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Full Paper: Thiswork examinesa polymerisatiorcatalyst
basedon zirconoceneavith methylaluminoxandMAO) as
a cocatalyston silica surfaces.Calculationswere carried
out usingthe Atom Superpositiorand Electron Delocali-
sation method (ASED-MO) consideringthe (111) and
(100) silica planes, both completely and partially
hydrated.Our resultssuggesthe productionof a cationic

zirconoceneasafinal stepfor the activesite formationfor

(111) silica plane, occurring preferentially on partially

hydratedsilica. On the contrarythis may not be possible
for the (100) plane,resultingin this casein the formation
of aMAO-zirconocenecomplexasa final andmoststable
state.
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1. Intr oduction

Catalystsbasedon transitionmetalsare usedextersively
in the chenical industry for a-olefins polymerisation.
Specifically polypropylene is produced currently with
heterogaeeousZiegler Natta catalsts basedon a com
poundof a transition metd suchasTi, Zr, or V not sup-
portedor suppoted on MgCl, and/orSiO,, with a cocah-
lyst basedon Al alkyls. This combination generatesa
highly active catalyst and high stereospeféicity when
electrondororsareaddedto the basicformulaion 2

Metallocenesn combiration with methylaluminoxane
as cocatdyst form extrenely active catalystsfor olefin
polymerisaion. The discovery in 1984 of the isospecific
polymerisaion of olefins with homogneouscatalysts
basedin chiral metallo@nesof group4A (arsametallo
cenes)and MAO originateda growing experimetal and
theoreticalinvestigaton in this topic*# Thesecatalysts
polymerisenot only with greateractivity in homopoly
merisaton, but also they have the potential to prodice
newtypesof polyolefins 5

In this work the cluster approximation has beenused
within the (ASED-MO) theory We study the adsorption
of zirconoceneon a model cluster of silica surface and
the effect of a local model of MAO in the zircono@ne
adsorptonin orderto clarify their catalyticperformance.

2. Computational method

The calcuationswere carriedout usingthe Atom Super
position and Electron Delocalisaion Molecular Orbital

(ASED-MO)formalism® The ASED-MO is a semiempi-
rical method which makes a reasmable prediction of
molecularandelectronicstructures.

This theoryis basedon a physicalmodel of molecula
andsolid electroric chage densty distribution function,
where the last is patitioned in two parts; the atomic
chage densties centredon the nucleus and a correcton
tem due to the electroric chage density redstribution
that takes place as the atoms come together®” The
atomic chage densitiesare eadly evaluatedusing Slater
atomic orbital functions.The correctionterm givesriseto
an attractve enepgy, which can be estimated using an
Exterded Huickel (EH)-like Hamiltonian!® The diagonal
elermrents of this Hamiltonian are taken as the negative
valenceorbital ionisation potentials(IP), the off-diagoral
elementson the sane cente are zero, and the off-diago-
nal elementson different centresare the avelage of the
coresponthg diagonal elements multiplied by,
(1+ 1.25e%%%) §;, where$; is the correspndingvalerce
orbital overlg integral and R is the internuclear dis-
tan@”. This multiplicative factor can be consteredto
give animprovenentin the EH Hamiltonianin compari-
son with the Wolfsbeg-Helmhdtz formulaion® We
choose these parametersas suggestd by Calzakrri et
al,'® and the Slater exponet reportedby Bleam and
Hoffmann

Regardiry the atomicbasicset,a full valences+ p +d
s of the Slater type for valerce electon wasemgoyed.
All theseparametersarelistedin Tab.1.

The adiakatic total enegy values were calculatedas
the differencebetweenthe enegy of the systemwhenthe
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Fig.1. Surfacemodel(f cristobdite (111) and (100)) showingthe arrangemst of surfacehydro-

xyls, surface andbulk silicon atoms

Tab.1. Atomic parameers

Atom Orbital H;/eV & C1 &a C2
H 1s -13.60 1.3000
C 2s -16.59 15536
2p -11.26 1.4508
(0] 2s -32.30 22750
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

molecubr fragmert is at a finite distanceto the surface,
andthe sameenegy whenthat molecubr fragmer is far
awayfrom the solid surface

1)

AE = Efragment!solidsurface_ Efragment_ Esolid surface

where each enegy term includes the valence electron
enegy contribufon andthe coulombicrepulsionbetween
the cores (calculatedtaking into accownt all pairs) The
chagesandthe overlappopulation chamlacterwere calcu-
latedusingthe Miilliken populaton analysig*?

The results must be interpreted in their qualitative
senseadueto the ASED-MO approxmations This method
is particulaty suitablefor making relative comparisons
whend transiton metalatomsareincludedin the system
understudy. In the following section we wil | descibe the
surfacemodel and the geametrical arranggement of the
“active” sites.

3. Componentsof the system

3.1 Thesupport:silica surface

Thebuilding block of silicais the SiO, tetraledronwith a
silicon ion at the centralcavity. In amaphoussilica, the
bulk structureis determinedoy a randompackingof SiO,
units,which resultsin a non-periodic structure!*®

Many of the propertiesof silica dependon the chemis-
try and geometryof its surface.It is now acceped that
the surfacesilicon atomstendto havea complet tetrare-
dral corfiguration andin an agueousmedum their free
valenceshecomesaturatedvith hydroxyl groups forming
silanol groups (=Si—OH), namedsingle or isolated; or
geminalsilarol groups (>Si(OH),).24 PeriandHensley*®!
suggestd a modelbasedon the (100) face of f-cristoba-
lite in which eachsurfacesilicon atomis connectedo a
geminal group. De Boer and Vleeskeng® propose a
model basedon the (111) face of S-cristdbalite in which
eachsurfacesilicon atomis connectedo a singlesilarol
group. Experimental work suggests the structure that
mostclosdy resemlesthe silica surfaceis that of the g-
cristobaite or similar crystalline phases.Silica surface
may confain segmats of surfaceresemhing both the
(111) and(100)faces of cristobalite!*”

Silica samplesexposedto high temperaures under
vacuumexperiere a lossin weight corespondingo the
evolution of moleculr water dueto the condensationof
adjacent hydroxyl groups to form siloxane bridges
(=Si—0—SE).1517

We simulak completly hydraedsilica constderingthe
(111) and (100) surfacesof the p-cristdbalite, including
single silanol and geninal groups, respetively, taking
into account the norrideal crystalline structurepropcsed
by O’Keeffe 8 Every Si atom compleesits tetrahedon
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Fig.2. Polarisedsiloxanebondson (111) and(100)silica planesafterdehydration
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Fig.3. MAO bondedto (111) and (100) completelyhydratedsilica surfacein

the mostfavourableconfiguration

with O atoms.We use the following distances Si—Si
5. O7A SO (surfa@) 1.5 A O—O0 (bulk) 2. 53A O—H
0.96A andH—H 5.07A. Partof thesecluskrsareshown
in Fig. 1.

Partialy hydrated silica was modeled by polarised
siloxane bords on the surface after dehydration!*® on
(111) and(100) plares.Our calcuationssuggestlistances
and anglesfor polarisel siloxanebonds, with the O ion
unequaly sharedasshown in Fig. 2.

For silica supports, the dangling bondsof silicon and
oxygen at the back surfaceoften are very succesklilly
singly saturatd with H atoms?? In this work the dan-
gling bordswere sauratedin thatway.

3.2 Thecocatalys$. Methylaluninoxane(MAQO)

MAO is a compound in which aluminium and oxygen
atomsarearrangd alternatly andfree valercesare satu-
rated by methyl substtuents.Deternination of its crystal
structureis a very difficult taskdueto experimenal dis-
crepancyandthe dependeay on the synthett conditions,
isolation method, solventused etc.

Many structureswere propcsed, like polymeric linear
chains, two-dimensonal structuresandcyclic rings?*-2°

The MAO model usedin this paperwasmadeconsider
ing that the interacton takes place through a H atom
belonging to a surfaceOH group. Interactionis followed
by evolution of CH, and the formation of a Si—O—Al
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bond. Our complee string is (CHs),AlI—O—A-
[—O—AI(CHj), andit is bondedto the surfacethrough
the central Al_atom. AlI—O and AI—C distancesin our
MAO arel.5A andC—H distanceis 1.1 A.
Undertheseconditions,the enegy of the MAO/Silica
systemwas evaluatedfor different MAO locaions and
orientdions. The mostfavouralbe configurationsfor the
completly hydrated caseare shown in Fig. 3 wherethe
Al (from MAO) —O (from surface)distancewas 2.25A
for the (111) pIaneandB.lA for the (100) plare. Similar
locatiors were obtainedfor partially hydratel cases.

3.3 Thecatalyst:Zirconocene

The selecte zirconoene Etind,ZrCl, was modelle in
oneof the two racemic forms?4. The Zr—CI bord length
was2.56 A andthe Cl—zZr—ClI anglewas90°.

4. Interaction within the components:Active
site formation

The mechanismof the active site formation, may consist
of the following steps (as propsed by Kaminsky et
a|_[25727})

I-Conmplexaion: Metdlocene and MAO form a com
plex

Lzzrclz + MAO — LZZI’CIZ - MAO

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

CH;
N
L,ZrCl, - MAO — Lsz(CH3)C| + A/|_O Al—O Al_(CH3)2
Cl

Ill-Activation: a rapid dissociation into an ion pair
occurs

L,Zr(CHs)Cl + MAO — L,Zr(CHs)Cl - MAO
L,Zr(CHs)Cl - MAO — [L,Zr(CHs)]* + [MAO - CI]-

Both systens are active but the cationic complex(catio-
nic metallocee)is significantly moreactive?®

Zirconocene adsaption is analysed consideing the
most stable configuration for the MAO/Silica surface.
Zirconoceneapproabesthe surfacewith Cl—2r—Cl in
the sameplane of the AI—O—Al string of MAO. We take
the initial state(zirconocenefar away from MAO-silica
system as the reference enegy value. So the enegy
changeduring conmplexatimn is calculated accoding to
the equation

AEcomm(LzerIz) = E(LZZI’C|2 * MAO/SIlIC&)
_E (L,ZrCl,) — E (MAO/silica) (2)

For the methyldion stepthe enegy differenceis calcu
latedby:

AEmeiny = E(L,ZrCI(CHs)) - MAO /silica)
—E (L,ZrCl,) — E (MAO/silica) ©)

in which MAO¢ meansa MAO molecue with a Cl atom
replacing a metyl group. The adsaption enegy of
L,ZrCI(CHs) canalsobe calculatedas

Eags(L2ZrCI(CHs)) = E (L,ZrCI(CHs) - MAOG /silica)
—E (L,ZrCI(CHs)) — E (MAO /silica) @)

Previous to activation, it was considerd that the
L,ZrCI(CHs) molecuk interactswith a newandconplete
MAO molecuk, without CI (we call this refresl). Now
theadsorpion enegy is:

Eags(L2ZrCI(CHs)) = E (L,ZrCI(CHs) - MAOVsilica)
—E (L2ZrCI(CHy)) — E (MAO/silica) (5)

Next, the cationic zirconaceneis generatd?®2° remov
ing a Cl atomfrom zircono@ne,andmovingit towards a
Si atom (near MAO), with its OH group previously
removedandthe enegy differerce betweerfinal state(Cl
atom not borded to zirconocene)and initial state (Cl
bondedto zirconocene)s calculated.

5. Results

5.1 Complexatiorand methylation

MAO-Zirconoceneinteractbn was analysed constering
(111) and (100) silica plares both completly and par
tially hydrated.The enegy valuesanddistancesbtained
areshown on Tab.2.

Orientations and localisationsare similar on partialy
and completdy hydrated silica when referring to the
sameplare; Fig. 4 shows thesecorfigurations.

The enepgy valuesobtainedfor complexdion suggest
that the metylation processinvolves a deceasein the
enegy of the system meaninga favourabé stepfor all
the casesunder consideation. This mears that when
MAO andzirconaceneapproach,theyform a conplex.

Consteringthe (111) plane,conplexationis 10 eV sta-
bilised when the surfaceis dehydated. On the othe
hand,on the (100) plare, the degreeof hydration is not

Tab.2. Compleationandmethylaion results

AEcompleV  CI—(AI—AI—Al)  AEnen/eV

dist./A
(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)patt. hydrated —77.03 2 -73.22
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Fig.4. Themostfavourablelocation for zirconocenen a MAO/silica system

Fig.5. The most stable configuration when the exchage

betweenCl anda methyl groupis producedduring methylation
(for (111) compleely hydrated)

very significant to the enegy value. But the binding to
the surfaceis much stronger when compared with the
(111) surface Also zirconoceneand MAO are much
closertogeher, asshown in Fig. 4.

During the metylation step, a possille exchange
betweena Cl atomfrom zirconoceneanda methyl group
from MAO is also compued. Beginnirg with the pre-
vious configuration (resulting from complexation), sim-
plified ways in which this exchangecould be prodiwced
wereanalysedAfter testing differentlocaionsandorien-
tations of the L,ZrCI(CH;) molecue, the lower enegy
valuesobtainedareshown in Tab.2. In all caseghereis a
preferencefor methyl group (now in zirconacene)to be
closer to the MAO, as shown for (111) conpletely
hydratedin Fig. 5.

In this caseandin the previaus step,the samerefereice
enegy value was corsidered. Considering the (111)

plare, this mears that the methylation processinvolves a
deceasein the enegy of the system meaninga favour
ablestep.The systemis stabilisedby 2.6 eV for the com-
pletely hydratel case and by 3.77eV for the partially
hydratedone

For the (100) plane, the resultsin Tab.2 show that
methylation processwould imply an increasein enegy
value. Thesevaluesboth for the patially andcormpletely
hydratedcase meananincreasen the enegy of the sys-
tem, reldive to the complexation step.

So for this cae methylation is an enegetically unfa-
vourable step, becawe it would involve an increasein
enegy of 3.81eV (a barier impossibleto overcome,
evenconsideing therma fluctuations). So the following
stepsarenot consideedfor the (100) plare.

5.2 Activation

In thefirst partof this step,the metylatedzirconoeneis
adsabedon arefrested MAO. In Tab.3 the L,ZrCI(CHy)
adsaption enegy during refreshandalsofor the previcus
(mettylation) stepis shown. So adsorpton on refrested
MAO is in both caes more stablethan the previousto
activationstep.

Next, the cationic zirconoene has to be geneated.
One possibility is that a Cl atom from zirconoceneis
bordedto a Si atom(nearMAQ), with its OH grouppre-
viously removed.In orderto carry that out, different Si
atomscloseto MAO wereconsideed.

Tab.3. Adsomption enegy for L,ZrCI(CH3) on MAO¢ and on
refreshedMAO

Eags/€V Completely Partially
hydrated hydrated

L,ZrCI(CH3)/MAOQ¢/silica -5.38 -14.53
L,ZrCI(CHz)/MAO/silica -6.20 -15.94
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Fig.6. Cationic metalloceneandits orientationfor (111) completelyhydratedsilica plane
(atomsnotin the AI—O—AI—0O— Al planeareindicatedby dashedines)

s & & &
Far away
eV A T
(0 )_ . CIH—CI ciH—q T +
. complexation o ci g CHs CHa
: \ i CHFN/O\AI/O\ A€ CH, 323>As’0\ = AlLeH, g:ﬁﬂx’o\;\fo\ A<, Ol
209 S —, TeEn ey VI W 77777
235 - $26¢€
U P Exses (LZICI(CHy)) (eV) (111)
'gg-; S ey, i 3.7eV Methylation Refresh  Activation
cv: cl » 5.38 6.20 Compl. hydrtated
IR e &2
! “\ c'Zr " ’[LC' -14.53 -15.94 Part. hydrtated
. CHs
CH 4
CHo >Afo\%l’o\ Al §:3 o e o o s ar ™ o
i - Energy
-73.2 v ; 4
= e ¥ Jasev ev) refresh R
\ activation
-0.08 - - : Partially hydr.
-— (111) completely hydrated -0.66 Completely hydr.

---------- (111) partially hydrated
- (100) completely/partially hydrated

Fig. 7. (a)Enegy stepdfor all casesstudiedbefore methylation;(b) Enegy stepsfrom methylatonto activation

In all caseghe Cl atomwasmoved towardsa Si atom  (without its OH) and the adsorpton enegy for an OH
andthe enepy differencebetweernthefinal state(Cl atom groupwere evaluated The adsaption enegy for the OH
not bondedto zirconaene)andinitial state(Cl bordedto  was—3.08eV while for Cl it was—6.8) eV. This means
zirconacene)wascalcuated. In all case a Cl—Si bondis  thata Cl atomcould replacean OH onthesilica surface.
obtained which is of courseenegeticdly favourabek (the All theresultsin this sectionaresunmarisedin Fig. 7a
enegy of the systemdiminisheswhen Cl is removed and7b (thescaleis qualitaive).
from zirconaceneanda cationiczircono@neis obtained).

The most favouralhe orientation is obtainedwhen the Cl i

atomis bordedto a lateral Si atomasshownin Fig. 6 for  6- Conclusions

(111) conpletely hydrated. Theenepy is reducecby 0.66  OurmodelsuggeststhatMAO andzirconacenemay form
when the CI—Si distanceis 1.85A for the completly a conplex, which is more strongly borded for the (100)
hydratel caseand by 0.08eV and the sameCIl—Si dis- silicaplane.

tancefor the partialy hydraedcase. A methyldion processnay be possille when referring

To justify the procedire of the cationic zirconacene to the (111) silica plane, being more favourabe for the
formation, the adsorptionenegy of the Cl bordedto aSi  partially hydratedcase.
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For the completly and partially hydrated(111) plane,
the methyhted zirconoceneis strongly adsorted on a
“fresh” andcomplee MAO whencompaedwith a MAO
whereone Cl replacesa methyl group In both case the
formation of a cationic zirconaceneis an enegetically
favourabe step.

Enegies involved in the whole processare almost
10eV lower in the partially hydraed cas, thanin the
totally hydratd one. This suggetsthat this processmay
occurpreferentially over partially hydraedsilica.
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