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1. Intr oduction
Catalystsbasedon transitionmetalsareusedextensively
in the chemical industry for a-olefins polymerisation.
Specifically polypropylene is produced currently with
heterogeneousZiegler Natta catalysts basedon a com-
poundof a transition metal suchasTi, Zr, or V not sup-
portedor supportedon MgCl2 and/orSiO2, with a cocata-
lyst basedon Al alkyls. This combination generatesa
highly active catalyst and high stereospecificity when
electrondonorsareaddedto thebasicformulation.[1, 2]

Metallocenesin combination with methylaluminoxane
as cocatalyst form extremely active catalystsfor olefin
polymerisation. The discovery in 1984of the isospecific
polymerisation of olefins with homogeneouscatalysts
basedin chiral metallocenesof group4A (ansametallo-
cenes)andMAO originateda growing experimental and
theoreticalinvestigation in this topic.[3, 4] Thesecatalysts
polymerisenot only with greateractivity in homopoly-
merisation, but also they have the potential to produce
newtypesof polyolefins.[4, 5]

In this work the clusterapproximation hasbeenused
within the (ASED-MO) theory. We study the adsorption
of zirconoceneon a model clusterof silica surfaces and
the effect of a local model of MAO in the zirconocene
adsorption in orderto clarify their catalyticperformance.

2. Computational method
The calculationswerecarriedout usingthe Atom Super-
position and Electron Delocalisation Molecular Orbital

(ASED-MO)formalism.[6] TheASED-MO is a semiempi-
rical method, which makes a reasonable prediction of
molecularandelectronicstructures.

This theory is basedon a physicalmodel of molecular
and solid electronic charge density distribution function,
where the last is partitioned in two parts; the atomic
charge densities centredon the nucleus and a correction
term due to the electronic charge density redistribution
that takes place as the atoms come together.[6, 7] The
atomic charge densitiesareeasily evaluatedusingSlater
atomic orbital functions.Thecorrectionterm givesriseto
an attractive energy, which can be estimated using an
ExtendedHückel (EH)-like Hamiltonian.[8] The diagonal
elements of this Hamiltonian are taken as the negative
valenceorbital ionisationpotentials(IP), theoff-diagonal
elementson the same centre arezero,andthe off-diago-
nal elementson different centresare the averageof the
corresponding diagonal elements multiplied by,
(1 + 1.25e–0.35R) Sij , whereSij is thecorrespondingvalence
orbital overlap integral and R is the internuclear dis-
tance7]. This multiplicative factor can be considered to
give an improvement in the EH Hamiltonianin compari-
son with the Wolfsberg-Helmholtz formulation.[9] We
choose theseparametersas suggested by Calzaferri et
al.,[10] and the Slater exponent reportedby Bleam and
Hoffmann.[11]

Regarding theatomicbasicset,a full valences+ p + d
set of the Slater type for valence electron wasemployed.
All theseparametersarelistedin Tab.1.

The adiabatic total energy values were calculatedas
thedifferencebetweentheenergy of thesystemwhenthe
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molecular fragment is at a finite distanceto the surface,
andthe sameenergy whenthat molecular fragment is far
awayfrom thesolid surface:

DE = Efragment/solidsurface– Efragment– Esolid surface (1)

where each energy term includes the valence electron
energy contribution andthecoulombic repulsionbetween
the cores (calculatedtaking into account all pairs). The
chargesandthe overlappopulation characterwere calcu-
latedusingtheMülliken population analysis.[12]

The results must be interpreted in their qualitative
sensedueto theASED-MO approximations. This method
is particularly suitable for making relative comparisons
whend transition metalatomsareincludedin the system
understudy. In the following section we wil l describe the
surfacemodel and the geometrical arrangement of the
“active” sites.

3. Componentsof the system

3.1 Thesupport:silica surface

Thebuilding block of silica is theSiO4 tetrahedronwith a
silicon ion at the centralcavity. In amorphoussilica, the
bulk structureis determinedby a randompackingof SiO4

units,which resultsin anon-periodic structure.[13]

Many of thepropertiesof silica dependon thechemis-
try and geometryof its surface.It is now accepted that
thesurfacesilicon atomstendto havea complete tetrahe-
dral configuration and in an aqueousmedium their free
valencesbecomesaturatedwith hydroxyl groups forming
silanol groups (3Si1OH), namedsingle or isolated; or
geminalsilanol groups (ASi(OH)2).[14] PeriandHensley[15]

suggested a modelbasedon the (100) faceof b-cristoba-
lite in which eachsurfacesilicon atomis connectedto a
geminal group. De Boer and Vleeskens[16] proposed a
modelbasedon the (111) faceof b-cristobalite in which
eachsurfacesilicon atomis connectedto a singlesilanol
group. Experimental work suggests the structure that
mostclosely resembles the silica surfaceis that of the b-
cristobalite or similar crystalline phases.Silica surface
may contain segments of surface resembling both the
(111) and(100)facesof cristobalite.[17]

Silica samplesexposedto high temperatures under
vacuumexperience a lossin weight correspondingto the
evolution of molecular water due to the condensationof
adjacent hydroxyl groups to form siloxane bridges
(3Si1O1Si3).[15,17]

We simulate completely hydratedsilica consideringthe
(111) and (100) surfacesof the b-cristobalite, including
single silanol and geminal groups, respectively, taking
into account the non-ideal crystalline structureproposed
by O’Keeffe.[18] Every Si atomcompletes its tetrahedron

Tab.1. Atomic parameters

Atom Orbital Hii /eV n1 c1 n 2 c2

H 1s –13.60 1.3000
C 2s –16.59 1.5536

2p –11.26 1.4508
O 2s –32.30 2.2750

2p –14.80 2.2750
Al 3s –12.30 1.1670

3p –6.50 1.1670
Si 3s –17.30 1.3830

3p –9.20 1.3830
Cl 3s –26.03 2.3560

3p –14.20 2.0390
Zr 5s –9.87 1.8170

5p –6.76 1.7760
4d –11.18 3.8350 0.621 1.505 0.57963

Fig. 1. Surfacemodel (b cristobalite (111) and (100)) showingthe arrangement of surfacehydro-
xyls, surface,andbulk silicon atoms
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with O atoms.We use the following distances: Si1Si
5.07Å; Si1O (surface) 1.5 Å; O1O (bulk) 2.53Å; O1H
0.96Å andH1H 5.07Å. Partof theseclustersareshown
in Fig. 1.

Partially hydrated silica was modelled by polarised
siloxane bonds on the surfaceafter dehydration,[19] on
(111) and(100)planes.Ourcalculationssuggestdistances
and anglesfor polarised siloxanebonds, with the O ion
unequally sharedasshown in Fig. 2.

For silica supports, the dangling bondsof silicon and
oxygen at the back surfaceoften are very successfully
singly saturated with H atoms.[20] In this work the dan-
gling bondsweresaturatedin thatway.

3.2 Thecocatalyst: Methylaluminoxane(MAO)

MAO is a compound in which aluminium and oxygen
atomsarearrangedalternately andfreevalencesaresatu-
rated by methyl substituents.Determination of its crystal
structure is a very difficult taskdueto experimental dis-
crepancyandthedependency on thesynthetic conditions,
isolationmethods,solventused,etc.

Many structureswere proposed,like polymeric linear
chains,two-dimensional structuresandcyclic rings.[21–23]

TheMAO modelusedin this paperwasmadeconsider-
ing that the interaction takes place through a H atom
belonging to a surfaceOH group.Interaction is followed
by evolution of CH4 and the formation of a Si1O1Al

Fig. 2. Polarisedsiloxanebondson (111) and(100)silica planesafterdehydration

Fig. 3. MAO bondedto (111) and(100) completelyhydratedsilica surfacein
themostfavourableconfiguration
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bond. Our complete string is (CH3)2Al1O1A-
l1O1Al(CH3)2 and it is bondedto the surfacethrough
the central Al atom. Al1O and Al1C distancesin our
MAO are1.5Å andC1H distanceis 1.1Å.

Under theseconditions,the energy of the MAO/Silica
systemwas evaluatedfor different MAO locations and
orientations. The most favourable configurationsfor the
completely hydratedcaseare shown in Fig. 3 wherethe
Al (from MAO) 1O (from surface)distancewas2.25 Å
for the (111) planeand3.1 Å for the (100)plane. Similar
locationswere obtainedfor partially hydrated cases.

3.3 Thecatalyst:Zirconocene

The selected zirconocene EtInd2ZrCl2 was modelled in
oneof the two racemic forms24]. The Zr1Cl bond length
was2.56 Å andtheCl1Zr1Cl anglewas908.

4. Interaction within the components:Active
site formation

The mechanismof the active site formation, may consist
of the following steps (as proposed by Kaminsky et
al.[25–27])

I-Complexation: Metallocene and MAO form a com-
plex

L2ZrCl2 + MAO e L2ZrCl2 N MAO

II-Methylation: Following complexation an exchange
is produced betweena Cl atom from zirconoceneand a
methylgroupfrom MAO (alkylation)

L2ZrCl2 N MAO e L2Zr(CH3)Cl + Al

CH3
3

Cl
4
1O1Al1O1Al1(CH3)2

III-Acti vation: a rapid dissociation into an ion pair
occurs

L2Zr(CH3)Cl + MAO e L2Zr(CH3)Cl N MAO

L2Zr(CH3)Cl N MAO e [L 2Zr(CH3)]+ + [MAO N Cl]–

Both systems areactive but the cationic complex(catio-
nic metallocene)is significantly moreactive.[26]

Zirconocene adsorption is analysed considering the
most stable configuration for the MAO/Silica surface.
Zirconoceneapproaches the surfacewith Cl1Zr1Cl in
thesameplane of theAl1O1Al stringof MAO. We take
the initial state(zirconocenefar away from MAO-silica
system) as the reference energy value. So the energy
changeduring complexation is calculated according to
theequation:

DEcompl(L2ZrCl2) = E(L2ZrCl2 N MAO/silica)
– E (L2ZrCl2) – E (MAO/silica) (2)

For themethylation steptheenergy differenceis calcu-
latedby:

DEmethyl = E(L2ZrCl(CH3)) N MAOCl /silica)
– E (L2ZrCl2) – E (MAO/silica) (3)

in which MAOCl meansa MAO molecule with a Cl atom
replacing a methyl group. The adsorption energy of
L2ZrCl(CH3) canalsobecalculatedas

Eads(L2ZrCl(CH3)) = E (L2ZrCl(CH3) N MAOCl /silica)
– E (L2ZrCl(CH3)) – E (MAOCl /silica) (4)

Previous to activation, it was considered that the
L2ZrCl(CH3) molecule interactswith a newandcomplete
MAO molecule, without Cl (we call this refresh). Now
theadsorption energy is:

Eads(L2ZrCl(CH3)) = E (L2ZrCl(CH3) N MAO/silica)
– E (L2ZrCl(CH3)) – E (MAO/silica) (5)

Next, thecationic zirconoceneis generated28,29] remov-
ing a Cl atomfrom zirconocene,andmoving it towards a
Si atom (near MAO), with its OH group previously
removedandtheenergy differencebetweenfinal state(Cl
atom not bonded to zirconocene)and initial state (Cl
bondedto zirconocene)is calculated.

5. Results

5.1 Complexationandmethylation

MAO-Zirconoceneinteraction was analysedconsidering
(111) and (100) silica planes both completely and par-
tially hydrated.Theenergy valuesanddistancesobtained
areshown on Tab.2.

Orientations and localisationsare similar on partially
and completely hydrated silica when referring to the
sameplane; Fig. 4 shows theseconfigurations.

The energy valuesobtained for complexation suggest
that the methylation processinvolves a decreasein the
energy of the system, meaninga favourable stepfor all
the casesunder consideration. This means that when
MAO andzirconoceneapproach,theyform a complex.

Consideringthe(111) plane,complexationis 10 eV sta-
bilised when the surface is dehydrated. On the other
hand,on the (100) plane, the degreeof hydration is not

Tab.2. Complexationandmethylation results

DEcompl/eV Cl1(Al1Al1Al)
dist./Å

DEmethyl/eV

(111) hydrated –20.90 4.6 –23.50
(111) part.hydrated –30.72 4.6 –34.47
(100)hydrated –77.00 2 –73.19
(100)part. hydrated –77.03 2 –73.22
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very significant to the energy value. But the binding to
the surfaceis much stronger when compared with the
(111) surface. Also zirconoceneand MAO are much
closertogether, asshown in Fig. 4.

During the methylation step, a possible exchange
betweena Cl atomfrom zirconoceneanda methyl group
from MAO is also computed. Beginning with the pre-
vious configuration (resulting from complexation), sim-
plified ways in which this exchangecould be produced
wereanalysed.After testing differentlocationsandorien-
tations of the L2ZrCl(CH3) molecule, the lower energy
valuesobtainedareshown in Tab.2. In all casesthereis a
preferencefor methyl group (now in zirconocene)to be
closer to the MAO, as shown for (111) completely
hydratedin Fig. 5.

In this caseandin thepreviousstep,thesamereference
energy value was considered. Considering the (111)

plane, this means that the methylation processinvolves a
decreasein the energy of the system, meaninga favour-
ablestep.Thesystemis stabilisedby 2.6 eV for thecom-
pletely hydrated case, and by 3.77eV for the partially
hydratedone.

For the (100) plane, the results in Tab.2 show that
methylation processwould imply an increasein energy
value. Thesevaluesboth for the partially andcompletely
hydratedcase,meanan increasein theenergy of thesys-
tem, relative to thecomplexationstep.

So for this case methylation is an energetically unfa-
vourable step, because it would involve an increasein
energy of 3.81eV (a barrier impossible to overcome,
evenconsidering thermal fluctuations). So the following
stepsarenot consideredfor the(100)plane.

5.2 Activation

In thefirst partof this step,themethylatedzirconoceneis
adsorbedon a refreshedMAO. In Tab.3 theL2ZrCl(CH3)
adsorption energy during refreshandalsofor theprevious
(methylation) stepis shown. So adsorption on refreshed
MAO is in both cases more stablethan the previousto
activationstep.

Next, the cationic zirconocene has to be generated.
One possibility is that a Cl atom from zirconoceneis
bondedto a Si atom(nearMAO), with its OH grouppre-
viously removed.In order to carry that out, different Si
atomscloseto MAO wereconsidered.

Fig. 4. Themostfavourablelocation for zirconoceneona MAO/silica system

Fig. 5. The most stable configuration when the exchange
betweenCl anda methyl groupis producedduring methylation
(for (111) completely hydrated)

Tab.3. Adsorption energy for L2ZrCl(CH3) on MAOCl and on
refreshedMAO

Eads/eV Completely
hydrated

Partially
hydrated

L2ZrCl(CH3)/MAOCl /silica –5.38 –14.53
L2ZrCl(CH3)/MAO/silica –6.20 –15.94
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In all casesthe Cl atomwasmoved towardsa Si atom
andtheenergy differencebetweenthefinal state(Cl atom
not bondedto zirconocene)andinitial state(Cl bondedto
zirconocene)wascalculated.In all cases a Cl1Si bondis
obtained, which is of courseenergetically favourable (the
energy of the systemdiminisheswhen Cl is removed
from zirconoceneanda cationiczirconoceneis obtained).
The most favourable orientation is obtainedwhen the Cl
atomis bondedto a lateralSi atomasshownin Fig. 6 for
(111) completelyhydrated.Theenergy is reducedby 0.66
when the Cl1Si distance is 1.85Å for the completely
hydrated caseand by 0.08eV and the sameCl1Si dis-
tancefor thepartially hydratedcase.

To justify the procedure of the cationic zirconocene
formation, theadsorptionenergy of theCl bondedto a Si

(without its OH) and the adsorption energy for an OH
groupwere evaluated.The adsorption energy for the OH
was –3.08eV while for Cl it was –6.80 eV. This means
thata Cl atomcould replaceanOH on thesilicasurface.

All theresultsin this sectionaresummarisedin Fig. 7a
and7b (thescaleis qualitative).

6. Conclusions
OurmodelsuggeststhatMAO andzirconocenemayform
a complex, which is more strongly bonded for the (100)
silica plane.

A methylation processmay be possible when referring
to the (111) silica plane,being more favourable for the
partially hydratedcase.

Fig. 6. Cationic metalloceneand its orientationfor (111) completelyhydratedsilica plane
(atomsnot in theAl1O1Al1O1 Al planeareindicatedby dashedlines)

Fig. 7. (a) Energy stepsfor all casesstudiedbeforemethylation;(b) Energy stepsfrom methylation to activation
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For the completely andpartially hydrated(111) plane,
the methylated zirconoceneis strongly adsorbed on a
“fresh” andcomplete MAO whencomparedwith a MAO
whereoneCl replacesa methyl group. In both cases the
formation of a cationic zirconocene is an energetically
favourablestep.

Energies involved in the whole processare almost
10eV lower in the partially hydrated case, than in the
totally hydrated one.This suggeststhat this processmay
occurpreferentiallyover partially hydratedsilica.
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