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Abstract

TiCl, supported on silicon oxide or magnesium halides is widely used as catalyst for olefin polymerization from the gas phase. These catal
are usually activated with organoaluminum compounds such as triethylaluminum)(AtEhe present study, the interaction mechanism between
AlEt; and titanium chloride supported on a Si@yer was investigated using X-ray photoelectron spectroscopy (XPS). A flat conductive Si wafer
covered with a thin native SiQayer, was used as support, in order to eliminate electrostatic charging effects during the XPS measurements a
allow a more reliable identification of surface chemical species. It was found that thevai@rs react with the sputtered oxide layer mainly
through isolated surface Si—OH species leading to formation of Si-Os-TiBére was no evidence of Ti reduction after the interaction with AIEt
vapors but only a small downward BE shift of the Tkgmeak. This behavior was attributed to the effect of alkylation of the titanium oxychloride
species. On the basis of the present results it is proposed that the alkylation takes place by means of surface complex formatiqrihvaith AlEt
may or may not be chemically bonded on the S$Orface.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction centration of active sites in a relatively disordered environment.
At the same time, conventional surface sensitive spectroscopies
The interaction of titanium halides with organoaluminum run into problems due to the insulating nature of Mg Si0;
compounds has been the subject of several studies in the laghich leads to electrostatic charge built up.
4 decades because of the wide use of these materials in the Somorjai et al. have performed a series of studies on model
Ziegler-Natta olefin polymerization catalysts. In the fourth gen-Ziegler-Natta catalysts supported on Au foil and prepared under
eration of Ziegler-Natta catalysts TiCls anchored on MgGl  UHV conditions, by MgCj evaporation followed by exposure
and/or SiQ while an organometallic compound, usually AJEt to TiCl, vapors. They showed that activation of the procatalyst
or AlMej is used as the co-catalyst that activates the systemwith AlEtz provokes reduction of titanium atonf3]. On the
[1,2]. Despite the number of investigations performed on thesether hand, Fregonese et pl] have shown that the activation
systems, there are still no definite answers on questions related the MgCb/TiCl4 system with AlE% shifted the Ti 2p XPS
to the structure and oxidation state of the active sites, the role gfeak toward higher binding energies (BESs). If reduction had
the support and the role of the co-catalyst. Controversial resultsccurred then the peak should shift to the opposite direction
have been reported concerning these properties as well as hdlewer BE). They attributed this behavior to electron deficient
the catalyst preparation method influences the stereospecificitatalytic species where the Tiatomis trapped into cage structures
and stereoselectivity of the produced polymer. The difficultieformed from Al-alcoxy species.
in these studies are related to the existence of only a low con- The mechanism of olefin polymerization on titanium based
silica supported catalysts has often been approached and var-
iously interpreted. Generally, it is supposed that the titanium
* Corresponding author. Tel.: +30 2610 965263; fax: +30 2610 965223,  atoms anchored by a covalent bond on the silica surface can be
E-mail address: siokou@iceht.forth.gr (A. Siokou). extracted by metal alkyl compounds via an exchange reaction.
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TiCl3 clusters will be formed in this way and with further wafer was dipped in a 5:1:1 mixture of,®/H,O,/NH4OH at

alkylation they become active for the polymerization reaction.353 K for 10 min followed by mild At-sputtering in UHV in

Kovaleva et al[5] have shown using EPR and polarographyorder to remove excess carbon contamination from the native

measurements that alkylated and separately locafédcdm-  surface oxide laygB]. The gas deposition was performed using

pounds are formed chemically bonded with the silica (aerosila leak valve through which Tiglvapors were introduced into

support, giving rise to a number of atactic active centres fothe UHV chamber. AlEfwas dosed from the gas phase as well

propylene polymerization. However,?fand Tf** ions are not  and the total exposure was 3<6L07 L. Both TiCl; and AlEg

ESR active, and thus it is still not clear which oxidation state iswere purified right before use by cycles of freezing at liquid N

active in the polymerization procefs. temperature followed by evacuation in the region of @tbar
Inthe presentwork, we attempt to elucidate the mechanism adnd then warming to room temperature (RT). During the depo-

the interaction between Algtand titanium chloride supported sition procedures the substrate was kept at RT.

on a flat SiQ layer using the surface sensitive X-ray photoelec-

tron spectroscopy. The flat conductive Si wafer covered withy, Results

a thin native SiQ layer, was used as support, in order to avoid

electrostatic charging effects during the XPS measurements. The;  7he substrate

lack of charging effects makes the detection of chemical shifts

of the XPS peaks less complicated, allowing a more accurate After the chemical cleaning procedure and the mild sputter-

identification of surface chemical species. ing, traces of carbon contaminants could still be detected on the
The sample was prepared by exposure of the/SliQL00)  syrfaceFig. 1shows the C 1s, O 1s and Si 2p peaks at this stage.

surface to TiC] vapors in the UHV chamber, followed by expo- The C 1s peak is analyzed into two components at binding ener-

sureto AlEg vapors. X-ray photoelectron spectroscopy was usegjies 282.8 eV (€) and 284.6 eV (&), attributed to carbide (SiC)

in order to identify the surface species at each stage. and graphite contamination, respectively. The Si 2p peak con-
sists of two components as well, one at 99.1 eV originating from
2. Experimental elemental $and one at 100.7 eV (§j characteristic of silicon

atoms in SiC or SiQ(x < 1). Using the XPS intensities of the

The photoemission measurements were carried outin an ulti@ 1s and Si 2p peaks corrected by the atomic sensitivity factors
high vacuum (UHV) system, which has been described in detailvhich are 0.25 and 0.27, respectively, and assuming a layered
elsewher¢7]. The unmonochromatized AlKline at 1486.6 eV  distribution of carbon, its amount was found to ©80% of a
and constant analyzer pass energy of 97 eV, giving a full widthmonolayel[9]. The O 1s peak is analyzed into two components
at half maximum (fwhm) of 1.7 eV for the Au 46 peak, were one at 531.1eV () and another at 532.6 eV (. The G/0O"
used in all XPS measurements. The XPS core level spectra weirgtensity ratio is 3.7. The first peak is characteristic for oxygen
analyzed with afitting routine, which decomposes each spectrumtoms in the silicon sub-oxide laygt0]. The second peak has
into individual mixed Gaussian—Lorentzian peaks after a Shirleyhe characteristic energy of O 1s originating from $a®Si—OH
background subtraction. Regarding the measurement errors, fepecies. Nevertheless, the Si 2p peak does not contain compo-
the XPS core level peaks it was estimated that for a good signalents corresponding to Si@vith x>1 and it is thus concluded
to noise ratio, errors in peak positions card205eV. The Cl  that the & peak represents mainly silanol (Si—-OH) groups on
2p XPS peaks were analyzed by the use of doublets with a spihe oxide’s surface. The binding energy of oxygen in silanols
orbit splitting separation of 1.65eV. has been reported to be between 532.4 and 5334\ ].

A p-doped Si(100) crystal was used as the conducting flat The average oxide thicknesg) can be calculated from the
substrate. In order to remove the organic contaminants, the 8itensity ratio of the XPS Si 2p peaks attributed to S{©< 1)
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Fig. 1. C1s, O 1s and Si 2p XPS peaks for the bare/&iQL 0 0) substrate.



S. Ntais, A. Siokou / Journal of Molecular Catalysis A: Chemical 245 (2006) 87-92 89

Table 1
Binding energy (BE) and full width at half maximum (fwhm) values of the XPS peaks C 1s, O 1sa/&| Bi2ps/2, Al 2p and Si 2p
XPS peaks Cls O1s Cl2p Ti 2p3i2 Al 2p Si2p
c c! ctt o' o' cl Ti Al si!
Substrate
BE (eV) 282.8 284.6 531.1 532.6 100.7
fwhm (eV) 2.3 2.3 2.3 2.3 2
+TiCly
BE (eV) 282.8 284.6 531.1 532.6 199.3 458.7 100.8
fwhm (eV) 2.3 2.3 2.3 2.3 2.3 34 2
+AlEt3
BE (eV) 282.8 284.6 286.4 531.4 533.2 199.5 458.3 74.5 100.8
fwhm (eV) 2.3 2.3 2.3 2.3 2.3 2.6 3.1 2 2

and the silicon substrate, assuming that the attenuation of thedrrect calculation of the oxide thickness. Following the above
substrate (8) and the oxide overlayer (Jisignals — for a uni- procedure and using Eqggl) and(2) the oxide thickness was

form oxide film — follow the exponential relatiorig]: found to bed=0.7+£0.05nm. The error at the present thick-

ness estimation is mainly related to the value of kbg/Isi2p
Isp — exp ;d 1) intensity ratio in the SiC that has been found experimentally to
g Ag:(?x depend on the carbides structure.

The BEs and the fwhm of all the XPS peaks detected and ana-
> lyzed in this work are shown ifiable 1 The table also contains

() the features of the components into which the detected peaks
have been analyzed, whenever it was necessary, using the fitting

wherelg; andIgj, are the peak intensities measured indepenprocedure described in Secti@n

dently in our system for the clean silicon crystal and the bulk

oxide surface, giving a ratm% /180, = 1.67 and the inelastic 32 Exposure to TiCly vapors
mean free paths aveg'ox = ks'ox 3.49 nm[10].

Iy d
Si

=1-exp| <5
IS, <)‘8:OX

i0, —

In the present experiment, the' $ieak contains a contri- The next step was the deposition of Tj@om the gas phase.
bution from SiC, as indicated from the C 1s component afThe intensity of the O 1s XPS peakid. 2) undergoes a 20%
BE =282.8eV. From independent measurements on bulk Geduction while it exhibits again two components at 531.1eV
faced SiC samples in our system, it has been found that th@') and 532.6 eV (¢). The /0" intensity ratio is calculated
intensity ratio of the C 1s and Si 2p peaksligs/Isizp=1.1.  to be 4.8. The intensity of the Si 2p peak drops as well and the
Using this relationship and knowing the intensity of the C 1sSi'/Si® XPS intensity ratio does not change, indicating that there
component corresponding to SiC, the percentage of theigi  is no further Si oxidation after exposure to TiGkpors.
nal that originates from the surface SiC layer can be calculated. In the bottom spectra dfig. 3, the Cl 2p and Ti 2p XPS
This is found to be 33% of the total'Sntensity and must be peaks after TiGj deposition are presented. The TeZpeak is
subtracted from the intensity of the' Pieak in order to make a at 458.7 eV characteristic for titanium atoms in the 4+ oxidation
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Fig. 2. Si2p and O1s XPS peaks after deposition of il the SiQ/Si(1 0 0) substrate.
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Fig. 3. Ti 2p and CI 2p XPS after deposition of TiQin the SiQ/Si(1 0 0) substrate (bottom) and after the reaction with AlEip).

state. The peak is quite broad with fwhm=3.4eV. The correat 74.5eV. A small increment is also observed at the O 1s peak

sponding Cl 2p peakis at BE =199.3 eV (Ck2p characteristic
for chlorine atoms in TiGl[12]. The CI:Ti surface atomic ratio

probably due to oxygenated contaminants in the chamber. The
intensity of the Ti 2p/, peak decreases and its binding energy

was calculated using the intensity ratio of the Cl 2p and Ti 2pundergoes a 0.4 eV downward shift. The G} 3iXPS peak shifts
peaks corrected by the atomic sensitivity factors (0.73 and 1.8).2 eV towards higher binding energies and becomes broader

respectivelyf9]) and it was found to be-2.7:1.
Assuming an exponential attenuation of the Si 2p peak signddoth Ti 2p and Cl 2p peaks indicate changes at the electronic

after TiCly deposition the thickness

e

of the deposit was cal-

with fwhm =2.6 eV Fig. 3, top spectra). The shifts observed at

environment around the Ti and Cl atoms and they will be dis-

culated and found to be~ 0.27 nm that is equivalent to about cussed later. The Al:Ti atomic ratio is 4.5:1. It is worth noticing
0.5 monolayer of TiCl. The exponential equation that was usedthat no loss of Cl atoms is detected since the CI:Ti atomic ratio

is the following:
5
i2p
Ibefore - eXp(
Si2p

—t

A

)

where the value of the inelastic mean free paftar Si 2p elec-

trons through the deposit is 3.57 nm.

3.3. Exposure to AlEt3 vapors

remains the same-2.9) within the experimental error, while

the carbon uptake after Algteposition (for carbon that cor-
3) responds to C-H and C-C species, i.e. with the C 1s peak at
284.6 eV) is calculated to be 3.8'@toms per Al atom.

4. Discussion

It is well known that TiCk chemisorbs on the silicon oxide’s
surface by interacting with Si—OH groups via the following reac-

Fig. 4shows the C 1s, Si 2p and Al 2p XPS peaks after AIEt tion[13,14}

exposure. The intensity of the C 1s peak increases considerab}YSi_OH) + TiClg— (Si—O)TiCls_ , + xHCI(g)

(4)

due to the insertion of the alkyl groups. The shape of the Si 2p
peak does not change but its intensity decreases. Aluminum is The interaction of TiC] with the surface hydroxyls can be
also detected on the surface and the Al 2p XPS peak is detecteaono-functional (one TiGlmolecule titrating one —OH group)
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Fig. 4. C 1s, Si 2p and Al 2p XPS peaks after the reaction with AlEt
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bi- or tri-functional (one TiC{ titrating two or three —OH groups, Et Et
respectively) depending on the concentration of hydroxyls on \I/
the silica surface. The calculated atomic ratio Cl:Ti=2.7:1 indi- ci \
cates that TiCj interacts mainly with isolated Si—-OH groups. In Et Cl cl Et
other words the value of the factar™in reaction(4) is x ~ 1. ~C \‘IJ Ve \Ji
Indeed, isolated Si—OH groups are the most probable species Al "\ / \\D
to be present on the surface after the mild gputtering dur- L\E‘ cl c g
ing its preparation. If reactiofd) occurs at the surface then Si i !
Si—O-Ti bonds will be formed. The binding energy of oxygen ()
atoms in these bonds has been found to lie between the value that (a)
represents oxygen atoms in Si-O-Si bonding (532.6-533 €\ig. 5. Plausible structures of surface complexes formed between Si-@-TiCl
and the value for oxygen atoms in Ti-O-Ti (530.5 ¢12,15] and AIEt, that (a) may or (b) may not be chemically bonded on the, Sifface.
In the present experiment, an increase at théO intensity
ratio is observed at the O 1s spectra, from 3.7 before, to 4.8 This reaction cantake place inthe present procedure, between
after TiCly deposition. Furthermore there is no evidence of fur-the AlEtz vapors and the remaining Si—OH species on the oxide’s
ther silicon oxidation after the Tiglevaporation, because the surface. It was mentioned earlier that after exposure tosAlEt
Si'/Si® intensity ratio of the Si 2p components remains con-vapors the carbon uptake is of about 3.5 carbon atoms origi-
stant, and there is no oxygen contamination during the4TiCl nating from C—H species {Ccomponent at the C 1s peak) per
dosing procedure because the total intensity of the O 1s peakl atom (i.e. about two ethyl groups per Al atom). This indi-
decreases. Thus, the increase bfdf ratio is mainly attributed  cates that the value of the factot™in reaction (5) is n~ 1
to the transformation of surface silanols to Si—-O-Ti linkagesleading mainly to the formation of SiO-AlEtThe interaction
The chemical shift and the fwhm of the Ti 2p XPS peak indicatewith neighboring SiO-TiQ by sharing Cl and Et groups, is
the electron density of the titanium species, namely the oxidafavored thermodynamicalljt 9], and the complexes that can be
tion state, and its distribution, respectively. The large fwhm valugormed in this way are shown schematicallyFiy. 5a. If there
(3.4 eV) observed at the Ti gp peak after TiCJ] depositionmay are no residual Si-OH groups on the surface or if additional
be due to the broad distribution of the titanium species whileAlEtz molecules arrive, they will interact directly with the sur-
their binding energy indicates that their main oxidation statdface SiO-TiC} species in the same way, forming complexes
is Ti**. like those shown irFig. Sb. In agreement with recent theoret-
The mechanism proposed by Kovaleva ef&lfor the inter-  ical predictions and experimental results obtained by XPS and
action of AIEg with SiO-TiCk, involves the replacement of X-ray adsorptior{4,20,21] the dominant oxidation state of Ti
Ti atoms from the Si-O-Ti linkages by Al and creation of'Ti  in these species is 4. Nevertheless, a more accurate structural
clusters chemically bonded to the oxide substrate. At the preseittentification of the surface complexes lies beyond the limita-
results, there is no evidence for*Tispecies that should shift tions of XPS. The present results give an additional evidence
the Ti 22 peak to BE~457.5eV[12]. Instead, only a small for the formation of such complexes: the Cl atoms that act as
(0.4 eV) downward BE shift of this peak is observed after thebridges between Ti and Al atoms should give XPS peaks at
reaction with AIEg followed by a decrease at the fwhm. Gener- slightly higher binding energy as compared to the peaks orig-
ally, electron donation to the titanium atoms is expected to caus@ating from terminal chlorine atoms at the (Siz9}iCls_
a peak shift to a lower binding energy region. Thus, alkylationspecie$22]. This behavior is apparent here since the Cl 2p peak
of SIO-TiCk is expected to cause a small shift of the Tg2p broadens and shifts towards higher BEs.
peak towards lower BE, since chlorine atoms bonded to Ti are Ti-species like those shown fig. 5 cannot be necessarily
substituted by the less electronegative ethyl groups. Nevertheonsidered as an alternative to the formation of species where
less, a direct ligand replacement mechanism would lead to thdirect bond Ti—C is present, but they could be precursor com-
formation of AIELCI that would easily desorb from the surface plexes that in the presence of olefins, during polymerization
leaving a deficiency in Cl atoms. This is not supported hereteaction, can evolve towards species where a Ti—C bond is
since the amount of Cl atoms remains practically the same aftgaresent. Further experiments, where the entire reaction path is
AlEt3 deposition. Based on this fact and taking into accounstudied, are expected to clarify this point.
that a considerable amount of Al is detected on the surface, it is
proposed that the alkylation mechanism involves the formatio$. Conclusions
of surface complexes between the SiO-%iGlrface species
and the incoming AlEtmolecules. The formation of such inter- The interaction mechanism between AlBhd titanium chlo-
mediate complexes has been proposed in many studies on Z+#idle supported on a SiQayer was studied using X-ray photo-
catalysts, nevertheless there is no direct spectroscopic evidenekectron spectroscopy. A flat conductive Si wafer covered with

confirming their existencfl6,17]) a thin native SiQlayer, was used as support, eliminating charg-
The mechanism of Allgtreaction with Si-OH groups is well ing effects and allowing a more reliable identification of surface
known and could be described by the following reac{it: chemical species. The Tiglapors reacted with the sputtered

_ _ oxide layer mainly through isolated Si—OH species leading to
n(Si-OH) + AlEt3 — (Si-O),~AlEtz_, +nCzHg(9) (5)  formation of Si-O—TiC4. There was no evidence of Ti reduction
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after the interaction with Alktvapors. The alkylation of the [10] S. Iwata, A. Ishizaka, Appl. Phys. Rev. 79 (9) (1996) 6653.

titanium oxychloride species takes place by means of surfadéll] J. Viard, E. Beche, D. Perarnau, R. Berjoan, J. Durand, J. Eur. Ceram.
complex formation with ethylaluminum species that may ormay[lz] golc\l't;iz %ggzci?)ii'los A. Siokou, J. Mol. Catal. A: Chem. 220 (2004)
not be chemically bonded on the Si6urface. In the alkylated : " o I o '

; . o 199.
cpmplexes Ti* is found to be the dominant oxidation state of [13] S. Haukka, E.L. Lakomaa, A. Root, J. Phys. Chem. 97 (1992) 5085.

Ti. [14] D. Damianov, M. Velikova, Iv. Ivanov, L. Vlaev, J. Non-Cryst. Solids
105 (1988) 107.
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