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Abstract 

The extended Hiickel molecular orbital method has been used to study models of the active site for Ziegler-Natta 
catalyzed olefin polymerization on the surface of crystalline TiCl, containing from one to twenty titanium atoms, and the 
coordination of an ethylene monomer by the active site. Significant differences are observed in the coordination of ethylene 
to the small model systems compared to the larger model systems. These differences are analyzed using the complexation 
energies, bond orders and orbital populations, and are interpreted in terms of back donation from low-lying d-orbitals of the 
active site to the a * orbital of the olefin. Conclusions are drawn on the basis of these results regarding the requirements of 
model active sites suitable for study with more sophisticated theoretical methods. 
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1. Introduction 

The Ziegler-Natta catalysis of the poly- 
merization of olefins is of great industrial signif- 
icance. In the forty years since its discovery, 
major advances have been made with regards to 
the improvement of the activity of the catalytic 
systems, control over the molecular weight dis- 
tribution of the polymer, and the regio- and 
stereospecificity of the reaction [ 1,2]. 

The most widely accepted mechanism for 
Ziegler-Natta polymerization is due to Cossee 
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[3]. This is a monometallic mechanism in which 
the initial step is the coordination of the olefin 
monomer to a vacant site of a metal-alkyl (the 
growing chain) complex. Subsequently, the 
olefin is inserted into the met&a&y1 bond via 
a four-center transition state. This creates a new 
vacancy in the metal-alkyl complex, and the 
polymerization can thus continue. Our interest 
here is olefin polymerization using heteroge- 
neous titanium chloride based catalysts, follow- 
ing models of the catalytic sites on surfaces of 
ar-TiCl, described by Corradini [4,5]. The TiCl, 
crystal structure is built of layers, with the 
titanium atoms in each layer occupying two- 
thirds of the octahedral positions, and neighbor- 
ing titanium atoms are bridged by two chlorine 
atoms. A cut in a TiCl, layer parallel to bridged 
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titanium atoms produces titanium atoms at the 
surface which are bonded to five chlorine atoms 
in a square-planar arrangement, and a vacant 
site. Of the five chlorine atoms, four are bridged 
to neighboring metal atoms, and the fifth is less 
strongly bound and can be substituted by an 
alkyl group, using an alkyl aluminium cocata- 
lyst, to form the active site. 

Many theoretical studies have been dedicated 
to the mechanism of Ziegler-Natta polymeriza- 
tion. Amongst the first of these, Armstrong et 
al. [6] used the semi-empirical CNDO method 
to investigate the Cossee mechanism for the 
catalytic system Cl,Al( k-Cl,)-TiCl,(CH,) + 
C,H,. The first ab initio restricted Hartree-Fock 
(RHF) study of the reaction [7] used a similar 
catalytic system ((CH s12Al( ~-cl,)- 
TiCl,(CH,) + C,H,). These works suggested 
that the Ti-ethylene bond in the initial coordi- 
nation step is weak, and the latter gave an 
estimation for the energy of activation for the 
olefin insertion to be of the order of 15 kcal 
mol-‘. More recently, Jensen et al. [8] im- 
proved significantly upon these earlier studies 
using full gradient geometry optimizations and 
reaction path calculations at the SCF level for 
ethylene insertion into the titanium-methyl bond 
in H, Al( p-C12)-TiCl,(CH,). Electron correla- 
tion was taken into account at important station- 
ary points on the potential energy surface (PES) 
calculated at the SCF level. The PES at steps 
along the reaction path prior to the transition 
state for ethylene was found to be almost flat 
(i.e. absence of a barrier) at the correlated level. 
The energy then decreases along the reaction 
path after this point resulting in an enthalpy of 
- 21.9 kcal mol- ’ for the full reaction. 

In recent years, the majority of studies of 
olefin polymerization have focussed on using 
homogeneous titanocene and zirconocene cata- 
lysts. From the theoretical point of view, these 
systems have the advantage that they are well 
defined compared to heterogeneous systems. 
Reported calculations on model metallocenes 
have employed many methods, such as non- 
bonded potential energies to account for the 

stereo- and regiospecificity of olefin poly- 
merization [9-l I], semi-empirical PRDDO [ 121, 
ab initio Hartree-Fock [12-141, second order 
Moller-Plesset perturbation theory [ 12- 141, and 
density functional [ 13- 161 studies of the inser- 
tion reaction, and the ground-breaking ab initio 
molecular dynamics study of the metallocene- 
catalyzed polymerization of ethylene by Meier 
et al. [17]. 

For heterogeneous TiCl,-based catalysis, the 
situation is more demanding. Although the chain 
growth takes place at a specific site, the influ- 
ence of neighboring atoms in the crystal cannot 
be neglected. Accurate modelling of catalytic 
reactions on crystal surfaces using finite clusters 
is highly dependent upon the model system 
being able to reproduce correctly the electronic 
and steric environment in the bulk. The compu- 
tational demands of ab initio methods limit the 
size of system which can be considered, hence 
it is of importance to develop small models 
which faithfully reproduce the characteristics of 
the active site in the crystal. Corradini and his 
co-workers [4,5] used non-bonded energies to 
rationalize the stereospecificity of the poly- 
merization of propylene at active sites on the 
surface of a-TiCl,. While this provides valu- 
able insight, it is purely qualitative, failing to 
take into account electronic effects and assum- 
ing fixed geometries. Jensen [ 181 has reported 
ab initio calculations of the coordination of 
ethylene to square-planar models of the active 
sites, TiX;- (X = H, F, Cl; it = 1, 2). The 
results show that the interaction between the 
olefin and the active site is weak, and that 
relaxation of the square-planar system to a trig- 
onal-bipyrimidal geometry is preferable energet- 
ically to coordination of the monomer. This 
suggests that the rigid environment imposed on 
the active site in the crystal has an important 
role to play. 

In this paper we apply the extended Hiickel 
molecular orbital method to the study of the 
electronic characteristics of the active sites in 
models of the TiCl, crystalline surface of in- 
creasing size, and the initial step of the catalytic 
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reaction, the coordination of an ethylene 
monomer. The method is simple computation- 
ally, and allows us to consider realistic models 
of the TiCl, crystalline surface. The goal of our 
calculations is to use the information gained in 
the design of small models of the active site, 
possessing the characteristics of an active site 
on the crystal surface, but of a size suitable foi 
treatment at higher levels of theory. 

In Section 2 we describe the model clusters 
studied and give details regarding the calcula- 
tion of the Giambiagi-Mayer bond orders 
[19,20] used in the analysis of the active site- 
olefin coordination step. We then present the 
results for the active site models and the interac- 
tion with an ethylene monomer before making 
some concluding remarks. 

a 

9 

2. Methodology 

2.1. Model active sites on the TiCl, crystal 
s&ace 

Two types of model active sites are consid- 
ered in this work, designated as edge and COT- 
ner-type active sites, containing from one to 
twenty titanium atoms, with successive clusters 
differing by a TiCl, unit. All clusters were 
assumed to be uncharged. These models of the 
active sites are similar to those used by Shiga 
[21] in a recent extended Huckel and paired 
interacting orbital study of ethylene polymeriza- 
tion, although the largest system considered was 
limited to five titanium atoms. Figs. 1 and 2 
show the edge and comer type sites, respec- 

d 

Fig. 1. Edge-type active site models on the surface of CI-TiCl, of increasing size from TiCl,CH, to Ti,Cl,,CH,. Successive models differ 
by a TiCI, unit, indicated by the darkest atoms in the figure. 
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b 

d e 

f 

Fig. 2. Comer-type active site models on the surface of a-TiCl, of increasing 
differ by a TiCl, unit, indicated by the darkest atoms in the figure 

g 

size from TiCIsCH, to Ti,Cl,sCH,. Successive models 

tively, for a series of the small models of in- 
creasing size, and the largest models studied, 
TL&l,,CH, and Ti,,Cl,CH,, are illustrated 
in Fig. 3. The edge-type active sites consist of a 
five-coordinated titanium atom (four bridging 
chlorine atoms and a methyl group) and one 
vacancy, while the metal atom in the corner-type 
active sites is coordinated to one dangling and 
two bridging chlorine atoms, a methyl group, 
and has two vacancies. It has been proposed 
[21] that the more open aspect of the corner-type 
active site will give rise to lower regiospeci- 
ficity in the case of propylene insertion. Details 
of the geometrical parameters used are given in 

Table I 
Bond lengths and angles used in the active site models and active 
site-ethylene complexes studied in this work. The distance Ti- 
(C=C) represents the distance from the active Ti to the center of 
the ethylene C=C bond 

Bond lengths (A) 
Ti-Cl 2.40 
Ti-C (alkyl) 2.32 
C-H 1.08 
c-c 1.35 
Ti-(C=C) 2.50 

Bond angles (degrees) 
H-C-Ti 110.5 
H-C-C 120.0 
Cl-Ti-Cl 90.0 
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Fig. 3. (a) T~~oC~~,CH, and (b) Ti&I,,CH,, the largest edge and comer-type active site models on the surface of a-TiCI, considered in 
this work. 

Table 1, and the orientations assumed for the 
ethylene monomer in the initial coordination 
step to the edge and comer-type sites are shown 
in Fig. 4. 

tive feature that for the extended Hiickel method 
it gives chemically correct bond orders for di- 
atomic molecules, that is one for H,, zero for 

2.2. Giambiagi-Mayer bond orders 

To assist in the interpretation of the results of 
the extended Hiickel calculations in terms of 
more chemical concepts, the coordination be- 
tween the active site and the ethylene monomer 
were analyzed in terms of the bond orders to 
give an indication of the interactions between 
atoms according to the scheme of Giambiagi 
and Mayer [19,20]. This scheme has the attrac- 

a b 

Fig. 4. Models of the active site-ethylene complexes for the (a) 
edge, and (b) comer-type active site models. Details of the 
geometrical parameters used are given in Table I, 
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He,, three for N,, . . . (this is also the case for 
the analysis applied to minimal basis, ab initio 
HF calculations). 

The bond order between two atoms A and B, 
BAB, in the closed shell case is defined as 

Bm = c c (P%v (PSI w 
PLEA VEB 

where P, S, p and v are the density matrix, 
overlap matrix, and atomic orbitals centered on 
atoms A and B, respectively. 

3. Results and discussion 

In this section, firstly we treat the results 
obtained for the edge-type active sites, and sub- 
sequently for the comer-type active sites. De- 
tails concerning the extended Hiickel parameters 
used in our calculations can be found in Ap- 
pendix A. 

3.1. Edge-type active sites 

The total energies, energies per TiCI, unit, 
and Mulliken charges on the active titanium 
atom for edge-type active site models from 
Tic&H, to Ti&l,,CH3 are presented in 
Table 2. As the size of the system increases, the 
positive charge on the active center (Tit> de- 
creases in general. In the cluster containing a 
single titanium atom, all the four chlorine atoms 
are unbridged. On addition of a TiCl, unit, two 
of these chlorine atoms become bridging atoms, 
leaving the two others free. This can perhaps 
explain the small difference between the charge 
on the active titanium atoms for these two sys- 
tems (TiCl,CH,: qTit = 3.371jeK1; Ti,Cl,CH,: 
6?Tit = 3.3381e-1). It is only in the cluster con- 
taining three or more titanium atoms that all the 
chlorines in the vicinity of the active site are 
bridged, which corresponds to the situation in 
the TiCl, crystal. At this point there is a sharp 
decrease in the positive charge on the active site 
(Ti,Cl,,CH,: qTii = 2.7361e-(; Ti,Cl,,CH,: 
qTi+ = 2.327le-I). This decrease in positive 

Table 2 
Total energies, total energies per TiCl, unit added (ATE = 
TE(Ti,&,+, CH,)-TJS(Ti,_ ,Cl,(,_ ,)+ ,CH,)), and Mulliken 
charges on the active titanium atom for model edge-type active 
sites of increasing size (TiCl,CH,-Ti,,CI,,CH,) calculated us- 
ing the extended Hdckel method. Energies in eV and charges in 

le- I 
Total energy ATE Charge on 

active Ti (Ti’) 

TiCI,CH, 
Ti,Cl,CH, 
Ti,Cl,,CH, 
Ti,C1,,CH3 
Ti,Cl,,CH, 
Ti,CI,,CH, 
Ti,Cl,,CH, 
Ti,Cl&H, 
Ti,Cl,,CH, 
Ti,,Cl,,CH, 
Ti,,Cl,,CH3 
Ti,,Cl,,CH3 
Ti,,Cl,,CH3 
Ti,,Cl,,CH, 
Ti,,Cl,,CH3 
Ti,,Cl,,CH3 
Ti,,Cl,,CH 
Ti,,Cl,,CH: 
Ti&l&H, 
Ti,,Cl,,CH, 

-631.954 
- 1026.04 
- 1416.05 
- 1806.04 
- 2195.78 
-2585.51 
- 2975.52 
- 3365.15 
- 3755.26 
-4145.02 
-4534.91 
- 4924.73 
- 5314.74 
- 5704.38 
- 6094.5 1 
- 6484.26 
-6874.15 
- 7263.96 
- 7653.49 
- 8042.95 

- 394.09 
-390.01 
- 389.99 
- 389.74 
- 389.73 
- 390.01 
- 389.63 
-390.11 
- 389.76 
- 389.89 
- 389.82 
- 390.01 
- 389.64 
-390.13 
- 389.75 
- 389.89 
- 389.81 
- 389.53 
- 389.46 

3.371 
3.338 
2.736 
2.327 
2.216 
2.284 
2.153 
2.307 
2.435 
2.419 
2.123 
1.547 
1.464 
1.653 
1.653 
1.518 
1.579 
1.553 
1.656 
1.749 

charge, corresponding to an increase in the 
number of electrons, on the active site can be 
accounted for by the fact that a bridging chlo- 
rine atom will attract electrons from its two 
neighboring titanium atoms, while a non-bridg- 
ing chlorine will attract more strongly the elec- 
trons from a single metal atom. 

It should be noted that even for the largest 
systems studied neither the charge on the active 
center nor the total energy per TiCl, unit have 
converged yet to an asymptotic value, both 
showing oscillatory behavior. This is a result 
both of the limited size of the cluster and of the 
method of increasing the size of the cluster: the 
disposition of the chlorine atoms in successive 
TiCl, units added are not necessarily equiva- 
lent, and the number of chlorine bridges formed 
or dangling chlorine atoms added at each step 
are not the same. 

The total energies, complexation energies, 
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Table 3 
Total energies, complexation energies, Mulliken charges for selected atoms and selected Giambiagi-Mayer bond orders for model edge-type 

active site-ethylene complexes calculated using the extended Hiickel method. Energies in eV and charges in (e-1 

Total energy %,mp~ex Atomic charges Bond orders 

4ri+ qc, qc2 Ti’-Me Tit-C, Tit-C, C=C 

TiCl,CH, + C,H, -- 845.778 - 0.957 3.636 -0.130 -0.163 - 0.076 -0.159 -0.155 2.001 
Ti,Cl,CH, + C,H, - 1239.90 - 0.99 3.598 -0.148 -0.165 0.111 -0.159 -0.142 2.009 
Ti,Cl,,CH, f C,H, -. 1630.78 - 1.86 3.322 - 0.474 - 0.479 0.118 - 0.060 - 0.053 1.508 
Ti,Cl,,CH, + C2H, - 202 1.45 - 2.54 2.970 - 0.794 - 0.787 0.122 0.270 0.280 1.195 
Ti,Cl,,CH, + C,H, -2411.19 - 2.54 2.813 - 0.794 - 0.787 0.121 0.270 0.280 1.195 
Ti,Cl,,CH, + C,H, - 2800.93 - 2.55 2.927 - 0.796 - 0.789 0.124 0.270 0.278 1.195 

atomic charges on selected atoms, and selected 
bond orders for the complexes formed by the 
model active sites and ethylene for the systems 
TiCl,CH 3 to T&Cl ,,CH 3 are presented in Table 
3. Unlike the results obtained for the active site 
models alone, convergence in the results with 
respect to the size of the system is observed. It 
is for this reason that we limit the results pre- 
sented to the smaller systems only. In the case 
of the clusters containing one and two titanium 
atoms, the calculated interaction energy is small 
( -0.96 and - 0.99 eV, respectively), the car- 
bon-carbon double bond in the ethylene 
monomer remains double (values of the Gi- 
ambiagi-Mayer bond order for the olefin car- 
bon-carbon bond, Bc=c, equal to 2.001 and 
2.009), and negative bond orders exist between 
the active center and the olefin carbons. The 
cluster Ti ,Cl i&H 3 represents an intermediate 
situation, and beyond this there is a clear in- 
crease in the interaction energy between the 

cluster and the monomer compared to the small- 
est systems, which is near constant ( = 2.55 eV). 
Additionally, there is a near-constant transfer of 
charge to the olefin carbons (qc = -0.80le-1 
for these systems, compared to qc = - 0.151 e-1 
for TiCl,CH,), a significant decrease in the 
double bond character of the ethylene carbon- 
carbon bond (B,,, = 1.195), and an increase in 
the interaction between the active site and the 
olefin carbons (B,i_c = 0.27). 

The significant differences in the results ob- 
served for the smallest and all larger model 
clusters deserve some explanation. Table 4 lists 
the energies of the two highest occupied, and 
lowest unoccupied molecular orbitals, and the 
Mulliken population of the d,,. orbital of the 
active center, which has the correct symmetry to 
overlap with the n * antibonding orbital of the 
olefin, for both the isolated active site models 
and the active site-ethylene complexes. In the 
first two clusters, the active titanium d r,, orbital 

Table 4 
Energies of the highest occupied and lowest unoccupied orbitals, and Mulliken population of the active titanium d,, orbital of isolated 
edge-type active site models and active site + ethylene complexes calculated with the extended Hiickel method. Energies in eV and charges 
in le-( 

Active site model Active site + ethylene complex 

HOMO - 1 HOMO LUMO qd. HOMO - 1 HOMO LUMO qd 

TiCl,CH, - 12.441 - 11.931 - 7.845 0.013 - 12.440 - 11.912 - 8.574 0.013 
Ti,Cl,CH, - 12.285 - 11.906 - 7.874 0.014 - 12.265 - 11.895 - 8.577 0.014 
Ti,Cl,,CH3 - 11.905 - 7.895 - 7.87 1 0.533 - 11.893 - 8.578 - 7.867 0.332 
Ti,Cl,,CH, - 11.896 - 7.903 - 7.879 0.793 - 11.887 - 8.578 - 7.882 0.650 
TW,,CHs - 7.904 - 7.883 - 7.879 0.865 - 8.577 - 7.889 - 7.877 0.650 
Ti,Cl,,CH, - 7.900 - 7.890 -7.881 0.637 - 8.575 - 7.890 - 7.884 0.648 
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Table 5 
Total energies, total energies per TiCI, unit added (ATE = 
TE(Ti,Cl,,CH,) - TE(Ti,_ ,CH,,,_ ,,CH,)), and Mulliken 
charges on the active titanium atom for model comer-type active 
sites of increasing size (TiClsCH, -Ti,,CI,,CH,) calculated us- 
ing the extended Hiickel method. Energies in eV and charges in 

le- I 
Total energy ATE Charge on 

active Ti (Tit) 

_ I  ~  

Ti,CI,CH, 
TisClsCH, 
Ti,Cl,PCH, 
Ti,Cl,,CH, 
Ti,Cl,sCH, 
Ti&,CH, 
TisCl,,CH, 
Ti,Cl,rCH, 
Ti,,Cl,,CH, 
Ti,,Cl,,CHs 
Ti,,CI,,CH, 
Ti,,Cl&Hs 
Ti,,CI,,CHs 
Ti,,Cl,,CH, 
Ti,aCl,,CHs 
Ti,,Cl,,CH, 
Ti,sCI,,CH, 
Ti,sCIS,CH, 
Ti,Cl,a.CH, 

-517.024 
- 906.976 

- 1296.69 
- 1686.61 
- 2076.49 
- 2466.47 
- 2856.38 
- 3246.14 
-3636.15 
-4025.91 
-4415.95 
- 4805.74 
-5194.24 
- 5585.52 
-5975.31 
-6365.10 
- 6154.95 
-7144.54 
- 7534.57 
- 7924.19 

TiCl,CH, 3.417 
- 389.95 2.637 
- 389.72 2.097 
- 389.92 1.898 
- 389.88 1.682 
- 389.98 1.743 
- 389.91 1.512 
- 389.76 1.503 
- 390.04 1.590 
- 389.76 1.485 
- 390.04 1.430 
- 389.79 1.308 
- 388.50 1.403 
-391.28 1.285 
- 389.79 1.272 
- 389.79 1.287 
- 389.85 1.305 
- 389.59 1.285 
- 390.03 1.215 
- 389.62 1.204 

is almost empty, and the LUMOs of these sys- 
tems are primarily composed of this orbital. For 
larger clusters containing three and more tita- 
nium atoms the occupation of the orbital in- 
creases, giving rise to the possibility of back 
donation to the olefin T * orbital on coordina- 
tion. In the active site-ethylene complexes, the 
LUMO of the two smallest clusters is primarily 
composed of the ethylene n * orbital and the 

active site d orbital. For the larger complexes, 
this orbital iyoccupied, and the Mulliken popu- 
lation of the titanium d,, orbital is less than in 
the active site model alone, indicating a transfer 
of charge towards the g * orbital of the olefin. 
Hence, this accounts for the decrease in bond 
order of the ethylene carbon-carbon bond and 
the increase in the interaction between the ac- 
tive titanium and the olefin. 

3.2. Corner-type active sites 

Calculations analogous to those performed on 
the edge-type active sites were undertaken on 
the comer-type models. Table 5 lists the total 
energies, energies per TiCl, unit, and Mulliken 
charges on the active center for comer-type 
active sites from TiCl,CH, to Ti,,Cl,,CH,. 
There is a similar general decrease in the charge 
on the active titanium atom to that observed for 
the edge-type active sites, except that the de- 
crease is already apparent in the cluster contain- 
ing two titanium atoms. For the comer-type 
active sites, all the chlorine atoms bridged in the 
vicinity of the active site in the TiCl, crystal are 
already bridged in the Ti,Cl,CH, cluster, and 
the active site always has one dangling chlorine 
atom. The overall positive charge on the active 
site is inferior to that for the edge-type models. 
Once again, convergence is not reached for the 
total energies per TiCl, unit or the Mulliken 
charge on the active site. 

As was the case for the edge-type active 
site-ethylene complexes, convergence is rapidly 

Table 6 
Total energies, complexation energies, Mulliken charges for selected atoms and selected Giambiagi-Mayer bond orders for model 
comer-type active site-ethylene complexes calculated using the extended Hiickel method. Energies in eV and charges in (e-1 

Total energy L,,p~ex Atomic charges Bond orders 

9Ti’ 9C, 9G Tit-Me Tit-C, Tit-C, c=c 

TiClsCH, + C,H, - 730.903 - 1.01 3.647 -0.158 -0.139 0.140 -0.143 -0.138 1.999 
Ti,Cl,CH, + C,H, - 1121.83 - 1.98 3.359 - 0.478 - 0.471 0.151 - 0.054 - 0.058 1.502 
Ti,Cl,CH, + C,H, - 1512.21 - 2.69 3.016 - 0.790 - 0.796 0.157 0.276 0.273 1.191 
Ti,Cl,,CHs + CsH, - 1913.93 - 14.45 2.141 - 0.739 - 0.745 0.160 0.275 0.272 1.191 
Ti,Cl,,CH, + C,H, - 2292.02 - 2.66 2.590 -0.791 - 0.796 0.160 0.275 0.272 1.191 
Ti,Cl,sCH, + C,H, -2681.99 - 2.65 2.653 - 0.791 - 0.796 0.160 0.275 0.272 1.191 
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Table 1 
Energies of the highest occupied and lowest unoccupied orbitals, and Mulliken population of the active titanium d ~ ,/d,; orbitals of isolated 
comer-type active site models and active site + ethylene complexes calculated with the extended Htiickel method. Energies in eV and 
charges in (e-1 

Active site model Active site + ethylene complex 

HOMO - 1 HOMO LUMO qd,, HOMO - 1 HOMO LUMO qd,,/d,, 

TiCI,CH, - 12.563 -11.995 - 7.863 0.013 - 12.560 - 11.956 - 8.572 0.136 
Ti,Cl,CH 1 - 12.981 - 7.907 7.879 0.020 - 11.950 -8.571 - 7.878 0.173 
TisCl,CH 1 -11.962 -7.913 - 7.883 0.048 - 11.929 - 8.568 -7.888 0.330 
Ti,Cl,,CH, - 7.919 - 7.895 - 7.878 0.219 - 8.573 -7.892 - 7.859 0.428 
Ti,Clt,CH, - 7.920 - 7.900 - 7.882 0.290 - 8.568 - 7.907 - 7.882 0.510 
Ti,Cl,,CH, - 7.905 - 7.887 - 7.877 0.207 -7.913 - 7.887 - 7.879 0.479 

reached for the complexation energies, bond 
orders and atomic charges on the olefin carbon 
atoms for the corner-type active site-ethylene 
systems, following different behavior for the 
smallest system. These results are summarized 
in Table 6 for the comer-site models TiCl,CH 3 
to Ti,Cl,,CH,. This can again be analyzed in 
terms of the difference in occupation with in- 
creasing cluster size of the active site d-orbital 
with the correct symmetry to overlap with the 
T * orbital of the incoming olefin (see Table 7), 
increasing the interaction between the metal and 
the olefin, and decreasing the strength of the 
ethylene carbon-carbon bond. The complexa- 
tion energies of ethylene to both the edge-type 
and comer-type active sites appear to be similar, 
with coordination to the comer-type active site 
slightly more favoured. This is reasonable, 
qualitatively, given the more open nature of the 
active titanium. However, these values calcu- 
lated using the extended Huckel method should 
be treated with caution and are not reliable in 
the absolute sense. It should also be remem- 
bered that our calculations assume fixed geome- 
tries. 

4. Conclusion 

Our calculations show that care needs to be 
taken in the choice of models for active sites for 
heterogeneous Ziegler-Natta polymerization on 
the TiCl, crystalline surface. As the size of the 

model is increased, substantial differences are 
observed in the net charge of the active titanium 
atom and, more significantly from the point of 
view of polymerization, in the nature of interac- 
tion with the incoming ethylene monomer. A 
major increase in the interaction energy with the 
olefin once the model cluster exceeds a critical 
size is due to the presence of electrons in 
low-lying d-orbitals on the active site suitable 
for back donation into the rr * orbital of the 
olefin. The parameters considered in the study 
the ethylene-active site interaction converged 
rapidly to a near-constant value as the size of 
the model system was increased. 

The role of bridging and non-bridging chlo- 
rine atoms appears to be crucial. The presence 
of non-bridged chlorine atoms on the active site 
in the smallest models exaggerates the positive 
charge on the active titanium atom. Mininum 
models for the comer and edge-type active sites 
should probably contain at least two and three 
titanium atoms respectively, sufficient to repro- 
duce the bridging of the chlorine atoms in the 
vicinity of the active site present in the extended 
TiCl, crystal surface. The calculations in this 
paper suggest that the ideal models should even 
be slightly larger. In addition to modifying the 
electronic characteristics of the active titanium 
atom, the bridging chlorine and adjacent tita- 
nium atoms provide potentially valuable con- 
straints on the rigidity of the active site. 

The relatively low-level of theory employed 
here means that the results need to be treated 
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with some degree of caution. Nevertheless, some 
valuable indications regarding the nature of the 
active site on crystalline TiCl, surfaces and 
how best to construct suitable models are pro- 
vided. Work is in progress in our laboratory into 
the study of the smaller models considered here 
at the ab initio level. 
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Appendix A 

Calculations in this paper were performed 
using the program bind of the YAeHMOP 

Table 8 

Atom n Orbital VSIE (Y, c, a2 c2 

H 1 s - 13.6 1.3 
C 2 s -21.4 1.625 

Cl 3: 
- 11.40 1.625 
- 24.54 2.250 

P - 12.97 1.90 
Ti 4 s -6.82 1.195 

3: 
-4.264 0.998 
-8.00 4.670 0.3646 1.9861 0.7556 

package (Yet Another Extended Hiickel Molec- 
ular Orbital Package) written by G. Landrum. 
Information regarding this package is available 
on the World Wide Web at (http://overlap. 
chem.comell.edu:8080/yaehmop.html). 

The extended Huckel parameters are given in 
Table 8. 
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