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Abstract 

Olefin insertion into Ti--methyl bonds of methyltitanium chloride clusters on a TiCI, crystalline surface has been studied by 
using paired interacting orbitals (PIO). We have shown that at least two types of active sites can be assumed on the edge of the 
basal face of violet TiCI crystallites: a edge type active site which possesses a dangling bonded Cl atom, four bridged Cl atoms 
and a Cl vacancy and a comer type active site which possesses a dangling bonded Cl atom, three bridged Cl atoms and two Cl 
vacancies. The size effects on these active site have been estimated by changing the number of titanium atoms of the TiCI, 

model clusters. The most important interaction in the olefin coordinated state is electron delocalization from the occuipied Ti d,; 
orbital of the methyltitanium chlorides to the n* orbital of the coordinated olefin molecule, while in the transition state is electron 
delocalization from the occupied C p and Ti d, orbital of the methyltitanium chloride species to the n* orbital of the olefin. 
These interactions are compactly shown in PIO’s. The coordination energy and the activation energy for the olefin insertion are 
almost independent of the cluster size when the number of Ti atoms is greater than three. The comer type active site has been 
shown to be stabilized at the transition state by the absence of one of the Cl atoms which are located orthogonal to the insertion 
plane. Thus, the olefin insertion on the comer type active site is more favorable than that on the edge type active site. In the case 
of propylene insertion, syn-orientation of propylene is favored. This regioselectivity should be lower on the corner type active 
site than that on the edge type active site. 

1. Introduction 

One of the most important discoveries in this 
century in chemistry and in chemical industries is 
the Ziegler-Natta catalysts for polymerization of 
olefins. The highly active heterogeneous catalysts 
have modernized the polyolefins manufacturing 
processes and now gas phase processes are 
becoming the main stream of new production 
technologies. As the manufacturing processes 
become more efficient, more sophisticated cata- 
lysts which are able to control molecular weight 

and its distribution, copolymerization ratio, regio- 
and stereo-selectivities and so on, are also required 
to give polymers with desirable chemical and 
physical properties. Since the discovery of highly 
active homogeneous metallocene catalysts by 
Kaminsky et al. [ 11, much interest has been 
directed to homogeneous catalysts, because of 
their possibilities of producing versatile polymers: 
syndiotactic polypropylene, syndiotactic polysty- 
rene, ethylene/a-olefin copolymer with very nar- 
row MWD etc. It is important to know the factors 
that play crucial roles in the polymerization proc- 

* Corresponding author 

1381-l 169/95/$09.50 0 1995 Elsevier Science B.V. All rights reserved 
SSDIl381-1169(95)00002-X 



16 A. Shiga et al. /Journal of Molecular Catalysis A: Chemical 98 (1995) 15-24 

esses in order to develop new sophisticated cata- such as industrial Ziegler-Natta catalysts, without 
lysts. invoking time-consuming calculations. 

A number of studies have been reported on the 
mechanism of polymerization by heterogeneous 
Ziegler-Natta catalysts [ 21. Though the Cossee 
mechanism has widely been accepted as the most 
plausible [ 31, it is still qualitative. Novaro et al. 
[4] first studied the ethylene insertion process in 
the Cossee mechanism by means of ab initio 
restricted Hartree-Fock calculations. They veri- 
fied the concerted motion that had been proposed 
by Armstrong et al. [ 51, and estimated the acti- 
vation energy roughly to be 15 kcal mol- ‘. Recent 
developments in ab initio molecular orbital com- 
putational methods make it possible to determine 
the potential-energy profile of a full catalytic cycle 
[ 61. Kawamura et al. [ 71 have reported the poten- 
tial-energy profile of the olefin insertion which is 
the essential step in the Cossee polymerization 
mechanism. Jolly and Marynick [ 81 reported the 
direct insertion polymerization of ethylene by a 
real Ziegler-Natta initiator system, 
[ Cp,TiCH3] + . The activation energy obtained 
was 9.8 kcal mol- ’ using ab initio calculations 
with MP2-level corrections. 

In this paper we study olefin polymerization on 
a TiCl, crystalline surface with a view to obtaining 
information useful for development of new homo- 
geneous so-called single site catalysts. This study 
consists of three parts. 

1: modeling of an active site; we cut off titanium 
chloride clusters [Ti,Cl,] --m+3n from the edge 
and the comer of the basal face of a-TiC13 crys- 
tallite as a precursor of the active site. 

2: orbital interactions in ethylene insertion of 
the methyl-Ti bond of the active site; we analyze 
the n complex and the transition state by using 
PIO. 

3: factors affecting the insertion process; we 
discuss effects of the size of the cluster and the 
geometry of propylene insertion. 

2. Method 

2.1. Elucidation of an active site model 

From a practical point of view, ab initio calcu- 
lations are not easy to apply to the large catalytic 
systems used in industry. In addition, molecular 
orbitals spread over the whole molecular system 
and, therefore, it is not easy to understand the 
interactions between two large molecules. 

Fujimoto et al. [ 91 proposed a method of deter- 
mining unequivocally the orbitals which should 
play dominant roles in interactions between two 
systems. Then, interactions were represented 
compactly in terms of a few pairs of localized 
orbitals. In each orbital pair, one orbital belongs 
to one fragment species and the other orbital to 
the other fragment species. They called those orbi- 
tals ‘paired interacting orbitals’ (PIO) . Although 
this analysis was proposed originally for ab initio 
calculations, we reported that this approach was 
also useful in analyzing the results of extended 
Htickel calculations [lo]. This method is partic- 
ularly of use as a conventional tool to gain insight 
into the role of complicated catalytic systems, 

Many kinetic, morphological and crystallo- 
graphic studies of heterogeneous polymerization 
catalysts have revealed that the violet TiC13 cata- 
lyst is composed of agglomerates of microcrys- 
tallites and the precursor of an active site is located 
on the edge of the basal face of violet TiC13 crys- 
talline surfaces. It has a Cl vacancy and a dangling 
boned Cl atom with a dangling bond which is 
alkylated by an alkylaluminum co-catalyst to form 
the active site [ 21. The formation of an active site 
is illustrated schematically in Fig. 1. 

Fig. 2 shows the structure of a CH3Ti&14, 
cluster which has been removed from the edge of 
the basal face of the violet TiC13 crystalline. One 
sees that at least two types of active sites are 
formed, one on the edge and the other on the 
comer of the crystalline. The former is an [Oh- 
CH3TiC14], having one Cl vacancy, and the latter 
is an [Oh-CH3TiC13], having two Cl vacancies. 
The central titanium atoms of them are Ti: 1 and 
Ti: 4 shown in Fig. 2, respectively. 
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?? :Ti 

0 : Clupper 

0 : C/below 

Fig. 1. A sketch of the active site on the TiCl, crystalline surface. 

We examine several numbers of [CH,Ti,Cl, 
(n = l--5)] clusters for the edge type active site 
and [CH3Ti,Cl13] cluster for the corner type 
active site in order to clarify the effect of size and 
geometry of the clusters. They are shown in Fig. 
3. 

2.2. PI0 analysis 

We have examined an olefin coordinated state 
and a transition state based on the Cossee insertion 
mechanism as shown Fig. 4. The geometry optim- 
ization technique was not adopted for determining 
the structures of these states. We assumed their 

structures on the basis of those reported previously 
[ 91. The details of these models are given in the 
Appendix. We then divided a model complex 
(combined system C) into a methyltitanium chlo- 
ride portion (fragment A) and an olefin molecule 
(fragment B) as shown in Fig. 5. The geometries 
of [A] and [B] were the same as those in the 
original complex ( [A-B] = [C ] ) . 

The molecular orbitals of [A], [B] and [C] 
were calculated by the extended Hiickel method 
[ 111. The extended Hiickel parameters are given 
in the Appendix. PIOs were obtained by applying 
the procedure that was proposed by Fujimoto et 
al. [4]. It is summarized as follows: 

1. we expand the MOs of a complex in terms of 
the MOs of two fragment species, to determine 
the expansion coefficients Cik C, +j,f and d,,,, d, _+ ,,f 
in Eq. 1 

+ C Cm+j,&m+j+ Cdk,&c+ C dn+/,&tr+l 
j=l k-1 I= I 

f= 1, 2, . . . . m+n (1) 

where @, is a MO of the complex [C] , 4 and I,!J 
are the MOs of the fragment [A] and [B] respec- 
tively, m and n indicate the number of the occupied 
MOs of A and of B, respectively, and M and N 
represent the number of the MOs of A and of B, 
respectively. 

Olefin insertion into Ti-methylbond 

on the Tic13 crystalline surface 
Fig. 2. CH,Ti,,C1,7 cluster cut off from the edge of the lateral face of a-Tic&. 
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A 
(5) (6) 

Fig. 3. [CH,Ti,Cl, (n: l-5)] model clusters. 

Fig. 4. Schematic diagram of the Cossee insertion mechanism. 

2. we construct an interaction matrix [FD which 
represents the interaction between the MOs of the 
fragment [A] and the MOs of the fragment [B] 

p Pi,k Pi,n+l 
( pm + j,k Pm +j,n + I 

(2) 

in which 

(8) 

m+n 

Pi,k = 2 c Cijdkf i=l-m&=1-n 
f=l 

Ht+fI 

pi,n+l =2 C Cifdn+rf i=l-m,l=l-N-n 
f=l 

Wl+ll 

‘m+j,k = 2 C Cm +j fdk f j=l-M-m,k=l-n 

,fz’ 

Pm+j,n+l =2SUMC,,,+jfd,+~~ j=l -M-m,l= 1 -N-n 
f=I 

-1 

I 
fragment [ A ] fragment [ B ] 

I 
combined system [ C ] 

Fig. 5. The combined system [C 1, the fragment [A] and the fragment 
VI. 



A. Shiga et al. / Jound of Molecular Catalysis A: Chemical 98 (I 995) 15-24 I9 

3. we get transformation matrices U* (for A) 
and U_JB (for B) by 

p+puJ* = uJ*r (3) 

@!V=(yV)-“2;p, ..s. U&(v=l,2, . ..) N) (4) 

4. and finally we obtain the PIOs by Eqs. 5 and 
6 

(5) 

(6) 

The N X M ( NI M) orbital interactions in the 
complex C can thus be reduced to the interactions 
of NPIOs, N indicating the smaller of the numbers 
of MOs of the two fragments, A and B. 

PI0 calculations were carried out on a LUM- 
MOX system with a NEC PC-9801RA [ 121. 

3. Results and discussion 

3.1. Ethylene insertion on the edge type active 
site 

3. I. 1. Ethylene coordinated state (a r-complex) 
We have twelve PIOs. Eigenvalues of them are 

summarized in Table 1. The complexes ( 1) , (3) 
and (7) have open-shell electronic structures, 
whereas the others have closed-shells. Eigenval- 
ues show that the principal interaction between 

Table 1 
Eigenvalues of PlOs for the coordinated state in the model complexes 

methyltitanium chloride and ethylene is expressed 
in PIO- 1 and the subsidiary one is represented by 
PIO-2. In the case of the d’-Oh 7r complexes, the 
principal interaction is electron delocalization 
from the occupied Til d,, orbital of the methylti- 
tanium chlorides to the n* orbital of the ethylene 
molecule and the subsidiary one is electron dona- 
tion from the 7~ orbital of the ethylene molecule 
to the unoccupied orbitals of the methyltitanium 
chlorides. 

A marked difference is seen between the (Y spin 
part and the p spin part of the complex ( I ), but 
the difference becomes smaller as the number of 
Ti atoms increases, as in (3 ) and (7). 

In Table 2, A E (a measure of the strength of 
ethylene coordination) and the overlap population 
of the PIO- 1 and the PIO-2 are summarized. 

The value of A E and the overlap population are 
almost the same for these complexes, except for 
the complex ( 1) . This can easily be understood 
by comparing the contour maps of the PIO-1 and 
the PIO-2 of the complexes ( 1). (2), (3) and 
(4), whichareshowninFig.6 (a), (b), (c) and 
(d) respectively. They are very similar in shape 
to each other. 

The Ti d,, orbital of the fragment A of the com- 
plex ( 1) is singly-occupied. This makes A E of 
the complex ( 1) and the overlap population of the 
p spin part of PIO- 1 small. 

3.2. Transition state 

We have examined the complexes ( 3 > , (4) and 
(7). Eigenvalues tell us that two types of inter- 

Model PIO- 1 PIO-2 pro-3 PIO-4 PIO-5 PIO-6 PIO-12 

(0 ((vspin) 0.195 0.038 0.013 0.010 0.010 0.003 

(P spin) 0.039 0.025 0.011 0.010 0.006 0.003 

(2) 0.763 0.160 0.058 0.045 0.039 0.017 

(3) (a spin) 0.191 0.042 0.016 0.015 0.01 I 0.004 

CP spin) 0.188 0.041 0.016 0.011 0.010 0.004 

(4) 0.761 0.166 0.062 0.058 0.042 0.018 

(5) 0.771 0.164 0.060 0.055 0.044 0.018 

(6) 0.761 0.165 0.061 0.058 0.042 0.018 

(7) (a spin) 0.192 0.041 0.015 0.014 0.011 0.004 

(Pspin) 0.191 0.041 0.015 0.014 0.011 0.004 

.,... 0.000 
0.000 
0.000 

._... o.ooo 
0.000 

.,... 0.000 
0.000 
0.000 
0.000 
0.000 
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Total orbital energy, AE and overlap population of the coordinated state of the model complexes 

Coordination the model state of the complexes Total energy Overlap population b 

EC (eV) AE (eV) a PIO-1 PIO-2 PIO-3 PIO-4 

(1) - 970.07 -0.24 
; 

0.057 -0011 -0.018 - 0.022 
-0.011 0.0011 - 0.024 - 0.007 

(2) - 1441.70 -0.74 0.110 - 0.037 - 0.027 - 0.036 
(3) - 2062.34 -0.73 

; 
0.055 -0.012 -0.017 -0.013 
0.054 -0.010 - 0.016 - 0.019 

(4) - 2682.41 - 0.77 0.110 -0.021 - 0.035 - 0.023 
(5) - 2682.96 - 0.70 0.110 - 0.025 - 0.034 - 0.026 
(6) - 2682.49 -0.68 0.110 - 0.024 - 0.034 - 0.026 
(7) - 3301.16 - 0.74 

; 
0.055 -0.012 -0.017 -0.012 
0.055 -0.011 - 0.017 -0.012 

“AE=&- (EA+EB). 
b The overlap population of the P-spin part is the same as that of the a-spin in the complexes that have an even number of electrons. 

2. 

L X (4 tb) (cl (4 
Pig. 6. Contour maps of PIO-1 and PIO-2 of models of the ethylene coordinated state. (a) model ( 1), (b) model (2), (c) model (3), (d): 
model (4). 

Table 3 
Eigenvalues of PlOs for the transition state of the complexes (3), (4) and (7) 

Transition state of the model complexes PIO- 1 PIO-2 PIO-3 PIO-4 PIO-5 PIO-6 . . . . . PIO-12 

(3) 0.189 0.070 0.023 0.020 0.017 0.008 . . . . . 0.000 
0.180 0.070 0.022 0.019 0.012 0.007 t.... 0.000 

(4) 0.735 0.276 0.085 0.075 0.069 0.032 . . . . . 0.000 

(7) 0.201 0.07 1 0.022 0.019 0.017 0.006 . . . . . 0.000 
0.179 0.068 0.021 0.019 0.017 0.008 . . . . . 0.000 
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PIO-1 

PIO-2 

Fig. 7. Contour maps of PIO- 1 and PIO-2 of models of the transition state. (a) model (3)) (b) model (4) 

actions, expressed by Pro-1 and PIO-2, are impor- 
tant at the transition state of these complexes. (See 
Table 3) The atomic and atomic orbital compo- 
sitions of these PIOs, which are expressed com- 
pactly in contour maps (Fig. 7 (a) and (b)), 
demonstrate that the major interactions are elec- 
tron delocalization from the occupied C p and Ti 
dXZ orbitals of the methyltitanium chloride part to 
the ‘TT* orbital of the ethylene part (so called back 
donation) and electron donation from the rorbital 
of the ethylene to the unoccupied Ti d and the 
methyl C p orbitals of the methyltitanium chloride 
part. 

The value of AE and the overlap population 
summarized in Table 4 show that no significant 

differences are found between these complexes. 
An activation energy in going from the rr complex 
to the transition state are also shown to be almost 
the same as presented in Table 4. From these 
results, we can conclude that a methyltitanium 
chloride cluster containing more than three tita- 
nium atoms is enough to simulate the insertion on 
the TiC13 crystalline surface. 

3.3. Ethylene insertion on the corner type active 
site 

The corner type active site possesses two Cl 
vacancies. We have chosen a Ti, cluster, the 
model complex (8) as presented in Fig. 3 and 

Table 4 
Total orbital energy, AE and overlap population for the transition state of the complexes (3)) (4) and (7) 

Transition state of the model complex Total energy Overlap population b AE” (eV) ’ 

EC (eV) AE (eV) a PIO- 1 pro-2 

(3) - 2060.10 -0.19 0.057 0.030 2.24 
0.059 0.030 

(4) - 2680.26 -0.22 0.118 0.065 2.15 

(7) - 3298.96 -0.19 0.049 0.028 2.20 
0.060 0.033 

“AE=E,-(E,+E,). 
h The overlap population of the /?-spin part is the same as that of the n-spin part in the complexes that have an even number of electrons. 
‘ AE’ = &( transition state) - Ec( coordinated state). 
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Table 5 
Total energy, AE and activation energy of the complex (8) (8= O”, 
45”, 90”) 

0 

0" 45” 90” 

Total energy 
Coordination state Ec (eV) -2382.13 -2381.67 -2382.15 

AE (eV) - 0.55 -0.05 - 0.56 

Total energy 
Transition state &(eV) - 2380.31 - 2380.31 - 2380.36 

AE (eV) -0.21 -0.08 -0.22 

Activation energy A EZ (eV) 1.82 1.36 1 .I9 

Cl 

&90” 

Fig. 8. Three isomers in ethylene insertion on the comer type active 
site. 

Cl9 

(a) 
coordinated state 

syn-form : RI=CH3, Rz-H and 

in propylene insertion 

(W 
transition state 

anti-form : Rl=H. Rz=CH3 

Fig. 9. Models of the olefin coordinated state (a) and the transition 
state (b). syn-form: RI = CH3, R2 = H; an&form: R, = H, RZ = CH3 
in propylene insertion. 

examined three isomers in which an ethylene mol- 
ecule has coordinated on one of the vacancies 

( t9= 0” or 90”) or on the intermediate position 
( 8 = 45”). The total energy and AE of the 7~ com- 
plex and the transition state of these three isomers 
and the activation energy ( A E’ ) are summarized 
in Table 5. 

The ncomplex with 8 = 45”, is shown to be less 
stable and have a smaller AE value in comparison 
to the other two complexes. It must be reasoned 
by the ineffective overlap between occupied Ti d 
orbitals and the rr* orbital of ethylene in the com- 
plex with 8 = 45”, as schematically illustrated in 
Fig. 8. 

Since the other two complexes ( 8= 0” or 90”) 
are almost the same in energy, the activation 
energy ( AE’ ) of the insertion is also almost the 
same for these two complexes. The activation 
energy for these complexes ( 8 = 0” and 8 = 90”) 
is smaller than that for the complex (4)) 2.15 eV 
(in Table 4)) clearly due to a decrease in the over- 
lap repulsion between the ligand Cl and the eth- 
ylene in the former two. Now we predict that the 
ethylene insertion on the corner type active site 
takes place in two directions orthogonal to each 
other and is more facile than the insertion on the 
edge type active site. 

3.4. Regioselectivity of propylene insertion 

We have chosen an edge type Ti, cluster and a 
corner type Tid cluster to study the regioselectivity 
in propylene polymerization. The definitions syn-, 
anti-, d- and Z- of each cluster are illustrated in 
Fig. 9 in the Appendix. As reported previously 
[7,10], an important stage of regioselection of 
propylene insertion is the transition state. We 
compared therefore the total energy of the transi- 
tion state. The results are summarized in Table 6. 

In the case of the edge type active site, the syn- 
type transition state is more stable than the anti- 
type transition state ( AE,: - 0.3 eV) . In the case 
of the corner type active site, the anti-type tran- 
sition state (anti-d-O” and anti-Z-90”) is stabilized 
more in the absence of a Cl anion which located 
orthogonal to the insertion plane and, conse- 
quently, the energy difference AEI is reduced. 
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Table 6 
Total energy of the transition state of regioisomers in the Ti, edge 
type and the Ti, comer type model complexes 

Model Total energy (eV) AE, (E,,., - E,,,,) 

Ti I cluster syn-d ~2166.68 
anti-d -2166.38 -0.30 
.TJW-1 -- 2 166.70 
anti-l -2166.41 - 0.29 

Ti, cluster syn-d-0” -- 2486.92 
anti-d-O” -- 2486.16 -0.16 
syn-d-90” -- 2486.95 
anti-d-90” -- 2486.66 -0.29 
syn-l-0” -. 2486.90 
anti-l-O” -. 2486.59 -0.31 
syn-l-90” -. 2486.98 
anti-l-90” -. 2486.79 -0.19 

We estimate that the insertion should be less 
regioselective on the corner type active site than 
on the edge type active site. 

4. Conclusion 

From the results of present calculations, we pro- 
pose the presence of at least two types of active 
sites on the edge of the basal face of violet Tic& 
crystallites: a edge type active site which pos- 
sesses a dangling bonded Cl atom, four bridged 
Cl atoms and a Cl vacancy and a comer type active 
site which possesses a dangling bonded Cl atom, 
three bridged Cl atoms and two Cl vacancies. We 
have examined the size effect on these active sites 
by changing the number of titanium atoms of 
TiCl, model clusters. The most important inter- 
action in olefin coordinated state is electron delo- 
calization from the occupied Ti d,, orbital of the 
methyltitanium chloride to the 7r* orbital of the 
olefin part, while at the transition state is electron 
delocalization from the occupied C p and Ti dXZ 
orbital of the methyltitanium chloride to the V* 
orbital of the olefin part. These orbital interactions 
have been shown compactly in PIO-1 at each 
stage. 

The olefin coordination energy and the activa- 
tion energy of the olefin insertion have been 
shown to be almost independent of the cluster size 

when the number of Ti atoms in a model cluster 
is chosen to be more than three. 

The transition state is more stabilized on the 
comer type active site due to the absence of one 
of the Cl atoms which are located orthogonal to 
the insertion plane. It is concluded therefore that 
the olefin insertion is more favorable on the comer 
type active site than on the edge type active site. 
In the case of propylene insertion, syn-orientation 
of propylene is favored. The regioselectivity 
should be lower on the comer type active site than 
on the edge type active site. 
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Appendix 1 

Models of the olefin coordinated 
transition state are given in Fig. 9. 

Table 7 

state and the 

Bond lengths (i\) and bond angles (degree) of reaction models 

Coordinated state Transition state 

Bond length (A ) 
Ti-C, 
Ti-Cl 
TX, 

G-c, 
C-H( 1) 
C-H 
C-C 
Bond angle (degree) 
Cl-TLC1 
C,-TiCI * 
C,-Ti-C, 
T&C,<, 
TX,,,-H( 1) 
*( I)-C,-H(1) 
H-C,,,-H 
*(2)-G-C, 
‘(3)-C&,, 
H-C--H 
H-C,H 
H-C-H 
C-C-H 

2.03 2.13 
2.15 2.15 
2.5 1 2.16 
1.35 1.42 
1.19 1.10 
1.09 1 .09 
1.54 1.54 

90 90 

90 95 
90 90 
74.4 90 
14.7 80 

120 120 
109.5 109.5 
173.4 150.8 
173.4 164.1 
120 116.0 
120 115.2 
109.5 109.5 
109.5 109.5 
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Geometrical parameters of models are given in 
Table 7. 
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