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Abstract

The role of titanium oxidation states in olefin polymerization activity for Ziegler–Natta (ZN) catalyst has been investigated using den-
sity functional calculations at B3LYP/LANL2DZ as well as extended LANL2DZ basis that includes diffuse and polarization functions
for C, H and Cl. Using the simple [TiCl2CH3]n (n = +1, 0, �1) model catalyst systems, we could rationalize some of the well-known
experimental facts with varying Ti oxidation states (+4, +3, +2) in the real ZN systems. Firstly, irrespective of Ti oxidation states,
the activation barriers (Eact) for ethylene and syn propylene insertion in Ti–CH3 bond are comparable in accordance with experimental
and modeling studies. Secondly, it was observed that Ti(IV) catalyst has the lowest Eact which progressively increase in the order
Ti(IV) < Ti(III) < Ti(II) high spin < Ti(II) low spin catalysts in line with experimental and several modeling results. The effect of solva-
tion on olefin insertion barriers are seen more prominent in case of Ti(IV) systems compared to other oxidation states.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Ziegler–Natta (ZN) catalytic system is more than 40
years old. However, more than 90% of the commercial
manufacture of polyethylene and polypropylene is still
based on modifications and improvements of the original
ZN system [1–3]. Apart from their immense technological
importance, these catalysts also pose some fundamental
questions that are yet to be fully answered. In our earlier
publications we provided DFT based explanations for the
remarkable difference in the reactivities of ethylene and
propylene towards titanium haloalkoxy, alkoxy and non-
alkoxy complexes [4,5]. We have also studied the role of
electron donors in propylene polymerization [6].
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.jorganchem.2006.02.019

* Corresponding author. Tel.: +91 20 2588 6737; fax:+91 20 2588 4752.
E-mail addresses: sumit_bhaduri@ril.com (S. Bhaduri), samim@

vlifesciences.com (S. Mukhopadhyay), sudhirk@vlifesciences.com (S.A.
Kulkarni).
Another fundamental question deals with the assign-
ment of oxidation states to the titanium ions at the active
sites. The treatment of TiCl4 with alkyl aluminum is
expected and known to lead to the generation of titanium
species of lower oxidation states. A variety of techniques
such as potentiometric, polarographic, and redox titration
have been reported for determining the oxidation states of
titanium species present in the catalyst [7–9]. Data based on
ESR experiments have also been used [10,11]. However,
none of these techniques can differentiate between the bulk
and the surface titanium ions.

More recently, Somorjai and co-workers have prepared
model catalysts such as a thin film of TiClx/MgCl2 depos-
ited on a polycrystalline gold foil, or electron beam-
induced deposition of TiCl4 on a gold substrate. These cat-
alysts have been studied by ESCA and related techniques
and Ti4+, Ti3+, and Ti2+ ions have been identified on the
surface [12–14]. Computational studies on probable active
sites in ZN catalytic systems and their single site analogues
have also been reported [15–17]. Thus, for both monomeric
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Fig. 1. Geometrical parameters and Mulliken charges for optimized
geometries of active catalysts and olefins at B3LYP/LANL2DZ level.
Bond lengths are in Å. All the structures have been visualized by using
MDS 2.0 molecular modeling software [27].
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TiCl4 and TiCl3, coordination on the (11 0) MgCl2 face has
been found to be favored relative to coordination on the
(100) face [15]. However, while both Ti(IV) and Ti(III)
species can bind as stable adducts, for simple adducts
Ti(IV) is considered to be the dominant catalytic species
[16]. For a constrained geometry catalyst, Fan et al. have
also shown that the activation energies of ethylene inser-
tion into the Ti–C bond, are comparable for Ti(IV) and
Ti(III) species [17a].

From all these reports it is clear, that more work is
required for a definitive answer regarding the oxidation
state(s) of titanium at the active sites of ZN catalysts.
The work reported in this paper was undertaken from such
a perspective. Here, we report comparative results of DFT
calculations on model ZN catalysts in the oxidation states
of +4, +3 and +2. We have investigated the insertion of
ethylene and propylene in the Ti–CH3 bond for all these
oxidation states. Our results show that for both the alkenes
the activation barrier for Ti(IV) is substantially less than
that of Ti(III) or Ti(II).

2. Methodology

The model active catalysts (having one vacant site as
suggested by Cossee, [18]) selected for this work are
[TiCl2CH3]+, [TiCl2CH3], [TiCl2CH3]�1 (high spin) and
[TiCl2CH3]�1 (low spin) with the corresponding +4, +3,
+2 oxidation states for titanium. All the geometries have
been obtained using hybrid density functional method
B3LYP [19] (three parameter Becke’s exchange energy
functional along with correlation functional due to Lee,
Yang and Parr). The LANL2DZ basis set which includes
a double zeta valence basis set (8s5p5d)/[3s3p2d] for Ti
with the Hay and Wadt ECP replacing core electrons up
to 2p and Huzinaga–Dunning (D95) double zeta basis set
for all other atoms has been used throughout the calcula-
tions. In order to verify our computational results at level
of higher basis set, we have also used the extended basis
set including diffuse and polarization functions to
LANL2DZ basis for C, H and Cl atoms and will be desig-
nated as LANL2DZ* basis herein after [20a].

The vibrational frequencies and zero point energies
(ZPE) of all the stationary points have been obtained on
the potential energy surface (PES) of ethylene and propyl-
ene polymerization for the catalysts described above at
both LANL2DZ and LANL2DZ* levels. Single point sol-
vent (toluene) corrected relative energies (kcal/mol) for
all the stationary points at LANL2DZ level have also been
obtained using CPCM method [20b]. In this method, a
PCM (polarized continuum model) calculation is per-
formed using the polarizable conductor calculation model
(CPCM) [20b] in presence of solvent. The polarized contin-
uum (overlapping spheres) model (PCM) of Tomasi and
co-workers performs a PCM reaction field calculation
(SCRF) using the polarizable dielectric model
[20c,20d,20e]. The solvent toluene has been selected since
it is experimentally the most widely used solvent in these
systems. All our calculations have been performed using
the program GAUSSIAN 98 [21].

3. Results and discussion

The oxidation state of the metal in the active catalytic
species is an important factor for determining the olefin
polymerization activity [22]. In the real Ti catalyzed Zie-
gler–Natta polymerization, Ti exists in several oxidation
states of +2, +3, +4 [15–17,23]. Our studies are primarily
on the effect of variation of metal oxidation states on Zie-
gler–Natta catalyst activity and to investigate which Ti oxi-
dation states lead to most promising olefin polymerization
activities. This involved studying the olefin insertion step in
Ti-alkyl bond as per the Cossee mechanism [18] at a molec-
ular level with different Ti oxidation states.

The optimized structures of all reactants viz. active cat-
alysts and olefins at B3LYP/LANL2DZ level are displayed
in Fig. 1. Their corresponding structures at B3LYP/
LANL2DZ* level are all similar with an increase of Ti–
C(Me) bond lengths, a decrease of Ti–Cl bond lengths
but the overall trends of variation of these parameters
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remain the same as with the LANL2DZ level of calculation
(cf. Table 2). Also, the C@C bonds in free ethylene and
propylene gets reduced by 0.008 Å on moving to the higher
basis set (cf. Table 2). The zero point energy (ZPE) cor-
rected relative energies (kcal/mol) of stationary points on
the PES of ethylene and propylene polymerization using
[TiCl2CH3]n (n = +1, 0, �1) active catalysts corresponding
to Ti oxidation states of +4, +3, +2 at B3LYP/LANL2DZ
level are reported in Table 1. The corresponding relative
energies (kcal/mol) computed at B3LYP/LANL2DZ* level
are shown in parentheses (cf. Table 1). The Mulliken
charges on Ti in the active catalysts on moving from Ti(IV)
to Ti(II) (high and low spins) progressively decrease from
+0.950 (Ti(IV)) to +0.765 (Ti(III)) to +0.468 (Ti(II) high
spin) to +0.309 (Ti(II) low spin), respectively (cf. Fig. 1),
at B3LYP/LANL2DZ level. At B3LYP/LANL2DZ* level,
the Mulliken charges on Ti vary from +1.109 (Ti(IV)) to
+0.954 (Ti(III)) to +0.702 (Ti(II) high spin) to +0.448
(Ti(II) low spin), respectively, indicating similar trend at
both levels of calculations. This is expected due to addition
of d electrons to the metal. The important bond lengths (in
Å) in active catalysts, olefins and complexes at both levels
of calculation are listed in Table 2.

The optimized geometries of stationary points viz. olefin
complexes, transition states and products observed on the
PES of olefin (ethylene and syn propylene as representative
examples) insertion in the active catalysts [TiCl2CH3]+,
[TiCl2CH3] and [TiCl2CH3]�1 (high and low spins) at
B3LYP/LANL2DZ level are displayed in Figs. 2–4, respec-
tively. It is observed once again that the overall trends in
structural parameters throughout the complexes, TSs and
products remain the same at both levels of calculation with
the only exception of syn propylene complex of Ti(IV)
Table 1
Zero point energy (ZPE) corrected relative energies (kcal/mol) of stationa
[TiCl2CH3]n (n = +1, 0, �1) catalyst at B3LYP/LANL2DZ levela and B3LYP

Active catalyst Olefin E(Complex)

[TiCl2CH3]+ C2H4 �37.98 (�35.01)
C3H6 (Syn) �40.99 (�41.21)d

C3H6 (Anti) �48.28 (�43.73)

[TiCl2CH3] C2H4 �12.35 (�12.13)
C3H6 (Syn) �12.58 (�12.07)
C3H6 (Anti) �13.63 (�12.97)

[TiCl2CH3]�1 high spin C2H4 �11.90 (�11.88)
C3H6 (Syn) �9.28 (�9.69)
C3H6 (Anti) �9.88 (�10.03)

[TiCl2CH3]�1 low spin C2H4 �36.33 (�35.87)
C3H6 (Syn) �31.91 (�32.30)
C3H6 (Anti) �33.20 (�33.38)

a Total ZPE corrected energies (electronic + ZPE in au) calculated
[TiCl2CH3]+ = �127.647569; [TiCl2CH3] = �127.974497; [TiCl2CH3]�1 high
�78.526874; C3H6 = �117.811103.

b Total ZPE corrected energies (electronic + ZPE in au) calculated at B3LYP
functions for C, Cl, H) of active catalysts and olefins are: [TiCl2
spin = �128.076918; [TiCl2CH3]�1 low spin = �128.054357; C2H4 = �78.5488

c Eact is insertion barrier in kcal/mol.
d This structure is the intermediate as discussed in the text.
active catalyst, [TiCl2CH3]+. This has been discussed in
the following sections. The relative energy profiles for eth-
ylene and syn propylene insertion into solvated and unsol-
vated [TiCl2CH3]+ at B3LYP/LANL2DZ level are
displayed in Figs. 5 and 6, respectively.

Titanium is in distorted tetrahedral environment in all
the complexes and TSs (cf. Figs. 2 and 3). The meaning
of syn and anti terminology used throughout this work
refers to the relative orientations of the methyl group of
propylene with respect to the Ti–CH3 bond. If both the
methyl groups are on the same side then the structure is
called syn-, otherwise it is referred to as anti-. It may be
noted that the insertion of propylene in the Ti-alkyl bond
in the syn- and anti-structures leads to the formation of
anti-Markovnikov (Ti bonded to unsubstituted or less
branched carbon) and Markovnikov products,
respectively.

3.1. Structure and bonding aspects

We observe that the Ti–ligand bond distances in the
active catalysts get reduced as we move from Ti(II) to
Ti(III) and Ti(IV) systems as shown in Table 2. In the
active catalysts, the reduction of Ti–CH3 bond lengths is
from Ti(II) high spin to Ti(III) by 0.117 Å and from Ti(III)
to Ti(IV) by 0.065 Å at B3LYP/LANL2DZ level and sim-
ilar reduction values of 0.113 Å and 0.066 Å, respectively,
for these at B3LYP/LANL2DZ* level. Similarly for the
Ti–Cl bond lengths in active catalysts, the reduction is from
Ti(II) high spin to Ti(III) by 0.172 Å and from Ti(III) to
Ti(IV) by 0.089 Å at B3LYP/LANL2DZ and similar
reduction values of 0.179 and 0.095 Å, respectively, for
these at B3LYP/LANL2DZ* level. This may be attributed
ry points on the PES of ethylene and propylene polymerization using
/LANL2DZ* levelb (values in parentheses)

E(TS) Eact
c E(Product)

�29.92 (�29.33) 8.06 (5.73) �42.49 (�42.27)
�33.84 (�32.65) 7.15 (8.56) �42.05 (�41.96)
�30.41 (�29.52) 17.87 (14.21) �43.66 (�43.62)

3.92 (3.06) 16.27 (15.19) �16.59 (�18.04)
5.68 (4.65) 18.26 (16.72) �13.21 (�5.38)
7.84 (6.64) 21.47 (19.61) �13.28 (�7.78)

17.33 (16.25) 29.23 (28.13) �14.74 (�16.55)
20.83 (18.73) 30.11 (28.42) �12.36 (�14.67)
22.50 (20.79) 32.38 (30.82) �9.51 (�11.98)

25.03 (21.38) 61.36 (57.25) �14.88 (�17.02)
28.96 (24.77) 60.87 (57.07) �12.51 (�15.22)
29.26 (24.81) 62.46 (58.19) �7.81 (�10.90)

at B3LYP/LANL2DZ level of active catalysts and olefins are:
spin = �128.045275; [TiCl2CH3]�1 low spin = �128.024322; C2H4 =

/LANL2DZ* level (LANL2DZ* = LANL2DZ + diffuse and polarization
CH3]+ = �127.687347; [TiCl2CH3] = �128.004143; [TiCl2CH3]�1 high
46; C3H6 = �117.844656.



Table 2
Important bond lengths (in Å) for optimized structures of active catalysts, complexes and olefin at B3LYP/LANL2DZ level and B3LYP/LANL2DZ* level
(values in parentheses)

Active catalyst Bond lengths (Å) (active catalyst) Olefin Bond lengths (Å) (Complex)

[TiCl2CH3]+Ti(IV) Ti–Cl 2.156 (2.122) C2H4 Ti–C(et) 2.302 (2.331)
Ti–C(CH3) 1.975 (1.985) Ti–C(et) 2.855 (2.772)

C@C (i)a 1.373 (1.361)
Ti–C(CH3) 1.984 (1.997)

C3H6 (Syn) Ti–C(pp) 2.336 (2.959)b

Ti–C(pp) 2.732 (2.276)b

C@C (i) 1.374 (1.374)b

Ti–C(CH3) 1.994 (2.001)b

C3H6 (Anti) Ti–C(pp) 2.234 (2.259)
Ti–C(pp) 2.929 (2.840)
C@C (i) 1.390 (1.377)
Ti–C(CH3) 1.987 (1.999)

[TiCl2CH3]Ti(III) Ti–Cl 2.245 (2.217) C2H4 Ti–C(et) 2.376 (2.349)
Ti–C(CH3) 2.040 (2.051) Ti–C(et) 2.413 (2.386)

C@C (�^)a 1.382 (1.372)
Ti–C(CH3) 2.045 (2.058)

C3H6 (Syn) Ti–C(pp) 2.375 (2.351)
Ti–C(pp) 2.529 (2.480)
C@C(�i) 1.380 (1.372)
Ti–C(CH3) 2.064 (2.073)

C3H6 (Anti) Ti–C(pp) 2.370 (2.351)
Ti–C(pp) 2.490 (2.444)
C@C(between i and ^) 1.382 (1.373)
Ti–C(CH3) 2.047 (2.058)

[TiCl2CH3]�1Ti(II) high spin Ti–Cl 2.417 (2.396) C2H4 Ti–C(et) 2.364 (2.344)
Ti–C(CH3) 2.157 (2.164) Ti–C(et) 2.376 (2.359)

C@C (^) 1.402 (1.389)
Ti–C(CH3) 2.140 (2.151)

C3H6 (Syn) Ti–C(pp) 2.404 (2.421)
Ti–C(pp) 2.403 (2.334)
C@C(�i) 1.398 (1.387)
Ti–C(CH3) 2.153 (2.157)

C3H6 (Anti) Ti–C(pp) 2.383 (2.365)
Ti–C(pp) 2.400 (2.379)
C@C(�^) 1.400 (1.388)
Ti–C(CH3) 2.144 (2.152)

[TiCl2CH3]�1Ti(II) low spin Ti–Cl 2.334 (2.315) C2H4 Ti–C(et) 2.079 (2.080)
Ti–C(CH3) 2.109 (2.116) Ti–C(et) 2.113 (2.116)

C@C(�^) 1.474 (1.459)
Ti–C(CH3) 2.095 (2.106)

C3H6 (Syn) Ti–C(pp) 2.082 (2.084)
Ti–C(pp) 2.125 (2.125)
C@C(�^) 1.473 (1.459)
Ti–C(CH3) 2.094 (2.103)

C3H6 (Anti) Ti–C(pp) 2.114 (2.116)
Ti–C(pp) 2.084 (2.086)
C@C(�^) 1.474 (1.460)
Ti–C(CH3) 2.095 (2.105)

a i, ^ means C@C bond of ethylene(et) or propylene(pp) is parallel, perpendicular to Ti–C(CH3), respectively. C@C (ethylene) 1.348 Å (1.340 Å); C@C
(propylene) 1.350 Å (1.342 Å).

b The values correspond to intermediate structure as discussed in the text.
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Fig. 2. Optimized geometries of all ethylene and propylene complexes of
[TiCl2CH3]n (n = +1, 0, �1) active catalysts at B3LYP/LANL2DZ level.
Bond lengths are in Å. Fig. 3. Optimized geometries of all ethylene and propylene transition

states of [TiCl2CH3]n (n = +1, 0, �1) active catalysts at B3LYP/
LANL2DZ level. Bond lengths are in Å.
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to reduction of radius from Ti(II) to Ti(IV) and stronger
ability to accept electron density. Similar behaviour was
previously observed in some Ti(III) and Ti(IV) systems
[17a].

The structural aspects of the B3LYP/LANL2DZ opti-
mized structures of active catalyst, olefin complexes, transi-
tion states and products of [TiCl2CH3]+ with Ti(IV)
oxidation state has already been dealt with in one of our
previous works [4] and so will not be discussed in details
here. Similar structural trends are also observed for these
Ti(IV) systems even at extended B3LYP/LANL2DZ* level.
The only exception to this is the geometry of syn propylene
complex: At LANL2DZ level we found a syn complex with
propylene parallel to Ti–CH3 bond, however at
LANL2DZ* similar complex has one small imaginary fre-
quency (�24.2 cm�1) and a stable complex with olefin
almost perpendicular to Ti–CH3 bond was also found.
Thus, we can assume that syn complex of propylene which
has almost perpendicular geometry goes to an intermediate
structure that is similar to syn complex geometry at
LANL2DZ and subsequently undergoes propylene inser-
tion into Ti–CH3 bond.

In general, irrespective of oxidation states and the levels
of calculation, some common trends are observed through-
out the series: the elongation of C@C bond from free olefin
to complexes and from complexes to corresponding



Fig. 4. Optimized geometries of all ethylene and propylene products of
[TiCl2CH3]n (n = +1, 0, �1) active catalysts at B3LYP/LANL2DZ level.
Bond lengths are in Å.
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transition states (TSs), elongation of Ti–C(Me) and short-
ening of Ti–C(olefin) bonds from complexes to correspond-
ing TSs are followed. Apart from the above trends, some
notable differences on moving from the Ti(IV) to Ti(II) sys-
tems are: while the olefins are almost always in parallel ori-
entation to the Ti–CH3 bond in all complexes of the Ti(IV)
system, they vary between parallel and perpendicular ori-
entations to the Ti–CH3 bond in the other Ti oxidation
(cf. Table 2).

It is also interesting to note that while all the TSs for
both ethylene and propylene Ti(IV) systems are early
TSs (more complex-like), the TSs for both ethylene and
propylene Ti(III) and Ti(II) high and low spin systems
are late TSs (more product-like). This is reflected in the
Ti–CH3 elongation in the Ti(III) and Ti(II) high and
low spin TSs compared to that in the Ti(IV) system (cf.
Fig. 3). These TSs therefore lead to Ti(III), Ti(II) high
and low spin products with growing alkyl chain that are
more open and pointing away from Ti than the more
closed product complexes of the Ti(IV) catalytic system
with shorter Ti–C (terminal Me of growing alkyl chain)
distances (cf. Fig. 4) with the terminal Me bending back
closer to Ti. Such structural variation among the different
Ti(IV) to Ti(II) transition states and products are repro-
duced at both LANL2DZ and LANL2DZ* levels. This
is evident from the corresponding Ti–C (terminal Me of
growing alkyl chain) distances in the olefin inserted prod-
ucts which change from 2.225–2.258 Å (2.204–2.243 Å)
for Ti(IV) products to 3.487–3.674 Å (3.663–3.778 Å) for
Ti(III) products to 3.068–3.694 Å (3.607–3.744 Å) for
Ti(II) high spin products to 3.634–3.749 Å (3.634–
3.785 Å) for Ti(II) low spin products at B3LYP/
LANL2DZ (cf. Fig. 4) and B3LYP/LANL2DZ* levels
(values in parentheses) of computation. The correspond-
ing variation of the Ti–C–C (growing alkyl chain) bond
angle is observed from acute angle values of �82–85�
for Ti(IV) products to obtuse angles in products of other
Ti oxidation states, viz. Ti(III) �113–121�, Ti(II) high
spin �115–122� and Ti(II) low spin �114–123� at
B3LYP/LANL2DZ (cf. Fig. 4) and very similar values
and trends at B3LYP/LANL2DZ* level of computation.
This structural variation can be rationalized on the basis
of Mulliken charges on Ti and C* (terminal C of the
growing alkyl chain) in all the products.

The Mulliken charges calculated at both B3LYP/
LANL2DZ, LANL2DZ* (values in parentheses) in Ti(IV)
and C* atoms in the ethylene, syn and anti propylene prod-
ucts are within ranges of 0.696 to 0.907 (1.014 to 1.128) for
Ti(IV) and �0.851 to �0.853 (�0.481 to �0.536) for C*.
These values correspondingly get reduced to 0.607 to
0.674 (0.852 to 0.887) for Ti(III) and �0.612 to �0.634
(�0.215 to �0.236) for C*. On moving to the Ti(II) high
and low spin olefin inserted products, further reduction
of Mulliken charges on Ti occurs to 0.358 to 0.387 (0.566
to 0.674) for the Ti(II) high spin centre and to 0.198 to
0.219 (0.204 to 0.288) for the Ti(II) low spin centre. The
charges on C* range from �0.627 to �0.655 (�0.237 to
�0.247) and from �0.631 to �0.657 (�0.187 to �0.321)
in the Ti(II) high and low spin products, respectively. At
both levels of calculation, this variation of charge on Ti



Fig. 5. Relative energy profile for ethylene insertion into solvated and unsolvated [TiCl2CH3]+ at B3LYP/LANL2DZ level.

Fig. 6. Relative energy profile for propylene syn insertion into solvated and unsolvated [TiCl2CH3]+ at B3LYP/LANL2DZ level.
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clearly shows that the electrostatic attractive interactions
between Ti centre and the terminal C of growing alkyl
chain is maximum in the Ti(IV) products and progressively
decreases in Ti(III) and Ti(II) products. This leads to
Ti(IV) closed product structures with short Ti–C (terminal
C atom of growing alkyl chain) distances having acute Ti–
C–C (growing alkyl chain) angle. With decreasing Ti
charge in other oxidation states, they exhibit longer Ti–C
(terminal C atom of growing alkyl chain) distances and
obtuse Ti–C–C angle leading to open product structures
as shown representatively in Fig. 4 with B3LYP/
LANL2DZ level structures.

In general, the agostic interactions observed also follow
similar trends at both basis sets of calculation. We have
earlier reported that for the Ti(IV) model system, the TSs
for insertion of ethylene and propylene exhibit reasonable
a-agostic interactions [4] and weak c-agostic Ti� � �H(Me)
interactions for the products. The agostic bond lengths
reported below have been calculated at both B3LYP/
LANL2DZ and B3LYP/LANL2DZ* (values in parenthe-
ses) levels showing similar trends.

In the Ti(IV) ethylene TS, the short Ti� � �H(CH3) dis-
tance, 2.046 Å (1.983 Å) and one long C–H bond of CH3,
1.140 Å (1.145 Å) against 1.096 Å, 1.091 Å (1.097 Å,
1.093 Å) for the other two C–H bonds is indicative of rea-
sonable a-agostic interactions. In the corresponding Ti(IV)
ethylene inserted product, the short Ti� � �H(CH3) distance,
2.245 Å (2.112 Å) and one long C–H bond of CH3, 1.116 Å
(1.125 Å) against 1.114 Å, 1.094 Å (1.113 Å, 1.096 Å) for
the other two C–H bonds is indicative of weak c-agostic
interactions.

These features however are not always found in all TSs
and products of the other Ti oxidation states. For the
Ti(III) and Ti(II) low spin ethylene TSs, all the Ti(II) high
and low spin products and all the Ti(III) products no ago-
stic interactions could be observed. Wherever present, the
Ti(III), Ti(II) TSs have weak to very weak a-agostic inter-
actions. Such agostic interactions lead to stabilization of
the respective TSs.

Since similar trends of agostic interactions are observed
for both levels of our calculations, we report here some
representative agostics observed for the Ti(III) to Ti(II)
TSs at B3LYP/LANL2DZ level (cf. Figs. 3 and 4). For
the Ti(III) syn propylene TS, the short Ti� � �H(CH3) dis-
tance, 2.351 Å and one long C–H bond of CH3, 1.109 Å
against 1.102 Å, 1.089 Å for the other two C–H bonds
indicates very weak a-agostic interactions. For the Ti(III)
anti propylene TS, the short Ti� � �H(CH3) distance,
2.295 Å and one long C–H bond of CH3, 1.111 Å against
1.090 Å, 1.099 Å for the other two C–H bonds indicates
weak a-agostic interactions. For the Ti(II) high spin eth-
ylene and syn and anti propylene TSs and for the Ti(II)
low spin syn and anti propylene TSs, the short
Ti� � �H(CH3) distance ranges from around 2.300–2.400 Å
and the corresponding C–H of CH3 distances between
1.111 and 1.094 Å all indicating very weak a-agostic
interactions.
3.2. Energetics

Ziegler et al. for their Ti(IV) and Ti(III) based con-
strained geometry catalysts (CGC) catalysts found that
the much stronger P-complex of Ti(III) is one the most
important difference between Ti(III) and Ti(IV), which
facilitate the subsequent insertion step [17a]. However,
for the present model systems, we observe that Ti(IV) is
more stabilized than Ti(III) complexes (cf. Table 1). In fact
for our systems, at B3LYP/LANL2DZ level, the ethylene
and syn propylene P-complexation energies for the Ti(IV)
system are around 38–41 kcal/mol which fall to about
12.4–12.6 kcal/mol for the corresponding Ti(III) systems
(cf. Table 1) which agrees well with expected results since
the reduction of Ti oxidation state and hence positive
charge on Ti from IV to III also reduces the olefin-Ti inter-
actions in P-complexation. Similar relative energy results
are also observed for our extended LANL2DZ* level calcu-
lations (cf. Table 1). These results markedly differ from
those of Ziegler et al. for their Ti(IV), Ti(III) based CGC
catalyst systems where the model considered itself is of a
different system, CGC [(SiH2–C5H4–NH)TiCH3]n (n = 0,
+1), with ethylene binding energies of around 20.8 kcal/
mol for the Ti(IV)- and around 22.7 kcal/mol for Ti(III)-
based CGC system [17a].

We have found that the P-complexation energies of eth-
ylene with [TiCl2CH3]+ containing Ti(IV) and with
[TiCl2CH3]�1 containing Ti(II) low spin, are comparable
with values of �37.9 and �36.3 kcal/mol, respectively,
and that for [TiCl2CH3] with Ti(III) and [TiCl2CH3]�1 with
Ti(II) high spin are also comparable with values of �12.4
and �11.9 kcal/mol, respectively, at B3LYP/LANL2DZ
level and similar relative energy values also at the extended
LANL2DZ* level (cf. Table 1). This reflects that both
Ti(IV) and Ti(II) low spin catalysts which are closed shell
systems behave similarly in terms of ethylene complexation
and the same is true for both Ti(III) and Ti(II) high spin
catalysts which are open shell systems.

We have shown earlier that for Ti catalysts with differ-
ent alkoxy and non-alkoxy ligands having varying hetero-
atoms (O, N, S), the insertion barriers for propylene are
about 3–6 kcal/mol higher than the corresponding ethyl-
ene insertion barriers [4,5]. In contrast, in the present
case, the activation barriers (Eact) for ethylene and propyl-
ene syn insertion in the Ti–CH3 bond are comparable for
different Ti oxidation states of +2, +3, +4. These are
lower than corresponding barriers for propylene insertions
in anti fashion at both levels of basis sets used (cf. Table
1) [4]. We have earlier observed similar trends of syn pro-
pylene insertion barriers being lower than anti barriers
with the Ti(IV) catalyst system [4,5] in accordance with
known experimental facts and several modeling studies
[16a,16b,23]. Our computational results at both levels of
calculation for all the Ti oxidation states are in accor-
dance with the experimental observation [24] that both
ethylene and propylene can be polymerized using this
catalyst.
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As discussed earlier, in case of insertion of propylene in
syn fashion in Ti(IV) catalyst at B3LYP/LANL2DZ* level,
we observed syn complex as well as syn intermediate that
leads to propylene insertion. The relative energy profile
for syn propylene insertion into unsolvated [TiCl2CH3]+

at B3LYP/LANL2DZ* level is displayed in Fig. 7. The
entire process of propylene insertion is viewed as follows.
The syn propylene P-complexation energy is �42.93 kcal/
mol and in a small uphill process of 1.72 kcal/mol this
syn propylene complex converts to the corresponding inter-
mediate (cf. Fig. 7). This process is required for the propyl-
ene to reorient from perpendicular to parallel orientation
to Ti–CH3 for insertion. This intermediate is stabilized by
�41.21 kcal/mol (cf. Table 1 and Fig. 7) and the propylene
is oriented favorably for converting to the corresponding
syn TS. This intermediate gets converted to the correspond-
ing syn TS with activation barrier (Eact) of 8.56 kcal/mol
(cf. Table 1 and Fig. 7) which ultimately leads to the corre-
sponding products. Thus, it’s once again observed that the
activation barriers (Eact) for ethylene (5.73 kcal/mol) and
propylene syn insertion in the Ti–CH3 bond (8.56 kcal/
mol) are comparable for Ti(IV) oxidation state even at
the LANL2DZ* level of calculations (cf. Table 1).

The [TiCl2CH3]+ with Ti(IV) has the lowest Eact (where
Eact = activation barrier of olefin insertion in Ti–CH3

bond) for both ethylene and propylene. Eact progressively
increases in the order Ti(IV) < Ti(III) < Ti(II) high spin <
Ti(II) low spin active catalysts for both levels of basis sets
used in the calculations (cf. Table 1). This indicates that
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Fig. 7. Relative energy profile for propylene syn insertion in
catalyst activity for olefin polymerization would be highest
for the Ti(IV) systems and progressively decrease from
Ti(IV) to Ti(III) to Ti(II) systems in accordance with
known experimental facts and several other modeling stud-
ies [16a,16b,23]. These results are in line with studies by
Boero et al. [16b,16c] considering the highly reactive Ti(IV)
centre as the dominant catalytic species possessing high
degree of stereoselectivity to select the appropriate propyl-
ene enantioface in the chain growth process. Although
other possibilities of Ti oxidation states in any Ziegler–
Natta heterogeneous system were not excluded [14,25], this
choice was based on the recent extended X-ray absorption
fine structure (EXAFS) experiments [16c,26]. These and
our results, however, differ from those of Ziegler et al.
for their Ti(IV) and Ti(III) based CGC catalysts with a dif-
ferent model system as mentioned earlier. By using DFT-
MM methods these authors had reported that the ethylene
insertion process for both Ti oxidation states was quite fea-
sible with the Ti(IV) and Ti(III) complexes possessing mod-
est comparable insertion barriers [17a].

For our model systems, a comparison of the frontier
orbitals (highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO)) energies
of the active catalysts with those of uncomplexed ethylene
and propylene, reveals the extent of back bonding in the
complexes. We observe that back bonding of electrons
from Ti-active catalyst (filled P orbitals, HOMO) to olefin
(LUMO, i.e., P* anti-bonding MO) progressively increases
in the order Ti(IV) < Ti(III) < Ti(II high spin) < Ti(II low
eaction coordinate
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to unsolvated [TiCl2CH3]+ at B3LYP/LANL2DZ* level.



S. Bhaduri et al. / Journal of Organometallic Chemistry 691 (2006) 2810–2820 2819
spin) catalyst systems with increased electron density on
metal from Ti(IV) to Ti(II) for both B3LYP/LANL2DZ
and LANL2DZ* level calculations (cf. Fig. 1). The extent
of increase in electron density is also seen from decrease
in charge on Ti for the Ti(II) systems over the Ti(III) and
Ti(IV) systems (cf. Fig. 1). The effect of back bonding is
also reflected in the corresponding C@C(olefin) elongation
and Ti–C(olefin) shortening for both ethylene and propyl-
ene in the corresponding complexes across the series which
is reproduced at both LANL2DZ and LANL2DZ* level of
calculations (cf. Table 2). Such back bonding effects on
C@C(olefin) and Ti–C(olefin) bond lengths have also been
earlier reported by Ziegler et al. [17a] for ethylene insertion
in Ti–CH3 bonds of Ti(III) and Ti(IV) constrained geome-
try catalysts (CGC).

We have already observed that while the olefins are
almost always in parallel orientation to the Ti–CH3 bond
in all complexes of the Ti(IV) system, they are in almost
perpendicular orientations to the Ti–CH3 bond in the
Ti(II) complexes. This could be rationalized by the signifi-
cant increase of Ti to olefin P-back bonding on moving
from Ti(IV) to Ti(II) systems. For Ti(IV) system, where
the metal-olefin stabilizing interaction is mainly r-dona-
tion from the olefin to Ti(IV), the P orbital symmetry
requirements are satisfied with parallel orientation of olefin
with the Ti–CH3 bond. In case of electron rich Ti(II) sys-
tems, the metal olefin stabilizing interaction is mainly due
to back bonding from Ti (filled P orbitals, HOMO) to ole-
fin (P*-antibonding LUMO) for which the appropriate
orbital symmetries are satisfied with perpendicular orienta-
tion of olefin with respect to the Ti–CH3 bond.

In order to study the effect of solvent in these systems,
single point energy calculations on all the optimized geom-
etries were carried out with toluene as solvent at B3LYP/
LANL2DZ level using the CPCM method [20b]. A com-
parison of relative energies of the solvated systems with
the unsolvated ones (cf. Table 1) reveals that in general
some common trends are observed in both the solvated
and unsolvated systems. The insertion barriers for ethylene
and syn propylene are comparable, whereas propylene
insertion in anti fashion has higher barriers for all oxida-
tion states of Ti. The solvated Ti(IV) active catalyst has
the lowest Eact over that for other Ti oxidation states.
The order for Eact being Ti(IV) < Ti(III) < Ti(II) high
spin < Ti(II) low spin for all the solvated catalysts. One
of the notable differences between the two systems is that
Eact for ethylene and syn propylene insertions get reduced
to almost half the value in the solvated Ti(IV) system com-
pared to that in the corresponding unsolvated system.
There is no such dramatic change in the olefin insertion
barriers for the Ti(III) and Ti(II) systems which show com-
parable insertion barriers both in solvated and correspond-
ing unsolvated forms. The relative energy profiles for
ethylene and syn propylene insertion into solvated and
unsolvated [TiCl2CH3]+ with Ti(IV) are displayed in Figs.
5 and 6, respectively. The relative energy profiles for the
other Ti oxidation states are not shown since there is no
appreciable change of olefin insertion barriers between
unsolvated and solvated forms.

The effect of solvation for the Ti(IV) system is therefore
twofold. Firstly, it destabilizes the solvated olefin complex
with respect to the unsolvated analogues. Secondly, it
destabilizes the corresponding solvated transition states
with respect to the unsolvated analogues but to a much
smaller extent. The net effect is a significant lowering of
activation barrier for alkene insertion in the Ti(IV) system
from unsolvated to solvated forms. In presence of solvent,
in general Ti(II) and Ti(III) stationary points are stabilized
over corresponding unsolvated states, however, the olefin
insertion barriers remain more or less unchanged.

The net effect of solvation on olefin insertion barriers of
our Ti(IV) catalyst system is therefore observed to be much
more remarkable than its effect on the neutral Ti(III) and
anionic Ti(II) catalyst systems.

4. Concluding remarks

It is well known that in the real Ti catalyzed Ziegler–
Natta (ZN) polymerization, Ti exists in several oxidation
states of +2, +3, +4 [15–17,23]. Our studies explored the
effect of variation of these metal oxidation states on Zie-
gler–Natta catalyst activity in order to investigate which
Ti oxidation states lead to most promising olefin polymer-
ization activities.

The effect of forward- and back-bonding between metal
and ligand on structure and catalyst activity of Ti(IV) to
Ti(II) olefin complexes is explored and rationalized on
the basis of orbital overlaps at B3LYP calculation levels
of both LANL2DZ and its extended LANL2DZ* version.
For both solvated as well as unsolvated [TiCl2CH3]n

(n = +1, 0, �1) catalyst systems, we have found that: (i)
The activation barriers (Eact) for ethylene and syn propyl-
ene insertion in Ti–CH3 bond are comparable, and lower
than corresponding barriers for anti propylene insertions.
(ii) The [TiCl2CH3]+ catalyst with Ti(IV) has the lowest
Eact which progressively increases in the order Ti(IV) <
Ti(III) < Ti(II) high spin < Ti(II) low spin catalysts. This
indicates that catalyst activity for olefin polymerization
would be highest for the Ti(IV) systems progressively
decreasing from Ti(IV) to Ti(III) to Ti(II) systems as sug-
gested in experimental and several other modeling studies
[16a,16b,23]. All the above trends for the unsolvated Ti(IV)
to Ti(II) systems are reproduced at both B3LYP/
LANL2DZ and extended LANL2DZ (LANL2DZ*) levels
of calculation. However, there is a remarkable decrease of
ethylene and syn propylene insertion barriers to Ti–CH3

bond only from the unsolvated Ti(IV) system to the sol-
vated Ti(IV) system but not for the other Ti oxidation
states as seen from the B3LYP/LANL2DZ level calcula-
tions on the solvated systems.

Our computational results for all the Ti oxidation states
match well with the experimental observation that, in the
real ZN system which is a mixture of +2, +3, +4 Ti oxida-
tion states, both ethylene and propylene can be polymer-
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ized using the conventional TiCl4/MgCl2 ZN catalyst.
Finally, our computations unambiguously reveal that
Ti(IV) is the most active species in Ziegler–Natta catalyst
system although existence of other Ti oxidation states have
been shown by several studies [14–17,23,25].
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