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Abstract

The stereoselectivity of the model active site formed by the adsorption of Ti,Cl; on the (100) surface of MgCl, was investigated by
density functional calculations. The analysis of energetics for successive propylene insertions into the model active site reveals that the
insertion of propylene into the model active site is energetically more favorable when a growing chain and one chlorine atom (that makes
the active site chiral) are on the opposite side rather than on the same side. From this result, it is realized that the model active site is
highly stereoselective. It is also observed that the Cl atoms near the growing chain significantly affect the activation energy barrier

through the interaction with the growing chain.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since the first synthesis of isotactic polypropylene using
Ziegler—Natta (ZN) catalyst in the early 1950s, polymeriza-
tion with ZN catalyst has been one of the most important
industrial methods for the synthesis of polyolefins, espe-
cially polypropylene [1,2]. This catalyst has evolved from
simple TiClj; crystals into the current MgCl,-supported cat-
alytic system, which is usually prepared either by comilling
MgCl, and TiCl, with a Lewis base, or by chemically treat-
ing MgCl, with a Lewis base in the presence of excess
TiCl,. Finally, this catalyst is activated by the addition of
cocatalyst such as Al(C,Hs)s.

In preparation of MgCl,-supported ZN catalytic system,
the milling process produces different lateral surfaces of
MgCl, on which TiCly can coordinate in several ways,
resulting in the formation of various active sites which dif-
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fer in stereoselectivity [3-5]. A number of experimental
studies have been performed to investigate the nature of
the active sites for improving stereoselectivity of this cata-
lyst [6-32]. As a result, modern ZN catalysts, which have
led to the large-scale production of highly isotactic poly-
propylene, have been developed. Despite these innovations
of industrial catalysts achieved predominantly by trial and
error, the mechanism of polymerization with ZN catalyst
has not yet been fully understood. In particular, due to
extremely complex chemical nature of these catalytic sys-
tems, the atomic structures of the active sites have been
scarcely clarified by experiments, remaining under debate.

As an alternative method, theoretical approach has been
used to elucidate the elementary step of olefin insertion in
ZN catalyst at a molecular level [33-42]. Although these
theoretical studies have provided the basic insight into
the ZN-based polymerization process, a realistic descrip-
tion of MgCl, substrate, which plays a crucial role both
in the formation of the active sites and in the polymeriza-
tion process, has not been modeled in calculation and
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therefore the mechanism of stereoselectivity has not been
completely elucidated.

Recently, more realistic theoretical studies on the stabil-
ity of active sites, formed by the adsorption of TiCl, on
both (100) and (110) surfaces of MgCl,, have proposed
some plausible active sites [43-48]. In particular, Parrinello
and his coworkers [46] have suggested that stable active
sites are formed only on the (110) surface. Among various
active sites created on the (110) surface, the six-fold site
formed by epitactical adsorption of TiCl, has been pro-
posed as the most stable active site [46,48]. However,
according to their report, the five-fold site which is less sta-
ble than the six-fold site by about 11 kcal/mol is more reac-
tive than the six-fold site due to lower activation energy
when the energy for ethylene and propylene insertion is cal-
culated. Parrinello and his coworkers [49] have also pro-
posed the five-fold site as a highly stereoselective active
site, when they investigate the propylene insertion into
the five-fold site by using Car-Parrinello molecular dynam-
ics (CPMD). More recently, Flisak and Ziegler [50] have
reported that this active site polymerizes propylene mono-
mer with high activity and stereoselectivity, even though
one chlorine atom of TiCly is replaced by Lewis base.

On the other hand, a systematic density functional the-
ory (DFT) investigation has suggested that TiCl; molecules
can bind together on the (100) surface of MgCl,, resulting
in the formation of polynuclear Ti,Cls,, species [44]. More-
over, Corradini and his coworkers [44,51] have suggested
that these polynuclear sites would be highly stereoselective,
since the polynuclear site has a close analogy with the C,
symmetric site proposed to be isospecific from the molecu-
lar mechanics study on TiCls-based catalytic system [33—
35]. However, this proposal has not been proved experi-
mentally and theoretically yet.

Although these theoretical investigations have provided
some significant insight into the nature of the active site, a
general agreement on the structure of the stereoselective
active site and its stability has not been reached [44,46].
Moreover, theoretical studies have been rarely carried
out on the propylene insertion into the active sites formed
on the (100) surface of MgCl,. For this reason, we inves-
tigate the mechanism of propylene insertion into a model
active site formed on the (100) surface of MgCl, by using
DFT calculations, particularly focusing on the stereoselec-
tivity of the model active site. For this purpose, the struc-
tures and energetics during successive propylene insertions
into the model active site have been systematically
analyzed.

2. Computational details

The model active site is generated by the adsorption of
Ti,Cl; on the (100) surface of MgCl,, where Ti,Cl; is
formed from the reduction of dinuclear Ti,Clg species
(Fig. 1). The (100) surface of MgCl, was described using
a model cluster, MgyCl;s. The Mg-Cl distance and the
Cl-Mg-ClI angle in the cluster were fixed to 2.49 A and

Fig. 1. Geometrically optimized model active site formed by Ti,Cl,
adsorption on the (100) surface of MgCl,. The (100) surface of MgCl,
was prepared by using a model cluster, MgyCl;g. Only the structure of
Ti,Cl; in the model active site has been optimized.

90°, respectively, in all calculations. This cluster structure
is nearly equal to MgCl, crystal in the bulk [52].

All DFT calculations were carried out using the local
potential with the Vosko—Wilk—Nusair (VWN) parameter-
ization [53] corrected in a self-consistent manner by the
exchange functional of Becke [54] and the correlation func-
tional of Perdew [55,56] in Amsterdam Density Functional
(ADF) package [57-60]. The electronic configurations were
described by the triple-{ Slater type orbital (STO) basis set
for Ti and by the double-{ basis set for Mg, Cl, C and H
with a single polarization function for all atoms. The fro-
zen-cores used for DFT calculation are [Ar] for Ti, [Ne]
for Mg and Cl, [He] for C. Due to the open-shell character
of the model active site, a spin-unrestricted formalism has
been used. A geometry optimization was performed using
the Broydan—Fletcher—Goldfarb—Shanno (BFGS) energy
minimization algorithm [61,62]. The scalar zeroth-order
regular approximation (ZORA) method was used for rela-
tivistic calculations [63-65].

The propylene insertion follows the Cossee—Arlman
mechanism [66-68] revised by Brookhart and Green [69],
which is the most accepted reaction mechanism for olefin
insertion (Scheme 1). Initially, the active site consists of a
Ti atom with an alkyl group and a vacant site for the pro-
pylene insertion. Then a propylene monomer occupies the
vacancy site, resulting in the formation of m-complex,
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which is a local minimum on the energy profile during pro-
pylene insertion. From the m-complex, the propylene
monomer is inserted by a stepwise decrease of the reaction
coordinate, followed by full optimization of geometry with
respect to all other degrees of freedom at each step. The
reaction coordinate is defined as the distance between the
C,, atom (i.e., the carbon which is directly attached to the
titanium) and C, atom of propylene monomer. The final
product is characterized by the minimum energy state with
B-agostic interaction.

Upon coordination, prochiral propylene gives rise to
non-superposable re- and si-coordination. According to
the definition, isotactic polypropylene is generated by a
long series of insertions of propylene with the same enan-
tioface (either re or si). Therefore, the stereoselectivity of
the active site is determined by comparing the energetics
during propylene insertion for both enantiofaces. The pri-
mary insertion of propylene monomer is only considered
because it is experimentally well known that the ZN cata-
lyst is highly regioselective, i.e., the primary insertion is
preferred rather than the secondary insertion.

3. Results and discussion

For the insertion of propylene into an active site, a cat-
alytic site has to be activated by a cocatalyst, which results
in the formation of Ti-alkyl bond due to the substitution of
one dangling CI coordinated to Ti by an alkyl chain. Fig. 2
shows two possible catalytic species formed from the alkyl-
ation of the model active site (in this case, a C,Hs group),-
which differ in the relative position of the alkyl chain.
Catalytic species could be switched between 1 (where the
alkyl chain is coordinated away from the MgCl, surface)
and 2 (where the alkyl chain is coordinated close to the
MgCl, surface). DFT calculations show that two catalytic
species are isoenergetic and therefore the alkyl chain can
occupy two available positions without preference. It is
also noteworthy that the two catalytic species exhibit a
B-agostic interaction, which is obvious from short Ti-Hpg

TiH,=207A CgH,=1.14A
1

distances (2.07 and 2.08 A) and an elongated Cg—Hp bond
length (1.14 A) as compared with the normal C-H bond
length (1.10 A).

The two catalytic species have very similar local geome-
tries around the active Ti atom, as shown in Fig. 2. In par-
ticular, regardless of the relative position of a growing
chain, one chlorine atom (CI(1) and CI(5) for the catalytic
species 1 and 2, respectively) makes the active site chiral.
This structural similarity leads us to suppose that the ener-
getics and structural features during propylene insertion
into one of the two catalytic species are nearly the same
with only minor change for the other. For this reason,
the insertion of propylene is calculated only for the cata-
lytic species 1 in this study.

3.1. The first insertion of propylene into catalytic species 1

The first insertion of propylene into the catalytic species
1, derived from the activation of the model active site, was
carried out. The overall behaviors for re- and si-insertion
are similar to each other, as shown in Fig. 3. A propylene
monomer is coordinated to the catalytic species 1 without
an energy barrier, leading to a m-complex. One interesting
feature in the structure of m-complex (for both re- and
si-coordination) is that the C—C bond of a growing chain
rotates to the opposite side of the methyl group of the
inserting propylene to minimize the repulsive interaction
between the growing chain and the inserting propylene
monomer, which results in switching from B- to a-agostic
interaction, as evidenced by an elongated C,—H, distance
(1.13 A). It is also observed that the C=C bond of propyl-
ene monomer is almost parallel to the Ti-C, bond. By
decreasing the reaction coordinate, a propylene monomer
is inserted into the Ti—-C,Hs bond via the transition state
stabilized by a remarkable a-agostic interaction (the C,-
H,, distance is 1.15 A). The final product shows a strong
B-agostic interaction (the Cg—Hp distance is 1.14 A).

Despite similar structural features at each stationary
point for re- and si-insertion, the energetics of propylene

Ti-H, =208 A CH,=1.14A
2

Fig. 2. Optimized structures of the model active site activated by a C,Hs molecule. Growing chain is coordinated away from the MgCl, surface in the
catalytic species 1, whereas the growing chain is coordinated close to the MgCl, surface in the catalytic species 2. The energy of 1 is 0.2 kcal/mol higher

than 2.
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C,C,=302A CH, =1.13A
C1

si

C,C,=224A C_H =115A .
si P1 si

CyH =1 14 A

Fig. 3. Structures of the n-complex (Cl,. and Clg), the transition state (T1,. and T1) and the product (P1,. and Pl;) during the first insertion of

propylene into the catalytic species 1 for re- and si-insertion, respectively.

insertion is different from each other. The activation
energy for re-insertion (2.7 kcal/mol) is much lower than
that for si-insertion (4.8 kcal/mol), although the m-com-
plex for re-insertion (Cl,. in Fig. 3) is less stable than that
for si-insertion (Clg; in Fig. 3) by 1.1 kcal/mol, as can be
seen in Table 1. However, the final product from re-inser-
tion is more stable than that from si-insertion by 1.0 kcal/
mol. This overall energetics indicates that the re-insertion
is more favorable rather than the si-insertion in the first
insertion step.

The growing chain for si-insertion is located on the
opposite side of CI(1) centering the Ti-C,—C, plane,
whereas the growing chain and CI(1) for re-insertion are
located on the same side of the Ti-C,—C, plane, as shown
in Fig. 3. The orientation of the growing chain observed for
re-insertion may cause a strong repulsive interaction with

Table 1
Energetics for propylene insertion®

Enantioface n-Complex® Transition state® Product®
Ist insertion  re —4.7 2.7 —19.9
Ist insertion i —5.8 4.8 —18.9
2nd insertion re —1.1 - -
2nd insertion i -5.7 5.8 —18.6

* Energies in kcal/mol.

® Relative energy of m-complex with respect to the sum of energies of
separated monomer and catalytic species.

¢ Propylene insertion barrier with respect to n-complex.

4 Relative energy of product with respect to the sum of energies of
separated monomer and catalytic species.

¢ Not calculated.

CI(1), and therefore it is expected that the activation energy
for re-insertion is higher than that for si-insertion. In this
respect, the lower activation energy calculated for re-inser-
tion may not be easily understandable.

To rationalize this unexpected energetics, the interac-
tion energies between the growing chain and Cl atoms
(CI(1) to CI(3) in Fig. 3) were calculated from the partial
atomic charges and the optimized structure of the grow-
ing chain and Cl atoms derived from DFT calculation.
Fig. 4a—c shows that the growing chain interacts repul-
sively with each CI atom, which mainly arises from elec-
trostatic interactions between the negatively charged
growing chain and Cl atoms. At the m-complex state,
the total repulsive interaction for re-insertion is 1.3 kcal/
mol higher than that for si-insertion (Fig. 4d), which is
caused by stronger repulsive interactions between the
growing chain and CI(1), and between the growing chain
and CI(2) in re-insertion, as shown in Fig. 4a and b. This
stronger repulsive interaction leads to higher energy of
C1,. than Clg, as listed in Table 1. As a propylene mono-
mer approaches the active site more closely, the repulsive
energies decrease slowly until it reaches the transition
state, and then the repulsive energies decrease steeply as
the transition is passed through. The comparison between
the repulsive interaction and the C, charge reveals that
the diminution of repulsive interaction is closely corre-
lated with the decrease of the C, charge, as shown in
Fig. 4d. This reduction in repulsive interaction due to
the decrease of the C, charge may contribute to lower
the activation energy. Since the C, charge decreases stee-
ply at longer reaction coordinate in re-insertion (2.37 A)
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Fig. 4. Interaction energies of a growing chain with each Cl atom (a, b,
and c for CI(1), Cl(2), and CI(3), respectively) and the total interaction
energy between the growing chain and Cl atoms with the partial atomic
charge of C, (d) during the first propylene insertion into the catalytic
species 1.

than in si-insertion (2.24 A), as shown in Fig. 4d, it is con-
jectured that the lower activation energy for re-insertion
arises from the larger decrease of the C, charge.

3.2. The second insertion of propylene into catalytic species 1

In order to investigate the chain propagation process,
the second propylene monomer is inserted into the product
(P1,.), obtained from the first insertion through energeti-
cally more favorable re-insertion. The second insertion fol-
lows the same reaction pathway as the first insertion,
differing slightly only in the orientation of propylene
monomer at the m-complex state, as shown in Fig. 5. The
larger bulkiness of growing chain, resulted from the first
insertion, causes to rotate the inserting propylene monomer
to minimize the repulsive interaction between the growing
chain and the propylene monomer, which results in orient-
ing the C=C bond of propylene monomer almost perpen-
dicularly to the Ti—C, bond in si-insertion with 6 = 75.7°
defined by dihedral angle of C,~-Ti—C{—C, (6 =0° when
Ti-C, bond and C—C, bond are parallel). On the other
hand, the rotation of propylene monomer is prohibited in
re-insertion due to the steric hindrance between the methyl
group of propylene monomer and CI(5) (0 = —44.3°).

In the second insertion, the repulsive interaction
between the growing chain and CI(1) becomes stronger in
re-insertion due to an increase in bulkiness of the growing
chain, which leads to destabilize the active site, as evi-
denced in an increase in the Ti-Cl(4) distance (3.14 A)
compared with that in si-insertion (2.89 A). As a result,
the energy of m-complex for re-insertion (—1.1 kcal/mol)
is much higher than that for si-insertion (—35.7 kcal/mol).
This energetics indicates that propylene monomer is not
able to form a stable m-complex in re-coordination and
therefore propylene monomer for the second insertion
would be inserted only through si-insertion. For this rea-
son, the second insertion of propylene was investigated
only for si-insertion hereafter.

The structure at each stationary point of the second si-
insertion of propylene into the P1, is shown in Fig. 6. Dur-
ing propylene insertion from the n-complex of si-coordina-
tion (C2g), the inserting propylene monomer rotates to
have the C=C bond parallel to the Ti-C, bond through
the rotational transition state TS C2,;-C2% (3.4 kcal/mol
higher than C2; and 0= 56.4°), which leads to lef
(0.5 kcal/mol lower than TS CZSi—Cfo and 0 = 29.2°). By
decreasing the reaction coordinate, propylene is inserted
through the transition state T2, which has higher energy
than Cfo by 2.4 kcal/mol. The overall energy profile in
Fig. 7 shows that the activation energy is 5.8 kcal/mol. This
activation energy is very close to that of the first insertion
(4.8 kcal/mol) and is reasonably in agreement with an
experimental result (6.8-9.1 kcal/mol) reported from the
propylene insertion into TiCl,/MgCl, catalyst [70].

3.3. Stability and stereoselectivity

Recently, the propylene insertion into dinuclear active
site formed by Ti,Clg on the (100) surface of MgCl, was
investigated by using the CPMD [46]. According to the
report, Ti,Clg is adsorbed weakly on the (100) surface of
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C,C,=287TA CH =112A
TS C2,-C2,}

C,C,=276A CH,=113A
cz?

si

C,C,=242A CH,=115A
T2

sl

CiH,=1.14A
P2

si

Fig. 6. Structures of rotational intermediates (TS CZSi—Cfo and CZZT) and the transition state (T2g;) during the second insertion of propylene into the P1,

for si-insertion.

MgCl,, which is indicated by a long distance between Mg
of substrate and Cl of Ti,Clg (3.07 A). As a result, the dinu-
clear active site is disrupted during propylene insertion with
one TiCly being expelled. In fact, it has been reported that
TiCl; is preferentially adsorbed on the (100) surface of
MgCl, in an isolated form rather than the dinuclear Ti,Clg
form, whereas Ti,Cl; is preferentially adsorbed on the
(100) surface of MgCl, rather than TiCl; and TiCl; in an
isolated form on the same surface [44]. In our calculation,

Ti,Cl; is adsorbed on the (100) surface of MgCl, with a
binding energy of —20.2 kcal/mol and a short Mg-Cl dis-
tance (2.57 A), which agrees well with a previous theoreti-
cal result [44].

To investigate the stereoselectivity during propagation
of propylene polymerization, the second insertion into
the product (Plg), obtained from the first si-insertion,
was also investigated. As observed in the second inser-
tion into the P1,, when propylene is inserted through
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TS C24— C24* (<2.3)

3.4 C2si* (-2.8)

C2:i (-5.7)

P2si (-18.6)

Fig. 7. Energy diagram during the second insertion of propylene into the
P1,. for si-insertion.

re-coordination, the active site is destabilized due to the
strong repulsive interaction between the growing chain
and CI(1), as evidenced in an increase in the Ti—Cl(4) dis-
tance (3.13 A) compared with that in si-insertion (2.90 A)
(Fig. 8). As a result, the energy of n-complex for re-inser-
tion (—2.2 kcal/mol) is much higher than that for si-inser-
tion (—6.4 kcal/mol).

The analysis of energetics for successive propylene inser-
tions into the model active site reveals that regardless of the
enantioface for the first insertion, propylene is preferen-
tially inserted when a growing chain is located on the oppo-
site side of one chlorine atom (that makes the active site
chiral) in the second insertion, although propylene is pref-
erentially inserted when the growing chain and the chlorine
atom are on the same side in the first insertion. This differ-
ent behavior between the first insertion and the second
insertion arises from the bulkiness of growing chain. That
is, a propylene monomer in the first insertion is preferen-
tially inserted when the growing chain and the chlorine
atom are on the same side, because the repulsive interac-

C,C,=311A C-H =111A
c2,

tion between small growing chain and the chlorine atom
is low and the C, charge decreases steeply earlier. On the
other hand, in the second insertion, the repulsive interac-
tion between large growing chain and the Cl atom becomes
larger when the growing chain and the chlorine atom are
on the same side, which destabilizes the active site and
leads to unstable n-complex. Consequently, the growing
chain for the second insertion is oriented toward free space
region (the opposite side of the chlorine atom) to minimize
the repulsive interaction with the Cl atom. This energetics
suggests that after the second insertion, propylene mono-
mer is preferentially inserted when the growing chain is
located on the opposite side of the chlorine atom, otherwise
the repulsive interaction between the growing chain and the
Cl atom becomes too large to accommodate the inserting
propylene monomer.

4. Conclusions

In this paper, the stereoselectivity of the model active
site formed by the adsorption of Ti,Cl; on the (100) sur-
face of MgCl, was investigated using DFT calculations.
The analysis of energetics for successive propylene inser-
tions into the model active site reveals that a propylene
monomer is preferentially inserted when a growing chain
is located on the opposite side of one chlorine atom (that
makes the active site chiral) during propagation step. The
mechanism for stereoselective insertion is that the growing
chain is oriented toward free space region to minimize the
repulsive interaction between the growing chain and the
chlorine atom, which discriminates between two enantio-
faces of prochiral propylene. This insertion mechanism is
consistent with the growing-chain orientation mechanism
proposed by Corradini [33-35,44,51].

To the best of our knowledge, our theoretical study is the
first demonstration on the stereoselectivity of the active site
formed on the (100) surface of MgCl,, which may provide a

C,-C,=334A C-H,=111A
]
Czsi

Fig. 8. Structures of the n-complex during the second insertion of propylene into the P1; for re-insertion (C2.,) and si-insertion (C2;).
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new insight for the rational molecular design of better ZN
catalytic systems.
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