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We present a Car-Parrinello investigation of various active surfaces and catalytic sites in a realistic Ziegler-
Natta heterogeneous system. We examine the (100), (110), and (104) surfaces of the MgCl2 support and the
related binding of the possible mononuclear and dinuclear catalyst configurations. Relaxation and/or
reconstruction processes affect these surfaces in varying degrees, according to the different Miller indexes.
We find that TiCl4 and Ti2Cl6 species can bind as stable adducts, depending on the morphology of the surface
considered. However, the activation and polymerization phases show that destabilization phenomena can
affect the dinuclear species during the catalysis reaction. This provides a new insight into the ability of the
different centers to give rise to the real polymerization process. Finally, we present a first attempt to address
the role of a typical donor phthalate at a fully first principles level.

1. Introduction

The problem of the polymerization process in heterogeneous
catalysis is a question arising directly from industry, aiming to
address improvements and rational developments in polyolefin
production.

It is well-known that Ziegler-Natta (ZN) catalysis1,2 is one
of the most important industrial processes in the mass production
of polyolefins with a high degree of stereoselectivity. In
particular, heterogeneous catalysis mantains a leading role in
industry because of its economical advantages. So far, unfor-
tunately, very little is known experimentally about the nature
of the active centers, their local geometry, and the related
electronic structure. Experimental probes suffer severe limita-
tions, since only a relatively low percentage of the catalytic
sites are active, and, as a consequence, their local structure and
electronic properties are not known with any great certainty.
Modeling the catalytic ability of different centers at the best
level allowed by the present state-of-the-art of quantum simula-
tions, may thus be the only systematic way of obtaining the
needed insight.

As far as heterogeneous catalysis is concerned, these theoreti-
cal investigations are only now becoming possible. This is
mainly due to the complexity of such a system, which prevented
realistic calculations in past years. Development of new
computational techniques as well as remarkable progress in
computer facilities have now made it possible to study large
realistic systems in great detail.

In a standard preparation of a magnesium chloride/titanium
chloride catalytic system, the milling process of MgCl2 can
produce different active surfaces on which the Ti can coordinate
in several ways.3-7 Since these Ti configurations can strongly

differ in their stereoselective properties, the control of these
surfaces is a crucial issue in tuning the polymer stereochemistry.
Experimental investigations generally focus on the analysis of
the polymer produced and correlations with the catalyst prepara-
tion are done at a second stage in order to recover a microscopic
picture with the aid of model structures.8-10

On the theoretical front, some of these catalyst configurations
have been extensively investigated by Corradini and co-
workers,8,9 using assumed geometries of both the substrate and
the catalytic center. However, due to the size of the system
needed to reproduce a realistic environment, ab initio calcula-
tions have so far been prohibitively expensive. For this reason
simplified approaches have been adopted. Paired interacting
orbital (PIO) calculations12 on a number of violet TiCl3

configurations have been reported by Shiga et al.;13 of course
they do not deal with the MgCl2 substrate problem and do not
account for relaxation problems. Semiempirical approaches of
the extended Hu¨ckel type have been reported14 on crystalline
TiCl3 clusters, but the need for more sophisticated theoretical
methods is acknowledged by the authors themselves. Various
support surfaces have been studied by Colbourn et al.15 using
molecular modeling methods combined with density functional
(DFT) calculations. However, their DFT studies were limited
to inclusion of surface fragments treated at a first principles
level into structures computed classically using two-body model
potentials. First principles calculations limited to static relaxation
of Ti adducts and all-electron calculations on smaller cluster
models have recently been reported by Gale and co-workers;16

however, their outcome is limited since a realistic model is not
used for the polymerization process, temperature and dynamical
effects are not accounted for, binding energies are unrealistically
low (some of them are indeed at the limits of the accuracy
allowed by first principles calculations), and all the Ti catalyst
models reported in the very rich literature have been neglected.

In our previous works17,18 we have already investigated the
basic aspects of the polymerization of both ethylene and
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propylene in a realistic ZN system. In this paper we extend our
study to the most representative support surfaces, i.e., (100),
(110), and (104) whose active Mg sites include a great variety
of possible undercoordinated Mg configurations. We analyze
the various Ti geometries, starting from the most accredited
models proposed by Corradini and co-workers8 to the 5-fold
site reported in ref 17. Here we find that also a dinuclear form
of this same center can exist as a stable configuration prior to
the activation.

We study then, for the first time in a realistic system, the
effects of the activation and the polymerization reaction on these
catalyst configurations, in the attempt to elucidate the problem
of their relative stability and their contribution to the polym-
erization process. Our results show that the ability of a center
to carry out its catalytic role without being destabilized, depends
to a large extent on the nature of the center and its geometrical
environment.

Furthermore, we discuss the problem of the regioselectivity
of the proposed 5-fold site, an issue that was left open in our
previous work,18 and present a first attempt to address the role
of a donor phthalate in the ZN system.

2. Computational Method

We adopted a DFT19 approach with gradient corrections on
exchange and correlation after Becke-Lee-Yang-Parr
(BLYP)20 and performed Car-Parrinello21 simulations22 using
supercells containing: 30 formula units in an orthorombic
supercell of 17.673× 14.560 × 28.000 Å3 in the case of
(100) surface, 32 formula units in a monoclinic supercell of
19.095× 12.522× 28.000 Å3 (ab̂ ) 70.2°) in the case of
(110) surface, and 48 formula units in an orthorombic supercell
of 14.560× 21.711× 28.000 Å3in the case of (104) surface.23

These choices ensure a thickness sufficient to simulate the
bulk, a surface realistically large and enough empty space above
the surface to avoid interactions with periodic images. Catalyst
centers are separated by at least 14.560 Å from their replicas in
the (x,y) directions in the case of the smaller cell; the separation
alongz is of course the third dimension of the supercells. The
atoms are fixed to the bulk crystallographic positions on one
side of the slab, while the catalytic centers are placed on the
opposite (relaxed) side. Troullier-Martins24 norm-conserving
pseudopotentials including nonlinear core corrections25 for Mg
and Ti accounted for the valence-core interactions. A plane
wave expansion with an energy cutoff of 70 Ry () 952.41
eV ) 35.0 au) was adopted unless otherwise specified in the
text.26 This higher cutoff was needed to describe the oxygen
properties. Pseudopotential convergence tests concerning the
choice of the cutoff have been reported elsewhere.17 In the case
of the open-shell calculations, local spin density approximation
(LSDA) on exchange and correlation within the same BLYP
functional was adopted. The choice of a BLYP functional
approach is clearly driven by the fact that at the simple LDA
level binding energies turn out to be overestimated and the
insertion barrier largely underestimated or completely missed.17

Of course, the choice of the functional is not unique and the
general agreement, especially of energetics, is expected to
depend strongly on the level at which exchange and correlation
are treated. We used a BLYP version according to our
experience with several systems, ranging from hydrogen-bond
systems to organometallics27 and to the extensive comparative
tests reported in the literature28 where it is shown that the
performances of BLYP are comparable to (or sometimes slightly
better than) the Perdew correlation functional family more
popular in the homogeneous catalysis simulation field.

As in our previous works,17,18 for the olefin insertion
reactions, we performed constrained molecular dynamics within
the Blue Moon ensemble theory,29,30 assuming as the reaction
coordinate the distance between the incoming olefin and the
R-carbon of the growing polymer chain. Equilibration times of
∼2.0 ps ensured sufficiently meaningful statistics. Free energies
are affected by an average error bar of about 2.0 kcal/mol within
our choice of the exchange and correlation functional.

3. Active Surfaces

The MgCl2 crystal has already been described elsewhere.17

Here we recall only the main points needed to support the
following discussion. Solid MgCl2 has an ionic layered structure
which belongs to theR3hm space group. We took the experi-
mental geometry31 and optimized the lattice parametera
consistently with our DFT approach. Thec lattice constant was
fixed to the experimental value since along this direction van
der Waals forces, not well described by any class of density
functionals, play the major role. Our optimizeda bulk value
was 3.651 Å, which differs from the experiment (3.640 Å) by
about 0.3%. The Mg-Cl bond length of the relaxed structure
is 2.520 Å, in good agreement with the experimental value of
2.530 Å32. Starting from this optimized structure, we cleaved
the different surfaces as described in the following paragraphs.

Even if the (001) surface is supposed to be prevalent in a
standard substrate preparation, this surface is not interesting from
a practical point of view, since it is the basal plane of the crystal.
For this reason it is easy to cleave MgCl2 along this plane, where
only relatively weak van der Waals forces hold the structure
together, but surfaces obtained in this way are completely
saturated by Cl and not catalytically active. They can be
activated by removing Cl atoms by, for example, electron
irradiation.33 These experiments are rather clever and allow fine
control of both the surface and the active sites. However, this
aspect of the problem is beyond the scope of the present work
and this is not the technique generally adopted in industry.34

3.1. (100) Surface.We started our analysis by considering
the (100) surface, quoted in the literature8,35 as a good active
surface for coordinating epitactically the chiral dinuclear Ti2Cl6
species.

When the (100) surface is cleaved from theR-MgCl2 bulk
crystal, the structure of the three exposed layers of the
elementary cell is such that one of them (left layer of Figure
1a) presents all 6-fold Mg atoms, i.e., the layer is Cl terminated,
the neighboring layer (central layer of Figure 1a) exposes 3-fold
Mg atoms, and the third layer (right layer in Figure 1a) shows
5-fold Mg sites. The fact that one of the layers of the exposed
surface is highly undercoordinated (3-fold) makes this initial
configuration very unstable. In fact, due to the large charge
imbalance, Coulomb forces acting between two adjacent layers
induce remarkable reconstruction processes. Both simple struc-
ture relaxation and free molecular dynamics have shown that
the chlorine atoms of the 6-fold Mg layer jump toward the
neighboring layer in the attempt to balance the surface net
charges. Eventually, a further displacement of these Cl along
this same layer leads to the formation of new Mg-Cl bonds,
resulting in a structure where all the layers expose a 5-fold
coordinated Mg (Figure 1b). The total energy gain of this
reconstruction process is 12.7 kcal/mol Mg.36

It is interesting to observe that ifâ-MgCl2 is used instead of
R-MgCl2, the (100) surface is much closer to the reconstructed
one described above, thus a less dramatic relaxation process
occurs.

3.2. (110) Surface.A description of the relaxation of this
surface has already been given in a previous work,17 where a
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slightly smaller cell was adopted. In the present calculation,
the supercell has been enlarged as explained in the computational
details section. This, however, does not affect the relaxation
process, so we limit our analysis to a brief summary of the main
points. A (110) surface cleaved from the bulk shows layers
which are all terminated by 4-fold Mg sites (Figure 2a). In this
case the relaxation does not give rise to any reconstruction, but
only to a puckering of the Mg atoms on the surface toward the
bulk (Figure 2b). The 180° typical bulk angle of Cl-Mg-Cl
reduces to 154° on the surface while the Mg-Cl bond lengths
shorten to 2.403 and 2.322 Å. The energy gain of the process
for the simulated system amounts to 3.4 kcal/mol Mg.

3.3. (104) Surface.This surface, as cleaved from the bulk,
presents only 5-fold Mg active sites and is veryflat compared
to the previous ones. The active surface is very similar, from
the coordination point of view, to the reconstructed (100). The
relaxation affects the structure only a little and the global effect
is a small puckering of the exposed Mg atoms toward the bulk
without any change in coordination. The flat Cl-Mg-Cl bulk
angle reduces to 162.1° and the Mg-Cl bonds at the surface
stretch to to 2.421 and 2.597 Å from the bulk values reported
above. The effects of the relaxation are shown in Figure 3a
(unrelaxed) and Figure 3b (relaxed). The total energy gain in
this case was 2.4 kcal/mol Mg.

The general picture that emerges from these calculations is
that the active surfaces of MgCl2 are such that only two
coordinations are allowed for Mg: either 5-fold or 4-fold. Lower
coordination numbers would result in much less stable lateral
cuts. This provides a justification for the assumptions given in
the literature8 where only (100) and (110) are considered by
speculating on similarities with the violet TiCl3. In what follows
we shall focus on the binding of different catalyst configurations
onto (100) and (110) surfaces, not because these are the only
possible exposed surfaces, but because they are representative
of all the stable Mg configurations and correspond to the lowest
possible Miller indices, i.e., to the energetically less expensive
lateral cuts. Of course, since in real experiments the milling

Figure 1. (100) surface of MgCl2. The initial surface (a) as cleaved from the bulk reconstructs as in (b) in less than 0.4 ps during a constant energy
molecular dynamics. Mg atoms are represented by the cross points of the pink stick segments while the green parts refer to the Cl atoms. For the
sake of clarity, the Cl atoms jumping from the left 6-fold layer to the next one are shown as light blue balls. Here and in the following figures only
the portion of the system close to the surface is shown, the real dimensions being those reported in the computational details section.

Figure 2. Details of the (110) surface (a) prior to and (b) after the
relaxation process leading to the puckering of the exposed Mg atoms
toward the bulk. The structure is represented by sticks only where the
Mg atoms are located at the cross points of the light gray stick segments.
Cl atoms are the darker segments.

Figure 3. Details of the relaxation of the (104) surface. Being an extremely flat cut, the cleaved structure (a) reverts to (b) showing only a slight
modification with respect to the unrelaxed one. The color code of the segments is the same as in Figure 1, i.e., Mg are in pink and Cl in green.
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procedure can expose different MgCl2 cuts, in view of these
results it is irrelevant to specify the actual surface of the support.

4. Binding of Ti Catalyst on the Active Surfaces

4.1. TiCl4. Purely mononuclear species on surfaces such as
(100) or (104), where only 5-fold Mg are present, have been
supposed to form as a consequence of the dissociation of
dinuclear Ti adducts.8 However, in our calculations, mono-
nuclear catalytic sites on these surfaces were never found stable
at any stage, i.e., neither prior to nor after the activation. In all
our simulations, attempts to stick a TiCl4 molecule on the
relaxed (100) surface failed. A simple static relaxation of the
system gave a very weak binding of about 2.0 kcal/molsindeed
at the cutting edge of first principles accuracysbut as soon as
dynamics was allowed, the Ti adduct was rapidly destabilized
and the TiCl4 flew away as a free molecule.

We found that stable TiCl4 geometries are allowed only on
the (110) surface, where the lower Mg coordination number
favors their binding. We have already discussed the possible
TiCl4 configurations on this surface.17 Here we limit our analysis
to a brief summary of these geometries and their relevant binding
energies. The most popular model is the Corradini configuration
reported in Figure 4a. The binding energy of this Ti 6-fold is
40.3 kcal/mol. An alternative possibility is a 5-fold site like
the one shown in Figure 4b, whose binding energy is lower
(29.4 kcal/mol) due to the fact that the Ti coordinates to the
substrate with one bond less than the Corradini center. Both
species become active ZN sites, the 5-fold one being character-
ized by a higher reactivity.

The energetics for the propelne insertion at the 5-fold site
has been discussed in a previous paper18. For the sake of
completeness, we will briefly recall the main features here. The
site was proved to be stable under polymerization conditions
and the formation of aπ-complex occurred in a barrierless way
with a complexation energy of 3.6 kcal/mol. The computed
activation barrier of 10.8 kcal/mol was in agreement with
experimental activation energies relevant to the regular 1,2
insertion. A figure of merit was the naturalsi.e., without
stereomodifierssstereoselectivity of this site.

For the Corradini-center (see Figure 4a), we assumed a Ti-
(III) active species in which one of the two dangling Cl atoms
is removed while the other one is replaced by a methyl group.
This is the simplest model for the active center carrying the
growing polymer chain. Theπ-complexation again is exother-
mic, the activation barrier is higher by about 7.1 kcal/mol with
respect to the 5-fold species. A detailed discussion on this site
and the fact that it is not stereoselective in the absence of extra-

ligands in the vicinity was already given by Busico and co-
workers in ref 9. For this reason, we did not perform further
calculations on it.

4.2. Ti2Cl6. Dinuclear species models have been proposed
by the group of Corradini8 In their original formulation, these
centers are suitably bound to surfaces on which the Mg is 5-fold
coordinated, as in the case of (100) and (104) cuts. In our
calculations we focused on the (100) only, since it is representa-
tive of each 5-fold terminated surface. Indeed, we found that a
dinuclear structure binds to the substrate with 5 bonds and is
characterized by a binding energy of 55.6 kcal/mol. The relaxed
Ti2Cl6 configuration is shown in Figure 5. The Ti2Cl6 adduct
forms 5 bonds with the substrate, whose equilibrium distances
are Ti-Cl ) 2.375 Å, Cl-Mg ) 2.673 Å (central bond of the
Ti dinuclear species in Figure 5), and Cl-Mg ) 3.065 Å (the
two lateral bonds in Figure 5); the large distance of the lateral
bonds is already symptomatic of a weak binding of the dinuclear
adduct which will have important consequences on the stability
of the site in the polymerization process, as will be discussed
in the following paragraphs. The bond stress affecting the
dinuclear Ti species can be ascribed to the mismatch between
the Mg-Mg distance (3.674 Å) on the (100) cut of the support
and the Ti-Ti distance of Ti2Cl6. In fact, the geometry of the
gas-phase molecule (Figure 6b) is such that the Ti-Ti distance
is 2.870 Å, thus significantly shorter than the Mg-Mg separa-
tion, while the molecular Ti-Cl bond are 2.384 Å and 2.233 Å
for the Cl bridging the two Ti and the dangling Cl, respectively.
Hence, large deformations and bond elongations are required
for a Ti dinuclear adduct to stick on the (100) surface.

As suggested by M. Terano,37 one may speculate that a more
efficient binding on (100) can be achieved byislandsof Ti,
like, e.g., Ti atoms trapped below the Ti dinuclear adduct and
substituting part of the Mg of the substrate. This could have
the advantage of gradually smoothing out the lattice mismatch
from the bulk to the surface, allowing for a more stable dinuclear

Figure 4. Corradini’s mononuclear Ti adduct (a) and 5-fold Ti
configuration (b) on the (110) surface. Both structures are fully relaxed.
No stable mononuclear species could be located on other surfaces. The
MgCl2 substrate is indicated by sticks as in Figure 2. The Ti atom is
shown as a ball on top of the surfaces.

Figure 5. Fully relaxed Corradini’s dinuclear Ti adduct on the (100)
surface. Energetics and geometrical details are given in the text. The
Ti atoms are indicated as balls.

Figure 6. Dinuclear Ti center on the (110) surface (a) obtained via
unconstrained constant energy molecular dynamics by simulating the
deposition of a Ti2Cl4 molecule (b) on the relaxed surface of
Figure 2b.
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Ti center. However, this goes far beyond the scope of the
simulations presented here.

On the other hand, the possibility of a Ti2Cl6 adduct on the
(110) surface has to the best of our knowledge never been
considered before. Following the unbiased approach that allowed
us to identify the 5-fold site, i.e., deposition of a molecule from
the gas phase onto the support, we found that a dinuclear species
can stick on this surface in the stable configuration shown in
Figure 6a, the geometry of which is simply a distortion of the
molecular structure of the Ti2Cl6 molecule (Figure 6b). The Ti2-
Cl6 molecule sticks on the surface forming 4 bonds and is
characterized by a geometry very similar to the afore-described
5-fold center. The two Ti-Cl distances to the support are 2.469
Å, while the two Cl atoms bridging the two Ti form very weak
bonds (2.995 Å) with the exposed Mg of the surface. In this
case the binding energy is 33.6 kcal/mol, much lower than the
dinuclear adduct on (100).

5. Complexation and Polymerization Reaction

5.1. Mononuclear Ti Species (2,1 insertion).The reactivities
and relevant stabilities of the mononuclear configurations have
already been reported elsewhere.17 Here we address the question
of the regioselectivity by investigating the 2,1 insertion in the
alkylated 5-fold center, an issue that was left open in a previous
work.18

In this sole case, we use an energy cutoff of 40 Ry () 544.23
eV ) 20.0 au). Since these calculations do not involve oxygen,
the lower cutoff is sufficient to ensure a good convergence and
allows for direct comparison with the calculations of ref 18.
We recall that for this site, the stereoregular 1,2 insertion occurs
with a barrierless complexation and that from theπ-complex
to the transition state leading to the isotactic insertion, a barrier
of 10.8 kcal/mol has to be overcome, in agreement with
experimental findings.40,41 The total energy gain, from the
complex to the product, turned out to be 16.7 kcal/mol and the
role of the substrate was similar to that of the bulky ligands in
metallocene catalysis.42

If a 2,1 insertion is attempted on this same site, a stable
π-complex cannot be located by simple geometry optimization
or free dynamics. In fact, the reversed position of the large CH3

group gives rise to strong steric interactions with the Cl atoms
around the Ti center (see Figure 7a). The complex was obtained
only by a constrained dynamics approach, where the distance
ê ) |R(C1) - R(Ti)| between the Ti and the C1 atom of the
carbon double bond of the incoming propene was gradually
reduced. The complexation barriers were found to be∆E )
6.7 kcal/mol and∆F ) 5.6 kcal/mol for the total and free
energy, respectively. For a complexation process, this is a rather
large barrier and it is due to the partial destabilization of the Ti
center. In fact, the Ti adduct loses a bond with the substrate
and weakens its binding to the support (see Figure 7b,c). Once
the complex is formed and the constraintê released, the structure
remains stable without reverting to the original configuration.

From this complex, assumed as a reference level, we located,
via constrained molecular dynamics, a transition state reported
in Figure 7d and energetically located at∆E ) 27.7 kcal/mol
and∆F ) 16.2 kcal/mol, much higher than the insertion barrier
for the isotactic channel. In this case, the reaction coordinateê
was chosen to be the distance between the C2 atom of the
propene and the CR of the growing polymer chain,ê )
|R(C2) - R(CR)|, using the labeling of Figure 7c. The large
total energy value is not entirely due to the entropic contribution
but also to the weakening of the bonds between the catalyst
and the support. The entropic contribution is, however, very

large because of the great flexibility of the Ti-polymer chain-
monomer group which is only weakly bound to the support and
thus can oscillate quite freely and reorient itself. The two
dangling chlorines bound only to Ti and visible in Figure 7c
are also characterized by very large oscillations. Of course, this
very floppy structure is far from being a stable catalytic center.
We located this transition state as usual in the framework of
the Blue Moon theory, by looking for the zero of the constraint
force30 along the selected reaction path. We further checked
this point by performing a vibrational analysis, within the
harmonic approximation, on the average configuration as
obtained from the trajectory, finding one imaginary modeω )
i137 cm-1.

This result is in line with the conclusions drawn in ref 18
and indicates that the stereoselective channel is favored also in
comparison with the 2,1 insertion. Thus, as found in experi-
ments, regioerrors are characterized by a very low probability
for this site, whose symmetry isC1.9

5.2. Dinuclear Ti Species.As far as dinuclear Ti configura-
tions are concerned, to the best of our knowledge, no first
principles calculations have ever been attempted previously. To

Figure 7. The various phases of the 2,1-insertion. Without loss of
generality, the propene issi-coordinated throughout all calculations.
The approaching of a propene to the 5-fold Ti active center on (110)
surface from a top view (a), theπ-complex formed after overcoming
an activation barrier as reported in the text (top view (b) and side view
(c)) and the transition state (d). The olefin-catalyst equilibrium
distances for the complex are Ti-C1 ) 3.101 Å and Ti-C1 ) 2.939
Å. (c) the transition state (top view). The equilibrium geometry of this
four-membered ring transition structure, averaged from the dynamical
run, is: C1-C2 ) 1.471 Å, C2-CR ) 2.301 Å, Ti-C1 ) 2.295 Å, and
Ti-CR ) 2.598 Å. The Ti is the gray ball at the center of each panel,
while CR is the C of the polymer chain directly bound to Ti. For the
sake of clarity, atomic labels are indicated only in (c).
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study the ability of the dinuclear species to carry out the
polymerization, we simulated the alkylated center by substituting
one of the dangling Cl atoms with an isobutyl group and by
simulating the complexation of a propene on the active site.
For the (100) surface, this is shown in Figure 8a. The
complexation proceeds in a barrierless way. However, after
performing an unconstrained dynamics, we observed a spon-
taneous disruption of the dinuclear species with one TiCl4 being

expelled as in Figure 8b, and the formation of a stable
π-complex on Ti1. Note that in Figure 8b Ti species revert to a
4-fold coordination, in line with our findings that it is not
possible to have a stable mononuclear species on the (100)
surface.

The actual Ti oxidation state resulting after this destabilization
deserves some comment. The expelled molecule is of course
Ti(IV). On the Ti1 atom, on the other hand, the propene unit
forms a stable complex with equilibrium distances Ti1-C1 )
3.104 Å and Ti1-C2 ) 2.372 Å. But it loses almost all its bonds
with the substrate and survives as a Ti(II) species. As a matter
of fact, the equilibrium bond distances of Ti1 turn out to be
Ti1-Cl1 ) 2.291 Å, Ti1-Cl2 ) 2.498 Å, Ti1-Cl3 ) 2.530 Å,
and Ti1-CR ) 2.273 Å where the labeling is reported in Figure
8c. As can be inferred from these bond lengths, only Cl1 and
CR atoms can be regarded as chemically bound to Ti1, the former
being mostly ionic and the latter mostly covalent, thus account-
ing for its formal oxidation state.

We inspected the electronic structure of the Ti(II) species in
order to figure out if a Ti-olefinπ* back-donation process
occurs. The ELF (electron localization function)43 shown as a
density map in Figure 9a seems to point to a rather different
electron distribution, with a strongσ-like component in the
π-complex pointing toward the Ti(II) site. This picture is
confirmed also by the analysis of the Kohn-Sham orbitals (see
Figure 9b). In a full Dewar-Chatt-Duncanson process, the
carbon double bond of the olefin is generally aligned to the
Ti(II) in such a way that the two carbon atoms labeled as C1

and C2 in Figure 8b are symmetrically located and their relative
distances from the catalyst are roughly the same. In this case,
on the contrary, we find the two distances strongly inequivalent,
being Ti(II)-C1 ) 3.104 Å and Ti(II)-C2 ) 2.372 Å. From
the electronic point of view, in the case of a back-donation a
Ti-olefin π-π* interaction should be observed. Here, however,
this is not the case, since the Cl atoms around the catalyst,
namely Cl1 and Cl3 in Figure 8b give rise to a strong steric
repulsion with the methyl group of the propene. Hence, only
C2 can approach Ti(II) in an efficient way, thus forming the
σ-like bond visible in Figure 9. Hence, a back-donation process

Figure 8. Approach of a propene (top view) to the activated dinuclear
Ti center on (100) surface (a) and stableπ-complex formed in a
barrierless way (b). (c) shows the complexation of a propene on the
same dinuclear center in a triplet spin state and (d) the cluster model
used to analyze the triplet instability in terms of orbital Hessian (see
text for details).

Figure 9. (a) Detail of the electron localization function (ELF) relevant to the complex Ti(II)-propene. The ELF is projected onto the plane
defined by the two atoms of the carbon double bond (gray balls) and the Ti(II) (here represented as a purple ball). Red spots are the region of
maximum localization (ELF) 1), blue regions refer to the absence of electronic charge (ELF) 0). The green balls are Cl atoms and the polymer
chain is represented by sticks only (H in black). Mg atoms are not visible. (b) Kohn-Sham orbital relevant to the propene-Ti(II) σ-like bond. The
Ti atoms are here shown as a yellow sphere, while the other colors are the same as in (a). Ti(II) is the one on the left carrying the propene complex.
The orientation is reversed with respect to (a) for clarity of presentation.
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with a propene, whose steric encumbrance is larger than
ethylene, seems to be hindered in a heterogeneous system.

The whole destabilization process is energetically downhill
and leads to a total energy gain of 55.8 kcal/mol. The observed
disproportionation 2Ti(III)f Ti(IV) + Ti(II) could be also a
consequence of the closed shell ansatz, which is justified, since
the singlet is lower in energy than the triplet.

We performed analogous calculations on an open shell triplet
state of this same Ti dinuclear configuration in order to check
whether the spin state of the system can affect the stability of
this species. Also in this case, however, the final structure
exhibits a large destabilization with the dinuclear adduct broken
into two fragments, a Ti(III) carrying the complex and a Ti(III)
weakly bound to the substrate, as shown in Figure 8c. The Cl1

and Cl2 atoms bridging the Ti1 and the substrate are still bound
to Mg1 with bond lengths Cl1-Mg1 ) 2.664 Å, Cl1-Ti1 ) 2.374
Å, Cl2-Mg1 ) 2.683 Å, and Cl2-Ti1 ) 2.465 Å. The only Cl
atom connecting Ti2 to the substrate (Cl3) has equilibrium
distances Cl3-Mg2 ) 2.555 Å and Cl3-Ti2 ) 2.430 Å. The
complex itself is still stable as the two propene-catalyst
distances are Ti1-C1 ) 3.033 Å and Ti1-C2 ) 2.595 Å.

The final (destabilized) states of this complex have shown a
singlet-triplet splitting of 19.5 kcal/mol, the triplet being the
energetically higher state.

To further verify the above conclusions, we checked the
stability of the structure by computing the orbital Hessian of
both the singlet (broken symmetry solutions) and the triplet
(lower lying unrestricted solutions). Since this is a feature
generally not available in any plane wave code, we extracted
from the average configuration of the system undergoing the
dynamics the smaller model sketched in Figure 8d. This model
includes only the chemically relevant part of the system. A single
point DFT calculation within the same BLYP approach used in
all present simulations was performed with the DSCF program
of the package TURBOMOLE44, followed by a stability check
calculation with the ESCF program of this same package. No
negative eigenvalues were found. This clearly confirms that the
solutions obtained for the larger periodic system is stable and
that the disproportionation is not an artifact of the assumed
ansatz.

On these grounds, we can argue that the destabilization of
dinuclear species is symptomatic of all those surfaces, like the
reconstructed (100) or the (104), on which the exposed Mg is
5-fold.

We checked in an analogous way the stability of the dinuclear
adduct on the (110) surface. The alkylation was achieved by
substituting a dangling Cl atom of one of the two Ti atoms with
an isobutyl group in a way similar to the dinuclear Ti on (100).
Also in this case the formation of a stableπ-complex (equilib-
rium distances: Ti1-C1 ) 2.185 Å, Ti1-C2 ) 2.162 Å) as a
response to an incoming propene occurs with a destabilization
of the dinuclear species. In fact, the Ti carrying the complex
(Ti1) loses all the bonds with the neighbor Ti2 and keeps only
the Cl1 atom as a binding to the substrate. The equilibrium bond
lengths of this bridging Cl are Ti1-Cl1 ) 2.521 Å and
Mg1-Cl1 ) 2.413 Å (see Figure 10). This bridging Cl, originally
belonging to the substrate, loses one of its bonds (Mg2-Cl1),
so that the complex survives as a Ti(II) fragment weakly
attached to the support. It is interesting to observe that Ti2does
not leave the surface as in the (100) case, but remains bound to
the support in a Ti(IV) 5-fold configuration identical to the
mononuclear 5-fold center. It is worth speculating that the Ti2Cl6
species might act on the (110) surface as a precursor of the

mononuclear 5-fold site. The whole process is characterized by
an energy gain of 69.2 kcal/mol, roughly of the same order as
the value found for the (100) surface. Even in this case, for the
actual polymerization process dinuclear centers seem unable to
carry out the reaction without destabilizing.

On these grounds, we can conclude that dinuclear centers, at
least in these catalyst configurations, although stable prior to
the activation, do not remain stable when the polymerization
occurs, contrary to the mononuclear Ti configurations, which,
to this extent, can be identified as a real active catalyst.

6. The Donor Di-n-butyl Phthalate

As a first attempt to address the role of an internal donor in
a MgCl2/TiCl4 catalytic system (i.e., a donor added during the
preparation of the catalyst), we considered the prototype
molecule reported in Figure 11, which is representative of a
whole family of internal donors. The results presented here can
then be regarded as rather general. These kinds of phthalates,
of which the di-n-butyl phthalate is a quite common species,
are known to improve the degree of stereoselectivity35 and are
generally designed in order to fulfill the following requisites:
(i) ability to coordinate on the MgCl2 support also in the
presence of Ti adducts, (ii) absence of secondary reactions with
Ti during the catalyst preparation, (iii) absence of secondary
reactions with both the metal-carbon bond and the growing
polymer chain during the polymerization process. Requisite (i)
is generally achieved by tuning the O1-O2 distance of the
molecule in the range 2.7-3.8 Å while the other two aspects
depend on the particular molecular structure, as well as the
influence of external donors added during the polymerization
process and are the object of intensive research in the molecular
design domain.35 In this respect, this part of our work was done
in the same spirit as ref 35(e) where diethers are considered
and attempts are made to correlate the binding of the donors

Figure 10. Stableπ-complex on the active dinuclear Ti center on the
(110) surface. See text for details.

Figure 11. The donor di-n-butyl phthalate used in our calculation.
The oxygen atoms are shown as balls, C atoms are the light gray sticks
and H atoms the black sticks. O1 and O2 are the oxygen atoms that
interact with the active surfaces.
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on the various surfaces to the isospecificity of the produced
polymer. Both phthalates and diethers are used at the stage of
catalyst preparation and are supposed to behave in a similar
way. Unfortunately, despite intensive investigation, their role
is still unclear.

The di-n-butyl phthalate is a rather floppy molecule and, due
to the flexibility of the hydrocarbon chains, the O1-O2 distance
can vary very easily in the range 3.370-3.761 Å, because the
two hydrocarbon branches carrying the O atoms can reorient
freely upon dynamics. The Mg-Mg distance of the exposed
Mg on the relaxed active surface is equal to 3.674 Å and 6.360
Å for the (100) and (110) cuts, respectively. It is then clear that
such a donor can bind very efficiently on (100), while a less
strong binding can be expected on (110). In fact, calculations
for the (100) surface gave a binding energy of 21.9 kcal/mol
with bond distances O1-Mg1 ) 2.150 Å and O2-Mg2 ) 2.246
Å for the relaxed structure reported in Figure 12a.

On (110) surface, we performed two simulations. In the first
one the donor phthalate was allowed to move freely on the
surface searching for stable coordinations. In the second one
we started with a relaxed bidentate configuration, according to
the models proposed in the literature.35 In both cases the stable
configuration was found to be a singly bonded structure, like
the one reported in Figure 11b. In fact, when dynamics is
allowed and temperature effects enter the game, a bidentate
donor coordination spontaneously loses a bond with the surface
and reverts to a single-bond coordination. The bonds of a
bidentate configuration, at least for this donor phthalate, are
indeed rather stretched, thus this finding is not so surprising.
Due to the larger Mg-Mg distance on (110) with respect to
(100), the donor can form easily only one bond with the surface,
as shown in Figure 12b. The binding energy is 8.5 kcal/mol
and the bond length O1-Mg1 ) 2.085 Å. This bond almost
restores the local geometry of Mg1 to the bulk values, the Mg1-
Cl surface distances being now equal to 2.456 Å and the angle
ClMĝCl ) 177.0° very close to the 180° value typical of the
bulk crystal.

It might be speculated that the role of such a donor is that of
a tuning agent able to control the surface morphology, in the
sense that its strong binding on (100)sor, more generally, on
surfaces exposing 5-fold Mgsprevents crystal growths exposing

these surfaces and enhances or at least does not appreciably
affect the (110) cuts. The lower binding of this molecule to
(110), also in comparison with the binding energies of Ti
adducts, in fact makes it easy to displace this donor and replace
it with Ti active centers.

On the other hand, we found that this same donor phthalate
can bind to the activated mononuclear Corradini center with a
binding energy of 20.1 kcal/mol, very similar to the binding of
the same phthalate on the (100) bare surface. This is not
surprising, since, in this case, the distance Ti-Mg1where the
donor binds (see Figure 13) is 3.781 Å, very close to the Mg-
Mg distance of a typical (100) surface. The equilibrated
phthalate-catalytic center bond distances are O1-Mg1 ) 2.203
Å and Ti-O2 ) 1.942 Å. This strong binding indicates that
mononuclear Corradini centers not carrying the side ligands
described in ref 9 are easily poisoned by these donors and in
their presence they cannot carry out the polymerization process.

In the case of the 5-fold centers on this same surface, the
distance between the Ti and the nearest undercoordinated Mg
is much larger than the possible O1-O2 distances and a binding
of the phthalate is not possible. As a consequence, 5-fold sites
are not affected by its presence and can polymerize without
being deactivated.

Figure 12. (a) Equilibrium configuration of the donor phthalate bound to the (100) surface. (b) Binding of the donor phthalate on the (110)
surface. Due to the surface geometry, only one bond can be formed in this case. Binding energies and equilibrium bond distances are reported in
the text.

Figure 13. Poisoning of the active Corradini mononuclear center on
the (110) surface by the donor phthalate. Details are given in the text.
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7. Conclusions

We presented an extensive investigation of a realistic
Ziegler-Natta heterogeneous system at the cutting edge of
present day first principles methodology. We provided well
assessed grounds to support the widely made assumption that
(100) and (110) are the relevant active surfaces of the MgCl2

support. Indeed, these represent the most stable undercoordi-
nations of the exposed Mg.

The results of the calculations on the catalyst configurations
clearly indicate that the proposed active centers on surfaces such
as (100) or (104), where the Mg is 5-fold coordinated, are not
able to carry out the polymerization process efficiently. On these
surfaces, Ti adducts can bind only in a dinuclear configuration,
but the catalyst is destabilized during the reaction.

An alternative dinuclear configuration as a possible active
site could be located on (110) surface, but it turns out to
destabilize as well during the polymerization phase. However,
on (110) cuts the mononuclear species act as stable active sites.

It is worthy of note that the destabilization of the dinuclear
adduct on this surface leaves the system with a stable 5-fold
mononuclear configuration, i.e., contrary to the other cases, here
the nonactivated part of the adduct does not fly away as a free
TiCl4 molecule, but remains bound to the surface, strengthening
the importance of the role of the 5-fold site.

These results are novel and indicate that the simple models
and more approximate treatments reported in the literature are
insufficient to take into account all the complexity of a ZN
heterogeneous catalyst and need to be critically reexamined. In
particular, the privileged role that the (100) cut was previously
assumed to have, also in comparison with the (110) cut seems
to be unfounded. On the basis of our calculations, it can be
concluded that the Ti in mononuclear form should be the
dominant species in the real catalysis process for simple adducts,
unless more complicated structures, which cannot a priori be
excluded, are considered.

Our study also presents a first attempt to clarify the role of
a typical donor phthalate at a fully first principles level. This is
a dual role; on one hand it controls the surface morphology by
blocking the growth of those cuts, like (100) and (104), where
the 5-fold Mg does not bind Ti efficiently and favoring the (110).
On the other hand, it poisons centers such as the Corradini one
which, due to theC2 symmetry, does not have the right
stereoselective properties. Also this is new and could not be
found via more simplified approaches.

We believe that this work provides new insight for a rational
improvement of the heterogeneous catalytic process.
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