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We present a CarParrinello investigation of various active surfaces and catalytic sites in a realistic Ziegler
Natta heterogeneous system. We examine the (100), (110), and (104) surfaces of theuygGit 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 TiCl and TpCls 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 differ in their stereoselective properties, the control of these
N . surfaces is a crucial issue in tuning the polymer stereochemistry.
The prqblem of the polymenzgtlon processin heterqggneous Experimental investigations generally focus on the analysis of
catalysis is a question arising directly from industry, aiming t0 yhe nolymer produced and correlations with the catalyst prepara-
address improvements and rational developments in polyolefin o are done at a second stage in order to recover a microscopic
production. picture with the aid of model structurésto

i - i 2- B . .
ot the most importa ustrial processes € Mass proauclion, aye  peen extensively investigated by Corradini and co-

O;r?gbllglefmastexltr;n{;ohgza?eig;'ese ni);nf;'er:sOaS(Ie(IaZ?jt'lxltyfollg .nworkersf}v9 using assumed geometries of both the substrate and
iF;\d ! tur b 9 fit u N m)i/ II dv ntl S :‘ ? nf 'r_the catalytic center. However, due to the size of the system
ustry because ot Its economical advantages. S0 far, untor, .o qqq 1o reproduce a realistic environment, ab initio calcula-

:)L;n;]tglyéc\,:f/ rey gtetﬁelfskrlﬁ\gi? ﬁ)xcg?rgqe%rr';ﬂyyag?%t ;EE r;glt;{s d ti_ons _h_ave so far been prohibitively expensive. Eor this reason
. ! . ’ .~ simplified approaches have been adopted. Paired interacting
e_Iectromc structure. Exp_enmental probes suffer severe I|m|t_a- orbital (PIO) calculatiori on a number of violet TiGl
tions, since only a relatively low percentage of the catalytic onfigurations have been reported by Shiga et%atf course
sites are active, and, as a consequence, their local structure an ey do not deal with the MgGhubstrate problem a,nd do not
(:/Ilegtrcl)_nlc ﬁropertules_ areb_r:_ot "’]J%V.pr with any great cr?rtzzlnty. account for relaxation problems. Semiempirical approaches of
| 0 Ie I|r|1g t ;bcatﬁ ytic ability o |fe;]ent cerf1ters at the. e?t the extended Hekel type have been reportécn crystalline
t(ia(;/r?s an?z;/;ethuz tbg ﬁ:gsgrr:lty sgse{g”';t?éavr\}ac; g??)rt])ttlgi?]iﬂém{lhae_ TiCls clus_ters, but the need for more sophisticated theoret?cal
need’ed insight methods is acknowledged by the_ authors themselves._Vanous
) o support surfaces have been studied by Colbourn ¥taing
As far as heterogeneous catalysis is concerned, these theoretiy,gjecylar modeling methods combined with density functional
cal investigations are only now becoming possible. This is (ppTy calculations. However, their DFT studies were limited
mainly due to the complexity of such a system, which prevented (, jnciysion of surface fragments treated at a first principles
realistic calculations in past years. Development of new |gg|into structures computed classically using two-body model
computational techniques as well as remarkable progress inyqtentials. First principles calculations limited to static relaxation
computer facilities have now made it possible to study large ot 1j adducts and all-electron calculations on smaller cluster
realistic systems in great detail. models have recently been reported by Gale and co-wotRers;
In a standard preparation of a magnesium chloride/titanium however, their outcome is limited since a realistic model is not
chloride catalytic system, the milling process of Mg@an used for the polymerization process, temperature and dynamical
produce different active surfaces on which the Ti can coordinate effects are not accounted for, binding energies are unrealistically
in several way$:7 Since these Ti configurations can strongly  |ow (some of them are indeed at the limits of the accuracy
allowed by first principles calculations), and all the Ti catalyst

lg/l;éﬂarx#;nstitut fu Festkoperforschung. models reported in the very rich literature have been neglected.
s BASF Aktiengesellschatt. In our previous works 18we have already investigated the
'Work done at MP+FKF, Stuttgart (Germany). 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 As in our previous work$?18 for the olefin insertion
study to the most representative support surfaces, i.e., (100),reactions, we performed constrained molecular dynamics within
(110), and (104) whose active Mg sites include a great variety the Blue Moon ensemble theot§2° assuming as the reaction
of possible undercoordinated Mg configurations. We analyze coordinate the distance between the incoming olefin and the
the various Ti geometries, starting from the most accredited a-carbon of the growing polymer chain. Equilibration times of
models proposed by Corradini and co-workeis the 5-fold ~2.0 ps ensured sufficiently meaningful statistics. Free energies
site reported in ref 17. Here we find that also a dinuclear form are affected by an average error bar of about 2.0 kcal/mol within
of this same center can exist as a stable configuration prior to our choice of the exchange and correlation functional.

the activation.

We study then, for the first time in a realistic system, the
effects of the activation and the polymerization reaction on these  The MgCb crystal has already been described elsewhere.
catalyst configurations, in the attempt to elucidate the problem Here we recall only the main points needed to support the
of their relative stability and their contribution to the polym- following discussion. Solid MgGlhas an ionic layered structure
erization process. Our results show that the ability of a center Which belongs to thé3m space group. We took the experi-
to carry out its catalytic role without being destabilized, depends Mmental geometd} and optimized the lattice parameter
to a large extent on the nature of the center and its geometricalconsistently with our DFT approach. Théattice constant was
environment. fixed to the experimental value since along this direction van

Furthermore, we discuss the problem of the regioselectivity der Waals forces, not well described by any class of density
of the proposed 5-fold site, an issue that was left open in our functionals, play the major role. Our optimizedbulk value

previous worki8 and present a first attempt to address the role Was 3.651 A, which differs from the experiment (3.640 A) by
of a donor phthalate in the ZN system. about 0.3%. The MgCl bond length of the relaxed structure

is 2.520 A, in good agreement with the experimental value of
2.530 A2 Starting from this optimized structure, we cleaved
the different surfaces as described in the following paragraphs.
We adopted a DFP approach with gradient corrections on Even if the (001) surface is supposed to be prevalent in a
exchange and correlation after BeeKeee—Yang—Parr standard substrate preparation, this surface is not interesting from
(BLYP)?® and performed CarParrinellg* simulations? using a practical point of view, since it is the basal plane of the crystall.
supercells containing: 30 formula units in an orthorombic For this reason it is easy to cleave Mg@long this plane, where
supercell of 17.673x 14.560 x 28.000 & in the case of  only relatively weak van der Waals forces hold the structure
(100) surface, 32 formula units in a monoclinic supercell of together, but surfaces obtained in this way are completely
19.095 x 12.522 x 28.000 B (ab = 70.2) in the case of saturated by Cl and not catalytically active. They can be
(110) surface, and 48 formula units in an orthorombic supercell activated by removing Cl atoms by, for example, electron
of 14.560x 21.711x 28.000 Ain the case of (104) surfaée. irradiation3® These experiments are rather clever and allow fine
These choices ensure a thickness sufficient to simulate thecontrol of both the surface and the active sites. However, this
bulk, a surface realistically large and enough empty space aboveaspect of the problem is beyond the scope of the present work
the surface to avoid interactions with periodic images. Catalyst and this is not the technique generally adopted in ind#étry.
centers are separated by at least 14.560 A from their replicas in  3.1. (100) SurfaceWe started our analysis by considering
the (x,y) directions in the case of the smaller cell; the separation the (100) surface, quoted in the literatifeas a good active
alongz is of course the third dimension of the supercells. The surface for coordinating epitactically the chiral dinucleaCI§
atoms are fixed to the bulk crystallographic positions on one species.
side of the slab, while the catalytic centers are placed on the When the (100) surface is cleaved from theMgCl, bulk
opposite (relaxed) side. TroullieMarting4 norm-conserving crystal, the structure of the three exposed layers of the
pseudopotentials including nonlinear core correcidfts Mg elementary cell is such that one of them (left layer of Figure
and Ti accounted for the valenceore interactions. A plane  1a) presents all 6-fold Mg atoms, i.e., the layer is Cl terminated,
wave expansion with an energy cutoff of 70 Ry 952.41 the neighboring layer (central layer of Figure 1a) exposes 3-fold
eV = 35.0 au) was adopted unless otherwise specified in the Mg atoms, and the third layer (right layer in Figure 1a) shows
text28 This higher cutoff was needed to describe the oxygen 5-fold Mg sites. The fact that one of the layers of the exposed
properties. Pseudopotential convergence tests concerning theurface is highly undercoordinated (3-fold) makes this initial
choice of the cutoff have been reported elsewRéha the case configuration very unstable. In fact, due to the large charge
of the open-shell calculations, local spin density approximation imbalance, Coulomb forces acting between two adjacent layers
(LSDA) on exchange and correlation within the same BLYP induce remarkable reconstruction processes. Both simple struc-
functional was adopted. The choice of a BLYP functional ture relaxation and free molecular dynamics have shown that
approach is clearly driven by the fact that at the simple LDA the chlorine atoms of the 6-fold Mg layer jump toward the
level binding energies turn out to be overestimated and the neighboring layer in the attempt to balance the surface net
insertion barrier largely underestimated or completely midéed. charges. Eventually, a further displacement of these Cl along
Of course, the choice of the functional is not unique and the this same layer leads to the formation of new Mgl bonds,
general agreement, especially of energetics, is expected toresulting in a structure where all the layers expose a 5-fold
depend strongly on the level at which exchange and correlationcoordinated Mg (Figure 1b). The total energy gain of this
are treated. We used a BLYP version according to our reconstruction process is 12.7 kcal/mol Rfg.
experience with several systems, ranging from hydrogen-bond It is interesting to observe that#MgCl, is used instead of
systems to organometallfésand to the extensive comparative  a-MgCl,, the (100) surface is much closer to the reconstructed
tests reported in the literat¥fewhere it is shown that the  one described above, thus a less dramatic relaxation process
performances of BLYP are comparable to (or sometimes slightly occurs.
better than) the Perdew correlation functional family more  3.2. (110) Surface A description of the relaxation of this
popular in the homogeneous catalysis simulation field. surface has already been given in a previous Woéskhere a

3. Active Surfaces

2. Computational Method
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(a) (b)

Figure 1. (100) surface of MgGl 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.

N e e N e - 3.3. (104) SurfaceThis sgrfacg, as cleaved from the bulk,
- -l }M . “{ AN - "":‘ N N presents or_1|y 5-fold Mg active sites and is végt co_mpared
,{ ,>: 4 > ’ /i% Y N s x:“ y to the previous ones. The active surface is very similar, from
" T Y VTN T the coordination point of view, to the reconstructed (100). The
relaxation affects the structure only a little and the global effect
(a> (b) is a small puckering of the exposed Mg atoms toward the bulk

without any change in coordination. The flat-@g—Cl bulk

Figure 2. Details of the (110) surface (a) prior to and (b) after the angle reduces to 162.-and the Mg-Cl bonds at the surface
relaxation process leading to the puckering of the exposed Mg atomsStretch to to 2.421 and 2.597 A from the bulk values reported
toward the bulk. The structure is represented by sticks only where the above. The effects of the relaxation are shown in Figure 3a
Mg atoms are located at the cross points of the light gray stick segments.(unrelaxed) and Figure 3b (relaxed). The total energy gain in
Cl atoms are the darker segments. this case was 2.4 kcal/mol Mg.

. . The general picture that emerges from these calculations is
slightly smaller cell was adopted. In the present calculation, inat the active surfaces of MgChre such that only two
the supercell has been enlarged as explained in the computationdgordinations are allowed for Mg: either 5-fold or 4-fold. Lower
details section. This, however, does not affect the relaxation cqordination numbers would result in much less stable lateral
process, so we limit our analysis to a brief summary of the main cyts. This provides a justification for the assumptions given in
points. A (110) surface cleaved from the bulk shows layers the literatur@ where only (100) and (110) are considered by
which are all terminated by 4-fold Mg sites (Figure 2a). In this  speculating on similarities with the violet TiCIn what follows
case the relaxation does not give rise to any reconstruction, butwe shall focus on the binding of different catalyst configurations
only to a puckering of the Mg atoms on the surface toward the onto (100) and (110) surfaces, not because these are the only
bulk (Figure 2b). The 180typical bulk angle of C+Mg—Cl possible exposed surfaces, but because they are representative
reduces to 154on the surface while the MgCl bond lengths of all the stable Mg configurations and correspond to the lowest
shorten to 2.403 and 2.322 A. The energy gain of the processpossible Miller indices, i.e., to the energetically less expensive
for the simulated system amounts to 3.4 kcal/mol Mg. lateral cuts. Of course, since in real experiments the milling

(a) (b)

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.



Ziegler—Natta Heterogeneous Catalysis J. Phys. Chem. A, Vol. 105, No. 21, 2008099

oy

g 4 &

)i ‘g ! . 119"7”'";%‘. v ‘41'5’:’1% :;:’;1“;;&
’,’*"“-a i m(% /f*"'m o wt‘%‘ ‘j:}’n‘ e {;3?’ \}M L i K) g i A ity *‘b}{;ub‘i; ;‘“
&mu{é[ %ﬂm e ‘j?"’"'“‘" : y‘ﬁ \%‘: & o i EL 1 § E
4 o p Q i | H ﬂm(%{‘ y . Wg{} : Ly ’MZ:JE‘%‘% E‘M g
b d S A I
(a) (b) Figure 5. Fully relaxed Corradini’s dinuclear Ti adduct on the (100)
surface. Energetics and geometrical details are given in the text. The

Figure 4. Corradini’'s mononuclear Ti adduct (a) and 5-fold Ti  Ti atoms are indicated as balls.
configuration (b) on the (110) surface. Both structures are fully relaxed.

No stable mononuclear species could be located on other surfaces. The ﬁ %
MgCl, substrate is indicated by sticks as in Figure 2. The Ti atom is .
shown as a ball on top of the surfaces. w{}“ S
procedure can expose different MgQuts, in view of these . Fw Y
results it is irrelevant to specify the actual surface of the support. i%mw‘%g 8 Oy Y
v £ ”W 3 o
4. Binding of Ti Catalyst on the Active Surfaces ‘M:é*a : £ Y
. AR ol

4.1. TiCl. Purely mononuclear species on surfaces such as
(100) or (104), where only 5-fold Mg are present, have been (a) (b)
supposed to form as a consequence of the dissociation of
dinuclear Ti adduct®.However, in our calculations, mono- Figure 6. Dinuclear Ti center on the (110) surface (a) obtained via
nuclear catalytic sites on these surfaces were never found stabléinconstrained constant energy molecular dynamics by simulating the
at any stage, i.e., neither prior to nor after the activation. In all deposition of a TCls molecule (b) on the relaxed surface of
our simulations, attempts to stick a TiOmolecule on the Figure 2b.
relaxed (100) surface failed. A simple static relaxation of the liands in the vicini readv ai by Busi d
system gave a very weak binding of about 2.0 kcalfrintieed igands in the vicinity was already given by Busico and co-
at the cutting edge of first principles accuradyut as soon as Workers_ in ref 9_. For this reason, we did not perform further
dynamics was allowed, the Ti adduct was rapidly destabilized calculau_ons on _'t' )
and the TiC} flew away as a free molecule. 4.2. TixCle. Dlnuclear_ species m(_)o!els have be_en proposed
We found that stable TiGlgeometries are allowed only on Py the group of Corradifiiln their original formulation, these
the (110) surface, where the lower Mg coordination number Centers are sur[at_)ly bound to surfaces on which the Mg is 5-fold
favors their binding. We have already discussed the possiblecoordinated, as in the case of (100) and (104) cuts. In our
TiCl4 configurations on this surfaééHere we limit our analysis galculatlons we focused. on the (100) only, since it is representa-
to a brief summary of these geometries and their relevant binding tive of each 5-fold terminated surface. Indeed, we found that a
energies. The most popular model is the Corradini configuration dinuclear structure binds to the substrate with 5 bonds and is
reported in Figure 4a. The binding energy of this Ti 6-fold is Characterized by a binding energy of 55.6 kcal/mol. The relaxed
40.3 kcal/mol. An alternative possibility is a 5-fold site like Ti2Cls configuration is shown in Figure 5. The;Tls adduct
the one shown in Figure 4b, whose binding energy is lower forms 5 bonds with the substrate, whose equilibrium distances
(29.4 kcal/mol) due to the fact that the Ti coordinates to the are T—Cl=2.375 A, C-Mg = 2.673 A (central bond of the
substrate with one bond less than the Corradini center. Both Ti dinuclear species in Figure 5), and-¥g = 3.065 A (the
species become active ZN sites, the 5-fold one being characteriwo lateral bonds in Figure 5); the large distance of the lateral
ized by a higher reactivity. bonds is already symptomatic of a weak binding of the dinuclear
The energetics for the propelne insertion at the 5_f0|d Site addUCt WhICh W|” have ImpOI‘tant Consequences on the Stabl|lty
has been discussed in a previous p#pefor the sake of of the site in the polymerization process, as will be discussed
completeness, we will briefly recall the main features here. The in the following paragraphs. The bond stress affecting the
site was proved to be stable under po|ymerization conditions dinuclear Ti Species can be ascribed to the mismatch between
and the formation of a-complex occurred in a barrierless way the Mg—Mg distance (3.674 A) on the (100) cut of the support
with a complexation energy of 3.6 kcal/mol. The computed and the Ti-Ti distance of TiCls. In fact, the geometry of the
activation barrier of 10.8 kcal/mol was in agreement with 9as-phase molecule (Figure 6b) is such that theTTidistance
experimental activation energies relevant to the regular 1,2 iS 2.870 A, thus significantly shorter than the Miylg separa-
insertion. A figure of merit was the natufajl_e_, without tion, while the molecular HCl bond are 2.384 A and 2.233 A
stereomodifiers-stereoselectivity of this site. for the Cl bridging the two Ti and the dangling CI, respectively.
For the Corradini-center (see Figure 4a), we assumed a Ti- Hence, large deformations and bond elongations are required
(I11) active species in which one of the two dangling Cl atoms for @ Ti dinuclear adduct to stick on the (100) surface.
is removed while the other one is replaced by a methyl group.  As suggested by M. Terarfépne may speculate that a more
This is the simplest model for the active center carrying the efficient binding on (100) can be achieved Isyandsof Ti,
growing polymer chain. Tha-complexation again is exother-  like, e.g., Ti atoms trapped below the Ti dinuclear adduct and
mic, the activation barrier is higher by about 7.1 kcal/mol with substituting part of the Mg of the substrate. This could have
respect to the 5-fold species. A detailed discussion on this sitethe advantage of gradually smoothing out the lattice mismatch
and the fact that it is not stereoselective in the absence of extra-from the bulk to the surface, allowing for a more stable dinuclear
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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,Tis 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 "% e ‘
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 ITls molecule (Figure 6b). The F
Clg molecule sticks on the surface forming 4 bonds and is e
characterized by a geometry very similar to the afore-described -
5-fold center. The two FCl distances to the support are 2.469
A, while the two Cl atoms bridging the two Ti form very weak
bonds (2.995 A) with the exposed Mg of the surface. In this b
case the binding energy is 33.6 kcal/mol, much lower than the (a) ( )
dinuclear adduct on (100).

5. Complexation and Polymerization Reaction N
i
5.1. Mononuclear Ti Species (2,1 insertion)lhe reactivities 9 LSRN i
and relevant stabilities of the mononuclear configurations have g..; .. %2 &
already been reported elsewhétélere we address the question I

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 Ryp@4.23
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 (C) (d)
with a barrierless complexation and that from thr&omplex
to the transition state leading to the isotactic insertion, a barrier Figure 7. The various phases of the 2,1-insertion. Without loss of
of 10.8 kcal/mol has to be overcome, in agreement with generality, the propene i-coordinated throughout all calculations.
experimental finding4%4! The total energy gain, from the  The approaching of a propene to the 5-fold Ti active center on (110)
complex to the product, turned out to be 16.7 kcal/mol and the Surface from a top view (a), the-complex formed after overcoming

. : ;. an activation barrier as reported in the text (top view (b) and side view
role of the substrate was similar to that of the bulky ligands in (©) and the transition state (d). The oleficatalyst equilibrium

metallocene catalysf$. distances for the complex are-TC; = 3.101 A and Ti-C; = 2.939

If a 2,1 insertion is attempted on this same site, a stable A. (c) the transition state (top view). The equilibrium geometry of this
sm-complex cannot be located by simple geometry optimization four-membered ring transition structure, averaged from the dynamical
or free dynamics. In fact, the reversed position of the largg CH run,is: G—C, =1.471 A, G—C, =2.301 A, T-C, = 2.295 A, and
group gives rise to strong steric interactions with the Cl atoms Tihflcacj _2-3?8 é -'f—r;ﬁ Ti isl the gra;]y _bal(;_at tne gente(; ?f ﬁ_"."c'r:' pa}(ﬂel’
around the Ti center (see Figure 7a). The complex was o_btained\é"allee of Cll?’;l rit; atc?mi c?a%%émaeurre? ngi'gatgg% n%y i?]ch). o 1. rorihe
only by a constrained dynamics approach, where the distance
& = |R(Cy) — R(Ti)| between the Ti and the Gtom of the large because of the great flexibility of the Ti-polymer chain-
carbon double bond of the incoming propene was gradually monomer group which is only weakly bound to the support and
reduced. The complexation barriers were found toAke = thus can oscillate quite freely and reorient itself. The two
6.7 kcal/mol andAF = 5.6 kcal/mol for the total and free  dangling chlorines bound only to Ti and visible in Figure 7c
energy, respectively. For a complexation process, this is a ratherare also characterized by very large oscillations. Of course, this
large barrier and it is due to the partial destabilization of the Ti very floppy structure is far from being a stable catalytic center.
center. In fact, the Ti adduct loses a bond with the substrate We located this transition state as usual in the framework of
and weakens its binding to the support (see Figure 7b,c). Oncethe Blue Moon theory, by looking for the zero of the constraint
the complex is formed and the constréjiieleased, the structure  force®® along the selected reaction path. We further checked
remains stable without reverting to the original configuration. this point by performing a vibrational analysis, within the

From this complex, assumed as a reference level, we located harmonic approximation, on the average configuration as
via constrained molecular dynamics, a transition state reportedobtained from the trajectory, finding one imaginary mede=
in Figure 7d and energetically located&E = 27.7 kcal/mol i137 cnl.
andAF = 16.2 kcal/mol, much higher than the insertion barrier This result is in line with the conclusions drawn in ref 18
for the isotactic channel. In this case, the reaction coordihate and indicates that the stereoselective channel is favored also in
was chosen to be the distance between theatdom of the comparison with the 2,1 insertion. Thus, as found in experi-
propene and the Lof the growing polymer chain = ments, regioerrors are characterized by a very low probability
IR(C2) — R(C,)|, using the labeling of Figure 7c. The large for this site, whose symmetry 15,.°
total energy value is not entirely due to the entropic contribution  5.2. Dinuclear Ti SpeciesAs far as dinuclear Ti configura-
but also to the weakening of the bonds between the catalysttions are concerned, to the best of our knowledge, no first
and the support. The entropic contribution is, however, very principles calculations have ever been attempted previously. To

R
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expelled as in Figure 8b, and the formation of a stable
s-complex on Ti. 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 Ti; atom, on the other hand, the propene unit
forms a stable complex with equilibrium distances—IC; =
3.104 A and Ti—C, = 2.372 A. But it loses almost all its bonds
with the substrate and survives as a Ti(ll) species. As a matter
of fact, the equilibrium bond distances of;Turn out to be
Ti;—Cly = 2.291 A, Ti—Cl, = 2.498 A, Ti—Cl3 = 2.530 A,
and Ti—C, = 2.273 A where the labeling is reported in Figure
8c. As can be inferred from these bond lengths, onlya®id
C, atoms can be regarded as chemically bound {ctfie former

L R . S
s Tig, iy being mostly ionic and the latter mostly covalent, thus account-
oy e b ing for its formal oxidation state.
" “C: We inspected the electronic structure of the Ti(ll) species in
151 B2

order to figure out if a Ti-olefinz* back-donation process
occurs. The ELF (electron localization functiéhyhown as a
density map in Figure 9a seems to point to a rather different
electron distribution, with a strong-like component in the
(C) (d) m-complex pointing toward the Ti(ll) site. This picture is
confirmed also by the analysis of the Keh8ham orbitals (see
Figure 8. Approach of a propene (top view) to the activated dinuclear Figure 9b). In a full DewarChatt-Duncanson process, the
Ti center on (100) surface (a) and stablecomplex formed in a  carbon double bond of the olefin is generally aligned to the
barrierless way (b). (c) shows the complexation of a propene on the Ti(ll) in such a way that the two carbon atoms labeled as C
same dinuclear center in a triplet spin state and (d) the cluster model ;' in Figure 8b are symmetrically located and their relative
used to analyze the triplet instability in terms of orbital Hessian (see . :
text for details). distances from the c_:atalyst are r_oughly the same. In th_ls case,
on the contrary, we find the two distances strongly inequivalent,
study the ability of the dinuclear species to carry out the being Ti(Il)—C; = 3.104 A and Ti(ll}-C, = 2.372 A. From
polymerization, we simulated the alkylated center by substituting the electronic point of view, in the case of a back-donation a
one of the dangling Cl atoms with an isobutyl group and by Ti-olefin 7—n* interaction should be observed. Here, however,
simulating the complexation of a propene on the active site. this is not the case, since the Cl atoms around the catalyst,
For the (100) surface, this is shown in Figure 8a. The namely C| and C} in Figure 8b give rise to a strong steric
complexation proceeds in a barrierless way. However, after repulsion with the methyl group of the propene. Hence, only
performing an unconstrained dynamics, we observed a spon-C; can approach Ti(ll) in an efficient way, thus forming the
taneous disruption of the dinuclear species with oneI€ing o-like bond visible in Figure 9. Hence, a back-donation process

(a) (b)

Figure 9. (a) Detail of the electron localization function (ELF) relevant to the complex Ffifppene. The ELF is projected onto the plane
defined by the two atoms of the carbon double bond (gray balls) and the Ti(ll) (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 ¢E. The green balls are Cl atoms and the polymer

chain is represented by sticks only (H in black). Mg atoms are not visible. (b) K8ham orbital relevant to the propen€i(ll) o-like bond. The

Ti atoms are here shown as a yellow sphere, while the other colors are the same as in (a). Ti(ll) 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(lll)— Ti(IV) + Ti(ll) 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(lll) carrying the complex and a Ti(lll) ‘ '
weakly bound to the substrate, as shown in Figure 8c. The Cl Figure 10. Stabler-complex on _the active dinuclear Ti center on the
and Cp atoms bridging the Tiand the substrate are still bound (110) surface. See text for details.
to Mg, with bond lengths GHMg; = 2.664 A, CL—Ti; = 2.374 L ¢
A, Cl,—Mg; = 2.683 A, and GI-Ti, = 2.465 A. The only ClI
atom connecting Tbito the substrate () has equilibrium
distances G-Mg, = 2.555 A and GJ—Ti, = 2.430 A. The ‘,
complex itself is still stable as the two propermatalyst
distances are T+C; = 3.033 A and Ti—C, = 2.595 A. I VI S R

The final (destabilized) states of this complex have showna AN q
singlet-triplet splitting of 19.5 kcal/mol, the triplet being the L 0, 0,

energetically higher state. _ _ ) _
To further verify the above conclusions, we checked the Figure 11. The donor din-butyl phthalate used in our g:alculatlon._
il f th - h ital - f The oxygen atoms are shown as balls, C atoms are the light gray sticks
stability of the structure by computing the orbital Hessian o and H atoms the black sticks.;@nd Q are the oxygen atoms that

both the singlet (broken symmetry solutions) and the triplet interact with the active surfaces.

(lower lying unrestricted solutions). Since this is a feature

generally not available in any plane wave code, we extracted mononuclear 5-fold site. The whole process is characterized by
from the average configuration of the system undergoing the an energy gain of 69.2 kcal/mol, roughly of the same order as
dynamics the smaller model sketched in Figure 8d. This model the value found for the (100) surface. Even in this case, for the
includes only the chemically relevant part of the system. A single actual polymerization process dinuclear centers seem unable to
point DFT calculation within the same BLYP approach used in carry out the reaction without destabilizing.

all present simulations was performed with the DSCF program 5, these grounds, we can conclude that dinuclear centers, at
of the package TURBOMOLE, followed by a stability check o5t in these catalyst configurations, although stable prior to
calculation with the ESCF program of this same package. NO o activation, do not remain stable when the polymerization
negative eigenvalues were found. This clearly confirms that the occurs, contrary to the mononuclear Ti configurations, which,

solutions obtained for the larger periodic system is stable and g ihis extent. can be identified as a real active catalyst.
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  As a first attempt to address the role of an internal donor in
reconstructed (100) or the (104), on which the exposed Mg is a MgCL/TiCl, catalytic system (i.e., a donor added during the
5-fold. preparation of the catalyst), we considered the prototype

We checked in an analogous way the stability of the dinuclear molecule reported in Figure 11, which is representative of a
adduct on the (110) surface. The alkylation was achieved by whole family of internal donors. The results presented here can
substituting a dangling Cl atom of one of the two Ti atoms with then be regarded as rather general. These kinds of phthalates,
an isobutyl group in a way similar to the dinuclear Ti on (100). of which the din-butyl phthalate is a quite common species,
Also in this case the formation of a stalbtecomplex (equilib- are known to improve the degree of stereoseleci¥iynd are
rium distances: T—C; = 2.185 A, Ti—C, = 2.162 A) as a generally designed in order to fulfill the following requisites:
response to an incoming propene occurs with a destabilization(i) ability to coordinate on the Mg@lsupport also in the
of the dinuclear species. In fact, the Ti carrying the complex presence of Ti adducts, (ii) absence of secondary reactions with
(Tiy) loses all the bonds with the neighbor, Bind keeps only Ti during the catalyst preparation, (iii) absence of secondary
the Ch atom as a binding to the substrate. The equilibrium bond reactions with both the metatarbon bond and the growing
lengths of this bridging ClI are T+Cl; = 2.521 A and polymer chain during the polymerization process. Requisite (i)
Mg;—Cl; = 2.413 A (see Figure 10). This bridging Cl, originally is generally achieved by tuning the;©0, distance of the

6. The Donor Di-n-butyl Phthalate

belonging to the substrate, loses one of its bonds,(\Mg1), molecule in the range 2-73.8 A while the other two aspects
so that the complex survives as a Ti(ll) fragment weakly depend on the particular molecular structure, as well as the
attached to the support. It is interesting to observe thaloEis influence of external donors added during the polymerization

not leave the surface as in the (100) case, but remains bound tgrocess and are the object of intensive research in the molecular
the support in a Ti(IV) 5-fold configuration identical to the design domairi® In this respect, this part of our work was done

mononuclear 5-fold center. It is worth speculating that th€Igi in the same spirit as ref 35(e) where diethers are considered
species might act on the (110) surface as a precursor of theand attempts are made to correlate the binding of the donors
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(a) (b)

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.

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 din-butyl phthalate is a rather floppy molecule and, due
to the flexibility of the hydrocarbon chains, thg-©0, distance
can vary very easily in the range 3.378.761 A, because the
two hydrocarbon branches carrying the O atoms can reorient
freely upon dynamics. The MgMg distance of the exposed
Mg on the relaxed active surface is equal to 3.674 A and 6.360
A 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 5-Mg; = 2.150 A and G—Mg, = 2.246 Figure 13. Poisoning of the active Corradini mononuclear center on
A for the relaxed structure reported in Figure 12a the (110) surface by the donor phthalate. Details are given in the text.

On (110) surface, we performed two simulations. In the first h f d enh | d iabl
one the donor phthalate was allowed to move freely on thet ese surfaces and enhances or at least does not appreciably
affect the (110) cuts. The lower binding of this molecule to

surface searching for stable coordinations. In the second One(llO) also in comparison with the bindina eneraies of Ti
we started with a relaxed bidentate configuration, according to n parl . 9 9
the models proposed in the literatdfdn both cases the stable adducts, in fact makes it easy to displace this donor and replace

configuration was found to be a singly bonded structure, like it with Ti active centers. )

the one reported in Figure 11b. In fact, when dynamics is On the other hand, we found that this same donor phthalate
allowed and temperature effects enter the game, a bidentatec@n bind to the activated mononuclear Corradini center with a
donor coordination spontaneously loses a bond with the surfacebinding energy of 20.1 kcal/mol, very similar to the binding of
and reverts to a single-bond coordination. The bonds of a the same phthalate on the (100) bare surface. This is not
bidentate configuration, at least for this donor phthalate, are surprising, since, in this case, the distance-NMigswhere the
indeed rather stretched, thus this finding is not so surprising. donor binds (see Figure 13) is 3.781 A, very close to the-Mg
Due to the larger Mg-Mg distance on (110) with respect to Mg distance of a typical (100) surface. The equilibrated
(100), the donor can form easily only one bond with the surface, phthalate-catalytic center bond distances are-®g; = 2.203

as shown in Figure 12b. The binding energy is 8.5 kcal/mol A and Ti—O, = 1.942 A. This strong binding indicates that
and the bond length ©Mg: = 2.085 A. This bond almost ~ mononuclear Corradini centers not carrying the side ligands

restores the local geometry of Mtp the bulk values, the Mg described in ref 9 are easily poisoned by these donors and in
Cl surface distances being now equal to 2.456 A and the angletheir presence they cannot carry out the polymerization process.
CIMgCI = 177.0 very close to the 180value typical of the In the case of the 5-fold centers on this same surface, the
bulk crystal. distance between the Ti and the nearest undercoordinated Mg

It might be speculated that the role of such a donor is that of is much larger than the possiblg-€0; distances and a binding
a tuning agent able to control the surface morphology, in the of the phthalate is not possible. As a consequence, 5-fold sites
sense that its strong binding on (16@r, more generally, on  are not affected by its presence and can polymerize without
surfaces exposing 5-fold Mgprevents crystal growths exposing being deactivated.
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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
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improvement of the heterogeneous catalytic process.
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