because the true active catalytic species in
the polymerization has not been fully elucidated. For
instance, the role of counterion during monomer inser-
tion in the polymerization has been under debate until
recently. The cationic model,>34739 which has been a
conventional model for theoretical study on the metal-
locene-based polymerization, is based on the assumption
that an ionic pair of a cationic catalyst and a counterion
is completely separated from each other during mono-
mer insertion, and therefore, the model neglects the
effect of the counterion on polymerization in the calcula-
tion of energetics. In contrast, the ionic pair (IP)
model4°~53 assumes that the catalytic active species can
be stabilized by the strong electrostatic attraction with
its counterion, and therefore an approaching monomer
intrudes into the ionic pair of the two ionic species.?*
Although the IP model seems to be more realistic for
monomer insertion, the situation on the real active
catalytic species becomes even more complicated when
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one considers the effect of solvent. For instance, some
experimental studies suggest that the ionic pair may
be separated from each other in the polymerization
under polar solvent media.5556

To date, however, the solvent effect on the monomer
insertion mechanism has not been fully understood,
despite some theoretical studies have been re-
ported.#3515357 Recently, Lanza et al.’! reported the
solvent effect on polymerization using ab initio quantum
mechanical calculation when ethylene is polymerized
with a constrained geometry catalyst (CGC) in the
presence of a boron-based cocatalyst. More specifically,
they calculated the effect of solvent polarity on the
energetics of ethylene insertion by assuming that the
solvent is a continuum of uniform dielectric constant.
However, their concern about the solvent effect is
restricted only to the first ethylene insertion, i.e., the
initiation of polymerization, and thus the solvent effect
on propagation is not taken into account. More recently,
Xu et al.?3 studied the second insertion of ethylene, i.e.,
the propagation of polymerization, while the solvent
effect was incorporated into their calculation for the
second ethylene insertion, by using the density func-
tional theory (DFT) combined with molecular mechan-
ics. However, their result cannot be generalized because
they considered only one kind of solvent, cyclohexane,
and also assumed the IP model for an active catalytic
species in their calculation.

Our primary objective is to investigate the effect of
solvent polarity on the ethylene polymerization using
both the cationic and IP models. For this purpose, the
structural and energetical characteristics of ethylene
polymerization with CGC/MAO catalytic system are
calculated using quantum mechanical calculations based
on the DFT. The effect of solvent polarity is considered
by treating the solvent as the continuum of uniform
dielectric constant in the DFT calculation. For the
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Figure 1. Optimized structure of the cationic catalyst (CGC™), chlorinated MAO counterion (MAO™) and ionic pair (IP) of the
two ionic species. The energy saved from formation of an ionic pair (IP) of CGC*™ and MAO™ is given in parentheses.

catalytic active species, both the cationic model and the
IP model are considered and the results are compared
to each other.

II. Computational Details

Fundamentals of the computational method are similar to
those in our previous works3*58 except for an additional
incorporation of dielectric continuum into the calculation in
order to take the solvent effect into account. All calculations
were performed using the DMol® program (Accelys Inc.) based
on DFT.%® An accuracy of the DFT calculations for these types
of systems, i.e., reactions of transition metal complex and
metal-catalyzed olefin polymerization, has been extensively
reviewed elsewhere.®0~62 Electronic configurations of molecular
systems were described by restricted double-numerical basis
sets with polarization functions for all atoms except for
hydrogen. The 1s?2s?2p® configuration on Ti atom was assigned
to the core and treated by the frozen-core approximation. A
geometry optimization was carried out using the Broydan—
Fletcher—Goldfarb—Shanno® %% (BFGS) energy minimization
algorithm for each molecule. The general gradient approxima-
tion (GGA) correction was applied to the energy calculation
with the exchange functional of Becke® and the correlation
functional of Perdew and Wang®"%8 after the energy was first
calculated at the local density approximation (LDA) level.

The conductor-like screening model (COSMO)%:70 imple-
mented into DMol® was used for incorporating the solvent
effect into the DFT calculation.” The dielectric constants for
the solvents considered in this study, benzene (CsHs), chlo-
robenzene (C¢H5Cl), and dichloromethylene (CH3Cly), are 2.27,
5.62, and 9.08, respectively. The radius of each atom for
construction of a cavity in the dielectric medium was put to
be the value optimized from experimental results with the best
accuracy (1.3 for H, 2.0 for C, 1.83 for N, 1.72 for O, 1.43 for
Al, 2.10 for Si, 2.05 for Cl, and 1.47 for Ti in A, respectively).”

The insertion of a monomer is performed by a stepwise
decrease in the reaction coordinate, followed by full optimiza-
tion of geometry with respect to all other degrees of freedom
at each step, the so-called linear transit calculation. The
reaction coordinate is defined as the distance between the C,
atom (i.e., the carbon which is directly attached to the
titanium) and the carbon atom which is nearer to the C,
between two carbon atoms of ethylene monomer. The decrease
in the reaction coordinate corresponds to an approach of a
monomer toward the reactive site of the catalyst. By this
stepwise insertion process described above, the reaction un-
dergoes four distinctive states: m-complex, transition state,
y-agostic product, and f-agostic product. The 7-complex is a
local minimum on the energy profile during the monomer
insertion, the transition state is a maximum point on the
energy profile occurring in the reaction coordinate between the
complex and the y-agostic product, the y-agostic product is a
product directly obtained by ethylene insertion, and the
p-agostic product is another conformer of product which is

obtained by a rotation of —CHyCHj3 group along the C,—Cp
bond followed by energy minimization. Although it has been
theoretically reported that there exists an energy barrier for
uptake of ethylene monomer in the IP model,’%5% we are not
able to find any significant energy barrier for uptake of
ethylene monomer. We believe that the reason for the absence
of activation energy for uptake of ethylene monomer is related
to the pathway of ethylene approach, which is determined by
the direction of ethylene approach relative to the spatial
position of cationic catalyst and counterion. Indeed, the
presence of energy barrier for ethylene uptake is highly
dependent on the direction of ethylene approach.’! Although
there are some plausible other pathways of ethylene approach,
we have focused on the effect of solvent polarity, and therefore
only one pathway of ethylene approach is considered in this
study.

The model of activated cationic catalyst (CGC™), [H2SiCp-
(NCH;)Ti—CHslt (Cp = cyclopentadienyl), is the abbreviated
form of activated Dow CGC,” which has been successfully used
as a model catalyst for ethylene—styrene copolymerization in
our previous DFT study.?® A counterion was modeled by a
chlorinated anionic methylalumoxane (MAO™), whose struc-
ture has been adopted as a model of counterion for metal-
locene-based olefin polymerization by Fusco et al.*? The
structure of MAO has not been perfectly understood, although
possible candidates for MAO structure have been proposed.’"™
Therefore, we employed the Fusco’s model as a MAO™ coun-
terion, which is one of the simplest model for MAO, while the
model promises a considerable computational accuracy. The
ionic pair (IP) of CGC* and MAO~ was obtained by energy
minimization and used as an active species for monomer
insertion when the IP model is employed.

II1. Results and Discussion

Ethylene Insertion in Gas State. The results of
calculations without consideration of the solvent effect,
i.e., in gas state, are presented in this section. Figure 1
shows the structures of CGC*, MAO™, and IP. The IP
is energetically more stable than the completely sepa-
rated state by 95.33 kcal/mol, which corresponds to a
typical value of energy saved by an ionic pairing (~100
kecal/mol) in gas state.51

The structures of 7-complex (C), transition state (T),
y-agostic product (Py), and $-agostic product (PS) during
the first and the second ethylene insertions are pre-
sented in Figures 2 and 3, respectively, where the
numbers, 1 and 2, behind the letters representing for
the states denote the first and the second insertion,
respectively, and the subscripts, cat and ip, denote the
cationic model and the IP model, respectively. When
overall characteristics of ethylene insertion following the
two models are compared with each other, it reveals that
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Figure 2. Structures at stationary points of (a) z-complex (C), (b) transition state (T), (¢) y-agostic product (Py), and (d) 5-agostic
product (Pp) for the first ethylene insertion using cationic (cat) and IP (ip) models.

T2

cat

Figure 3. Structures at stationary points of (a) 7-complex (C), (b) transition state (T), (c) y-agostic product (Py), and (d) S-agostic
product (Pp) for the second ethylene insertion using cationic (cat) and IP (ip) models.

two models predict common results as follows: (i)
coordination of ethylene into the vacant site of Ti atom
in w-complex, (i1) 4-centered ring structure in transition
state, and (iii) stabilization of product via agostic
interaction. This suggests that the cationic model, which
has been conventionally used for mechanistic study on
the metallocene-based polymerization, seems to provide
a good insight for understanding the insertion mecha-

nism. However, the model may not properly explain the
mechanism of real situation, because the presence of
counterion considerably changes the energetics of mono-
mer insertion process, as shown in Figure 4.

Two important effects of the counterion on the ener-
getics of monomer insertion are as follows: (i) First, the
counterion changes the complexation energy (AE.y),
which is defined as the energy obtained by monomer
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Figure 4. Energy profile for successive ethylene insertions
using the cationic and IP models. The values of energies are
relative to the energy of isolated free reactants, i.e., CGC" +
E for the cationic model and IP + E for the IP model. Here, E
represents ethylene monomer.
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Figure 5. Profiles of Ti—Cl* distance and atomic charge of
Ti and Cl* during successive ethylene insertions according to
the cationic and IP models. The atomic charge of Cl in MAO~
is also represented by dashed line at —0.22.

complexation, from exothermic to endothermic one. (ii)
Second, the counterion increases the activation energy
for monomer insertion (AE,) which corresponds to the
energy difference between m-complex and transition
state. The reason for these was attributed mainly to a
considerable separation of ionic pairs during monomer
insertion, as explained by Lanza et al.?! Our results are
very consistent with their results, as shown in Figure
5, 1.e., the Ti—Cl* distance increases temporarily during
monomer insertion, where the C1* represents a chlorine
atom coordinated to Ti atom. The Ti—CI* distance is
reduced again as the $-agostic product is formed from
the y-agostic product by a positional rearrangement of
the counterion (MAO™), since the strong ionic pairing
interaction is recovered, and thus the S-agostic product
is considerably stabilized.

To understand more comprehensively the variation
of the ionic pair interaction during ethylene insertion,
we also calculated the atomic charge of Ti atom in both
the cationic and the IP models and that of CI* atom in
the IP model at each stationary point using the Hirsh-
feld population analysis.”™ The results are listed in Table
1 and represented in Figure 5. For initiation (the first
monomer insertion), the positive charge of Ti atom
becomes less positive during monomer coordination in
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Table 1. Charge (au) of Selected Atoms at Stationary
Point during Insertion of Ethylene into CGC* (cationic)
and IP (IP) in Gas State

Ti (cationic) Ti (IP) Cl* (IP)

CcGC* 0.62

MAO- -0.22
IP 0.43 —0.14
cl 0.44 0.36 -0.11
Tl 0.43 0.34 ~0.10
Pyl 0.44 0.37 -0.12
Ppl 0.51 0.41 —0.14
c2 0.40 0.39 -0.15
T2 0.42 0.43 -0.18
Py2 0.44 0.43 -0.18
Pp2 0.51 0.41 -0.13

both the cationic and the IP models, because an electron-
rich ethylene monomer supplies electrons to the Ti atom
during monomer coordination. The reduced Ti atomic
charge becomes more positive again at the product as a
new o-bonding of Ti—C, is formed with an old one being
broken. The negative charge of CI* atom counterbal-
ances the positive charge of Ti atom at each state, i.e.,
the former becomes more/less negative while the latter
becomes more/less positive, respectively.

For propagation (the second monomer insertion), the
variation of charges of Ti and C1* atoms in the IP model
is different from that for initiation (the first monomer
insertion), i.e., the charges for propagation become
stronger (i.e., more positive for Ti and more negative
for C1¥) during monomer coordination and then become
weaker again at the final product. The reason for this
is that the separation of ionic pair represented by the
Ti—Cl* distance is larger in propagation than in initia-
tion, as shown in Figure 5. The large separation of ionic
pair reduces the electrons supplied by the counterion,
and therefore, the atomic charge of Ti in the IP model
becomes more positive (Figure 5).

Since the IP model becomes similar to the cationic
model as the separation of ionic pair is larger, it is
expected that the difference in the molecular structure
between the two models is smaller for propagation than
for initiation, as can be seen in Figures 2 and 3. For
example, the Ti—C; distances of 7-complex for propaga-
tion predicted by both models are very close to each
other (2.69 A in C2jp vs 2.74 A in C2.4 in Figure 3a),
whereas the distances for initiation are largely different
(3.08 A in C1ip vs 2.52 A in Clca in Figure 2a).

Another interesting feature is that the relative stabil-
ity between y- and f-agostic products in the IP model
is very different from that in the cationic model, i.e.,
the f-agostic product is much more stable than the
y-agostic product in the IP model, while the former is
slightly less stable than the latter in the cationic model.
In the IP model, the -agostic structure is stabilized by
recovery of strong ionic interaction between the two
ionic species while the y-agostic structure is unstable
due to a considerable separation of the ionic pair. In the
cationic model, however, the electron-deficient Ti atom
of the y-agostic structure has more chance to interact
with hydrogen atoms in the growing alkyl chain than
does the Ti atom of the -agostic structure, and therefore
the y-agostic structure is more stabilized than the
[-agostic structure, which has also been reported by Woo
et al.?? In short, the B-agostic product is a resting state
in the IP model, whereas the y-agostic product is a
resting state in the cationic model for the CGC-based
polymerization. The relative stability between the y- and
the p-agostic products, however, may be strongly af-
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Figure 6. Effects of solvent polarity on the energy profile for
successive ethylene insertions using the cationic model. The
dielectric constants of solvents are 2.27, 5.62, and 9.08 for
benzene (CgHs), chlorobenzene (CsHsCl), and dichloromethyl-
ene (CH2Cly), respectively.
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Figure 7. Effects of solvent polarity on the energy profile for
successive ethylene insertions using the IP model. The dielec-
tric constants for solvents are 2.27, 5.62, and 9.08 for benzene

(C¢Hg), chlorobenzene (C¢H5Cl), and dichloromethylene (CHo-
Cly), respectively.

fected by the solvent polarity. More specifically, the
resting state may change from the y-agostic product to
the f-agostic product in the cationic model, as the
solvent polarity increases, which will be discussed in
detail in the next section.

Ethylene Insertion in Solvent. The effect of solvent
polarity on the energy profile of ethylene insertion using
the cationic and the IP model are shown in Figures 6
and 7, respectively, and the energies at stationary points
on the profiles are summarized in Table 2. To system-
atically analyze the effect of solvent polarity on the
energetics of monomer insertion, we define four kinds
of energies (AE) whose values are summarized in Table
3: (i) the ionic pairing energy (AE;,), (ii) the complex-
ation energy (AE.), (iii) the activation energy for
ethylene insertion (AE,), and (iv) the energy of f-agostic
product relative to that of y-agostic product (AEg,).

Ionic Paring Energy. Figure 8 shows the effect of
solvent polarity on the strength of ionic pairing, which
is represented by the magnitude of the ionic pairing
energy (|AE;y|). Here, the ionic pairing energy is defined
by the energy of IP relative to the sum of energies of
MAO~ and CGC™ for initiation (AEjp;), and the energy
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of PS2;, relative to the sum of energies of MAO™ and
more stable one between PS2¢a¢ and Py2.,¢ for propaga-
tion (AEiy2). As shown in Figure 8, the ionic pairing
strength decreases with increasing the solvent polarity,
which is consistent with the results of previous theoreti-
cal studies.*85! Considering the fact that the activation
energy in the cationic model is lower than that in the
IP model, one may expect that the catalytic activity of
polymerization increases with increasing the solvent
polarity, because the separation of ionic pair increases
with increasing the solvent polarity. Indeed, it is
experimentally reported that the strength of ionic
pairing between the cationic catalyst and its counterion
is closely related to the catalytic activity of metallocene-
based polymerization; i.e., the activity of polymerization
is remarkably improved due to the polar solvent.40:41,76-80
The increase of population of free cationic active species,
which results from the increase of solvent polarity,
explains the high activity observed.

A more interesting feature is that the ionic pairing
strength is affected by the solvent polarity more strongly
in initiation than in propagation, as shown in Figure 8.
This is because the Ti atom of cationic catalyst is
exposed to solvent medium more easily in initiation
(CGC™) than in propagation (Pf2¢a¢ or Py2cat), and as
a result, the stability of CGC™ becomes more sensitive
to solvent polarity than that of P52cat or Py2¢at.

Complexation Energy. The most noticeable differ-
ence between the cationic (Figure 6) and the IP (Figure
7) model is that the relative energies in the cationic
model strongly depend on the solvent polarity while the
energies in the IP model depend weakly on the solvent
polarity. The primary reason for this is the difference
between the two models in complexation energy (AE.y),
which is defined as the energy of 7-complex relative to
the sum of energies of a catalytic active species and a
monomer. As shown in Figure 9, the complexation
energy of cationic model decreases in magnitude with
increasing the solvent polarity, while that of IP model
does not change significantly with the solvent polarity.
The dependence of the complexation energy on solvent
polarity is more striking in initiation than in propaga-
tion. This is because the CGC™ has more open structure
than PfS2¢,¢ or Py2.at, and therefore it is more sensitive
to the solvent polarity. It is interesting to note that the
complexation of cationic model during initiation in
dichloromethylene, the most polar solvent in our study
(e = 9.08), is an endothermic process (AE = 2.35 kcal/
mol), suggesting that in a highly polar solvent the
interaction of the cationic catalyst with the solvent
becomes stronger than that with monomer. This com-
peting behavior in coordination with cationic active
species between solvent and monomer has been ob-
served in several experimental studies.?®8! The compe-
tition usually results in considerable reduction of po-
lymerization activity, which is consistent with our
theoretical results, i.e., the exothermicity decreases with
increasing the solvent polarity.

Unlike the cationic model, the complexation in the IP
model changes from an endothermic process to an
exothermic one, as the solvent polarity increases, as
shown in Figure 9. This is because the destabilizing
effect of counterion on z-complex in the IP model is
screened by the polar solvent medium and thus the
stability of the complex increases with increasing the
solvent polarity. This is consistent with the previous
study by Lanza et al.?!
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Table 2. Energies (kcal/mol) of Stationary Points Relative to the Energy of Isolated Free Reactants (CGC™ + E for the
Cationic Model and IP + E for the IP Model, Where E Represents Ethylene Monomer) during Insertion of Ethylene into
CGC™ (cationic) and IP (IP) in Gas or Solvent States®

gas (1.00) CesHg (2.27) CsH5Cl (5.62) CHsClg (9.08)
cationic P cationic IP cationic P cationic P
Cl —25.23 0.71 -12.73 -1.21 —1.40 -1.29 2.35 —-1.33
Tl —21.23 13.56 —8.88 10.82 2.53 10.03 6.34 9.76
Pyl —36.00 —5.36 —23.67 -7.33 —-12.60 —7.63 —8.94 —7.74
Pl —34.51 —24.09 —23.44 —25.62 —13.39 —25.23 —10.09 —25.12
(] -51.91 —-20.77 —40.14 —25.29 —27.64 —25.47 —23.54 —25.56
T2 —49.75 -11.55 -37.74 —18.88 —25.38 —21.62 —-21.32 —22.45
Py2 —63.23 —-32.12 —51.09 —37.68 —38.56 —39.28 —34.45 —39.82
P2 —-59.20 —-52.97 —49.04 —55.80 —38.18 —54.61 —34.65 —54.25

@ The dielectric constant (¢) of solvent is given in parentheses.

Table 3. Ionic Pairing Energy (AE;;), Complexation Energy (AE ), Activation Energy for Ethylene Insertion (AE,), and
the Energy of f-agostic Product Relative to y-Agostic Product (AEg,) in kcal/mol during Insertion of Ethylene into CGC*
(Cationic) and IP (IP) in Gas or Solvent States

gas (1.00) CeHg (2.27) CeH5Cl (5.62) CHyClg (9.08)
cationic 1P cationic P cationic P cationic P

AEip —95.53 -51.97 —18.59 -8.21
AEq —25.23 —25.23 —25.23 —25.23 —25.23 —25.23 —25.23 —25.23
AE 4 4.00 12.85 3.85 12.03 3.93 11.32 3.99 11.09
AEg, 1.49 —18.74 0.23 —18.30 -0.79 —17.60 -1.15 —-17.39

ip2 - —83.43 - —53.92 - —-30.44 - —23.24
AE xo —17.40 3.33 —16.47 0.33 —14.25 —0.25 —13.45 —0.44
AE 2.16 9.22 2.40 6.41 2.26 3.85 2.22 3.11
AEg,o 4.03 —20.85 2.05 —18.12 0.38 —15.34 -0.20 —14.44

@ The dielectric constant (¢) of solvent is given in parentheses next to the chemical formula of each solvent and the definition of each
energy difference (AE) is given as follows: AEj, = E(IP) — E(CGC') — E(IMAO™). AEq = E(C1) — E(CGCY) — E(E). AE, = E(C1) — E(T1).
AEg, = E(PS1) — E(Pyl). AEip2 = E(Pf2ip) — E(Pf2cat or Py2cat). AEcxo = E(C2) — E(PS2 or Py2) — E(E). AE,o = E(C2) — E(T2). AEg,o =

E(Pp2) — E(Py2). Here E(A) represents the energy of structure A.
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Figure 8. Effect of solvent polarity on the strength of ionic
pairing (|AEjy|) for initiation and propagation according to the
IP model. Here, the solvent polarity is represented with
dielectric constant (e).

Activation Energy. Unlike the complexation energy,
the activation energy (AE,) is not dependent on the
solvent polarity in the cationic model, as shown in
Figure 10. This result provides very interesting infor-
mation that if the solvent polarity is high enough to
separate the ionic pair completely, the solvent with
additionally higher polarity does not enhance further
the activity of polymerization. The cationic model also
shows that the activation energy for propagation is
lower than that for initiation, which is consistent with
an experimental result3® where the initiation of polym-
erization is much slower than the propagation in me-
tallocene-based polymerization.

The activation energy in the IP model, however, is
dependent on the solvent polarity; i.e., it decreases with
increasing the solvent polarity (Figure 10). This is

=
S
=
-
=
S
5
% 20 k —&— init {cat)
20 —O— init{IP)
25 - —¥— prop (cat)
- —5— prop (IP)
30 . A . L
0 2 4 6 8 10

Dielectric constant (g)

Figure 9. Effect of solvent polarity on the complexation
energy (AE) for initiation and propagation according to the
cationic and IP models. Here, the solvent polarity is repre-
sented with dielectric constant (e).

because the transition state, which is unstable due to
considerable separation of the ionic pair, can be stabi-
lized by the polar solvent medium. As can be seen in
Figure 10, the activation energy for propagation in the
IP model decreases more rapidly than does the activa-
tion energy for initiation as the solvent polarity in-
creases. This is because the separation of ionic pair at
the transition state for propagation is larger than for
initiation (see Figure 5). This reduction of activation
energy with increasing solvent polarity is exactly con-
sistent with experimental findings; i.e., the polymeri-
zation activity increases with increasing the solvent
polarity.76-80

Relative stability of - and y-Agostic Products.
Figure 11 shows that the energy of -agostic product
relative to that of y-agostic product (AEg,) in the cationic
model changes from positive to negative as the solvent
polarity increases. This means that the resting state of
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Figure 11. Effect of solvent polarity on the energy of the
pB-agostic product relative to that of y-agostic product (AEg,)
for initiation and propagation according to the cationic and
IP models. Here, the solvent polarity is represented with
dielectric constant (e).

catalytic active species for polymerization is a y-agostic
structure in low polar solvent while it is a (-agostic
structure in higher polar solvent when the ionic pair is
completely separated, i.e., in the cationic model. The
change of relative stability of the two products depend-
ing upon the solvent polarity is closely related to the
degree of exposure of the Ti atom to solvent medium,
i.e., the f-agostic product, which is more open to the
solvent medium than the y-agostic product, exposes
more the Ti atom to solvent medium than does the
y-agostic product, and as a result, the S-agostic product
is more easily stabilized at higher polar solvents.

In the IP model, however, the f-agostic product is
more stable than jy-agostic product regardless the
solvent polarity, although the energy difference between
the two products (|AEjg,|) decreases with increasing the
solvent polarity, as shown in Figure 11. This is because
the stabilizing effect of counterion due to recovery of
strong ionic pairing interaction in the S-agostic product
is much stronger than that in the y-agostic product.

IV. Summary

From our calculation results, the relationship between
the solvent polarity and the polymerization activity is
established as follows: (i) when the ionic pair is not fully
separated, i.e., in relatively low polar solvents, the
activity of polymerization increases with increasing the
solvent polarity, since the exothermicity of complexation
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increases (Figure 9) and the activation energy decreases
with increasing the solvent polarity (Figure 10), and (i)
if the ionic pair is fully separated, i.e., in relatively high
polar solvents, the activity of polymerization decreases
with increasing the solvent polarity because the exo-
thermicity of complexation decreases with increasing
the solvent polarity (Figure 9) while the activation
energy is not affected by the solvent polarity (Figure
10). According to this relationship, we can obtain a very
useful information for identifying the real active species
of the metallocene-based polymerization; i.e., if an
experimental activity of polymerization increases as the
solvent polarity increases, the catalytic active species
of polymerization is ascribed to an ionic pair, but
otherwise the catalytic active species is a free cation.

The most important features of molecular structure,
which determine the dependence of enegetics on the
solvent polarity, are summarized as (i) the degree of
exposure of Ti atom to the solvent medium and (ii) the
degree of separation of ionic pair during monomer
insertion. The former influences mainly on the strength
of ionic pairing, complexation energy and stability of
resting state, while the latter has an effect on the
activation energy for monomer insertion.
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