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Abstract

In this paper, an electrochemical study of the metallocene/methylaluminoxane (MAQO) and metallocene/trimethylaluminium (TMA) species
is presented. The metallocenes used were §eH(Cp)rZrCl,] and [(CpyZrCl;]. The evaluation of the Metallocene/MAO and Metal-
locene/TMA systems was based on the analysis of the redox potentials of the solutions with different Al/Zr molar ratios using acetonitrile
as solvent. The results obtained for Al/Zr ratios lower than 30, suggested that in presence of TMA or MAO, the formed monomethylated
species are [(L)2Y (CH,)CI], L = cyclopentadienyl (Cp)or (CHs),Si(Cp). For Al/Zr molar ratios higher than 30, the results obtained in
TMA presence are in agreement with the formation of the species [{L(@Hs)(u-CHz)AI(CH3),]*, while in MAO presence the ionic pair,
[(L)zrV CHs]T[MAOCI] -, is formed. There’s a general agreement that these are active species in olefin polymerization.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction There's a general agreement that this is the active species
in olefin polymerization.

Metallocene catalysts in the presence of an alkylalu- Spectroscopic studies in the region of ultraviolet—visible
minum cocatalyst are very efficient irolefin polymeriza- and electric conductivity measurements carried out on the
tion offering a great versatility in the synthesis and control systenrac-[Et(Ind)>ZrCl]/MAQO, using several Al/Zr molar
of the structure of polyolefins compared with conventional ratios [19,20] had considered that for Al/Zr molar ratios
Ziegler—Natta catalysts. Metallocene/methylaluminoxane lower than 30 the metallocene and MAO reaction occurs
(MAO) systems combine high activity with the possibility ~with a monomethylation of the metallocene by “free” TMA
of tailoring polymer properties such as molecular weight present in the MAO solution. For Al/Zr molar ratios higher
and molecular weight distribution as well as stereochemical than 30 this reaction provides the formation of the ionic pair
structure[1-8]. between cation metallocene and anion MAO.

Due to the important role of MAO and trimethylalu- Recently, Cramail and coworkeial—-23]investigated the
minium (TMA) as cocatalyst inx-olefin polymerization distinct roles of MAO and TMA in the metallocene activa-
using metallocene, the characterization of the catalytic ac-tion process and showed that the use of “TMA-depleted”
tive species and the elucidation of the mechanism involved MAO (MAO solution containing a very low concentration of
in the activation of the metallocene by the cocatalyst have TMA) offers the possibility to activate zirconocene at rather

been a target of several studies reportefPirl 3]. low Al/Zr ratios in homogeneous conditions (Al/Zr 50-200),
Studies iN14—18]proposed that the reaction with metal- proposing that the presence of TMA leads to the formation
locene and MAO leads the formation ofMtX] *[MAOCI] ~ of a species, less active in olefin polymerization, underlin-

species in which Mt= Ti, Zr, Hf; X = CI, CHs, and ing the poisoning role of TMA in MAO in the metallocene
L = cyclopentadienyl (Cp), indenyl (Ind), fluorenyl (Fluo). activation process.

In this context the present paper describes a study of the
mspondmg author. Tel:55-712-375-784; catalytip species Metallocene/MAO and mgtallocene/TMA
fax: +55-712-374-117. by cyclic voltammetry based on the cathodic peaks shift of

E-mail addressbrandao@ufba.br (S.T. Brand&o). the solutions containing different Al/Zr molar ratios in order
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to understand the mechanism involved in the activation of
zirconocene by the cocatalyst and the nature of the active Epal ...
species in olefin polymerization. ez
Epa2,_~'“'”‘

Epal' ..

—————— (Cp),ZrCl,
: —— (CH,),Si(Cp),ZrCl
2. Experimental part z e
=}
2.1. Chemicals | Epor
All experimental procedures had been carried under inert enis. EP.CVZ"*._

atmosphere using Schlenk techniques. Acetonitrile (Merck,
spectroscopic grade) used as solvent in the cyclic voltam-
metry experiments was dried in molecular sieve. Tetrabu- — ,
tilammonium tetrafluorborate (Merck), was used without 3¢ 25 20 15 10 05 00 05
further purification. MAO (15% in toluene) and TMA (12% E (mV vs Ag/AgCI)

in toluene) had been supplied by Akzo Nobel and the met- Fig. 1. Cyclic voltammograms of the metallocenes [(Zpl>] and
allocenes, [(Cp¥ZrCl;] and [(CHs)2SICpZrCly] had been [(CH3)2Si(CpyZrCly).

supplied by Strem.

Epcl

begins at 0.0V and goes toward negative potentials, three
well defined cathodic peaks can be observed. The cyclic
voltammogram of [(CpZrClo] depicts these three peaks
at —1.7V (Epcl),—-1.9V (Epc2) and-2.2V (Epc3) and
anodic peaks at-1.65V (Epal) and-2.3V (Epa2) cor-
responding to the first and last cathodic peaks. The com-
lex [(CHg)2Si(CprZrCly] depicts these peaks atl1.48V
Epcl), —1.91V (Epc2) and —2.12V (Epc3) and anodic
peaks at-1.42V (Epal) and—1.86 V (Epa2) correspond-
ing to the first and the second cathodic peaks. All potentials

2.2. Electrochemical measurements

The cyclic voltammograms were taken with a potentio-
stat/galvanostat, PARC, model 273. All experiments were
carried out using a conventional three-electrode cell. Glassy
carbon was used as working electrode. An Ag/AgCl elec-
trode was used as the reference electrode and a platinu
wire as the auxiliary electrode. Electrochemical data were
obtained using 0.1 mott solutions of tetrabutilammonium
and tetrafluoroborate in acetonitrile as supporting elec-

. Supp 9 were reported versus Ag/AgCI.
trolyte. In the cyclic voltammograms, neither anodic nor ; . . .
. . The cathodic peak with a less negative potential
cathodic peaks were observed in the absence of metallocene

in the potential range studied. All solutions were deaerated value |slvattr|buted to the electrode process in which the
by bubbling high purity argon. The cocatalyst solutions [(Cp)aZr™ Clo] complex is reduced and leads to the forma-

were prepared with different Al/Zr molar ratios between 0 tion of [(Cp)Zr™ Cla] ~ species (Eq. (1) ischeme ). This

and 50 and the cyclic voltammograms were recorded with Zr(I) species can be reduced with the process involving
ecan rate of 100 mvs one electron forming [(CpEr' Cl]%~ and justifying the

cathodic peak at-1.9V (Eg. (2) in Scheme )L Studies
in [24] have evidenced the possibility of a Cping loss

in the [(CppZr'' Cl,] species, then the cathodic peak at
—2.2V can be assigned to the'#fzr"" redox process in
the [(Cp)Z!"' Cly]~ species (Egs. (3) and (4) Bcheme L

2.3. Polymerization reactions

The reaction was carried in a 300 ml Parr reactor previ-

ously dried and inertized with nitrogen. The Schlenk tech- The cathodic peaks observed for the [€¥Si(Cp

nique was used to prevent reagents contact with air. Thle'VCIz] complex are assigned to the analogous electrode

reagents were added to the reactor in the following sequence: . v
toluene solution, MAO solution, metallocene catalyst and processes described for the [(Gp)° Clo] complex. The

. ”I 7 . .
ethylene. The reaction lasted for 1 h under mechanical agita—pmpo“:"’jII for the [(CH)2Si(CppZr™ Clo]™ species and its
tion of 650 rpm, temperature of 7€ and ethylene pressure
of 15 psi in the reactor. After the reaction the polymers had

) . 71"V Cly(C + e ——> [Z"'Cly(Cp),) 1

been filtered on vacuum, washed with ethanol excess and 1~ (AP e = PrCkCpy] ca- D
dried at 40°C.

[Zt"Cly(Cp)a] + & == [Z"Cl(Cpyl” (eq.2)

3. Results and discussion [Zr"'Cly(Cp)a] = Cp + [z"ClCp) (eq. 3)

Cyclic voltammograms of the metallocenes investigated ZcLep] ¢ e N (Zr"CLCp (eq. 4)

are illustrated inFig. 1L The current-potential profiles are
very similar for both of them. When the potential scan Scheme 1. Global electrode process reactions for {G),].
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Fig. 2. Cyclic voltammograms of the [G@rCl2] in the presence of MAO, Fig. 3. Cyclic voltammograms of [GZrCly] in the presence of MAO
Al/Zr < 30. (Al/Zr = 30).

consequent reduction is an analogy to the [¢Zp) Cl,]~
complex. The obtained results indicated that there is no [(Cp)Zr'"' (CH3)CI] (Eq. (2) inScheme 2 In addition there

other one-third peak so defined as in the [(ZpLIo] is another electrode process, since the formed Zr(lll) species
species. For the [(C#)2Si(CppZr'"' Cl]~ complex only a  can be reduced to [(CgJr" (CH3)CI]~ at —2.0 V.
barely discernible shoulder appears-&.12 V. On the other hand, the addition of incremental amounts

This discernible shoulder indicates that the reaction of MAO solution (Al/Zr = 30) results in a cyclic voltam-
of a Cp ring loss in this complex is slower than in mogram with only one cathodic peak a2.6V (Fig. 3.
the [(Cppzr''Cl,]~ species. This can be explained This value is more negative than the others obtained for the
by the fact that the existence of a (@HSi in the electrode process in [(CgJr'V (Cl),] for Al/Zr molar ra-
[(CH3)2Si(CppZr'"' Clo]~ complex probably inertizes the tios lower than 30. This result indicates the formation of a
cyclopentadienyl, thus, this reaction becomes slower thanspecies in which the IV oxidation state is more stable.

the analogue reaction in [(G@r'"' Cl,]~ complex. This peak at-2.6 V can be attributed to the reduction pro-
cess involving one electron in [(G@r'Y CH3] T [MAOCI] ~

3.1. Cyclic voltammogram of [(CpXrCl,] in presence of considered as an active species in olefin polymerization

MAO [14-18] An hypothetical structure for the highly active

species for olefin polymerization indicated the presence of

The cyclic voltammograms of the solutions containing a cation—methylzirconocene and a MAO-CI counter anion
Al/Zr ratios of 5, 10 and 15 are shown Fig. 2 The run of (Structure 1). Similar species were reported by spectroscopic
potential begins at 0.0V and goes toward negative potential, studies when “TMA-depleted” MAO (AlZr ~ 150) was
where two cathodic peaks atl.6 and—2.0V are observed.  added torac-[Et(Ind)>ZrCl,] [23]. In this case a reverse

UV/visible spectroscopy studi¢s9,20]indicated thatthe  bathochromic shift of the zirconocene main absorption
addition of small amounts of MAO (&< Al/Zr < 15) to band from 396 to 440nm was observed. This shift was
rac-[Et(Ind),ZrCl,] leads to the substitution of one chloride attributed to an important decrease of the zirconium elec-
atom by a methyl group. Thus, in analogy with this pro- tronic density{23]. Considering this behavior, a shift to less
posal,Scheme Zhows the reactions involved in the electro- negative potential in the cyclic voltammograms should be
chemical process for the monomethylated species. In a firstexpected. However, this behavior is not observed, probably
step the [(CpZr'V (CH3)CI]T complex is formed, followed  due to the interaction between cation—methylzirconocene
by reduction in the electrode surface afl.6V forming and MAO-CI, which stabilizes Zr(IV) in this structure.

[ZVCL(Cp)] + MAO = [ZV(CHy)Cl(Cp)]” + [MAOCI] (eq. 1)

[Z+" (CH3)CI (Cp)]” + ¢ Z=  [Zr" (CH3)Cl (Cp)] (eq.2)

[Z+" (CH)CI(Cpa] + ¢ 2= [Zr" (CHy)CI(Cp)a] (eq. 3)

Scheme 2. Global electrode process reactions fopZ@pl,]/MAO, Al /Zr < 30.
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Structure (I)-Hypothetical structure of catalytic \’/.-—_--- - ,'I
active species of polymerization : —AllZr=10
——-- AliZr=15
) ) e R AliZr = 50
These studie$23] proposed that the species showed in
Structure | can be either inactive when formed with com- e Vo
mercial MAO or active, when they result from the use of — 71—
“TMA-depleted” MAO. The deactivation of this species is 25 20 15 1.0 05 0.0 0.5
attributed to the presence in commercial MAO of TMA re- E (V vs Ag/AgCl)
maining from its part|al hydronS|s. Fig. 5. Cyclic voltammograms of [(C§J2Si(CprZrCly] in presence of
TMA.

3.2. Cyclic voltammograms of zirconocene in presence of same zirconocene species. These results are in agreement
TMA with [19,20}

For Al/Zr molar ratios higher than 30, two well de-
fined cathodic peaks are also observed. However these
peaks are shifted to more negative potentials when com-
pared to the corresponding peaks for Al/Zr ratios lower

f than 30. This result indicates that besides the forma-
'tion of a monomethylated species, one another with
. ! a more difficult reduction process is also formed. In
potentials are-1.6 and—1.9V; for [(CH)2Si(CPRZICl2] ;g eement with[19,20] Alizr ratios higher than 30 in
thi A??/tirc])trlfelzpirr%ilﬁg \t/oatlr?g Erls.tgtyatﬁggifrp])z(:lf Elj'iaeksztr’ne TMA presence would lead the formation of dimethylated
—4L . i _ + _
shift for the cathodic peaks was related for [(&frCl2] in ?gazl)zSS|(glg_)))zzws(h%|\jvsgéM|r? g?r)f(lggrgsl)ﬁ]T,huLs, th e(?v%z'ob-
MAO presence for these Al/Zr molar ratios. served peaks are assigned a¥ ¥ and z#"'/"" reduction
These results suggest that the two cathodic peaks are asg, these speciesScheme Fhows the reactions involved in
signgd as z¥'/l a_nd Z{!/! reduction in monomethylated the electrode process. The cyclic voltammograms obtained
species as described Bcheme 2 Thus, in the presence for the complex [(CH)2Si(CPRZrClIlTMA shows, be-

of MAO or TMA cocatalyst, W'th. AI'/Zr molar ratios lower sides the cathodic peak, an anodic corresponding to the first
than 30, the electrode process indicated the presence of th%athodic peak

The cyclic voltammograms obtained for [(Gg)Cl,] and
[(CH3)2Si(CprZrCly] in presence of TMA for different
Al/Zr molar ratios are illustrated ifrigs. 4 and 5Srespec-
tively. For Al/Zr molar ratios lower than 30, when the run o
potential begins at 0.0 V and goes towards negative potential
two cathodic peaks can be observed. For [(ZpTl2] the

................................................................ — _®
1 @\ . CHj ., /CH3
_ ciy 7 N\ | sMAc®
CH3
<
2
- —— Al/Zr=20
---- AliZr=40 L i
"""" Alizr=50 Structure (IT)-Hypothetical structure of species
formed in presence of TMA or commercial MAO
(21-23)
Studies in[22,23] have proposed that large amounts
T T T T T T T T T T T T T H 1 1
30 s 20 s o o5 00 05 of TMA present in MAO solution leads to the formation

of a complexed structure between TMA and cationic zir-
conocene. This species shows similar catalytic activity in
Fig. 4. Cyclic voltammograms of [GZrCl,] in the presence of TMA. olefin polymerization when compared with that one formed

E (V vs Ag/AgCl)
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ZVCh(L)] + TMA == [ZV(CHs)a(L)] + ACH;).Cl (eq. 1)
[ZV(CH)(L)] + ¢ 2= [Z" (CHa)a(L)] (eq.2)
[Ze" (CHa(D)] + ¢ == [Z" (CHa)(L)] (eq. 3)

Scheme 3. Global electrode process reactions in zirconocene TNZ2r Al 30.

in MAO presence and showed in Structurg¢2R]. These Table 1

results are in agreement with the electrode potential for Deactivation tests of the catalysts in ethylene polymerization
the;e speues,'whos.e vr?llu.es are sll'mllar, indicating the for-Time (min) [(CPLZICl]® [(CH2)2Si(CppZrCla]?
mation of species with similar stabilities.

As can be seen the cathodic peak attributed to the/#r ;g iég'gg igg'ig
reduction process for [(CpXrCly] or [(CH3)2Si(CpyZrCls], 45 97.46 11317
in MAO or TMA presence, is shifted for a lower potential ¢g 88.36 82.67

than in absence of the cocatalyst. However these results
are not expected, since the substitution of one chloride
atom by one methyl group from the cocatalysts, MAO or . . o
TMA, increases the electronic density in the zirconium(ly) IS more stable. However, in order to analyze this activity,
and would lead the reduction process to occur in a more it is important to consider the zirconocene—olefin interac-
negative potential. tion. Considering that in [(CE)2Si(CprZrCly] complex,
One explanation for these results should be that with the zirconium is more acidic than in [(GR)rCl], the
the addition of MAO or TMA solutions. which solvent is cation—methylzirconocene/MAOCI interaction with ethy-
toluene, there is a change in the polarity of the solutions. '€ne would be favored, justifying the higher activity ob-
As can be seen, the effect of chloridedonator electron ~ Served for the [(Ch)2Si(CppZrClz] complex. According
properties is clear when compared to methyl at Al/Zr molar © [25], the activity of these systems are also affected by
ratios higher than 30. steric effects. Thus, the higher activity observed for this

The eletrochemical results shows that the supposed active®mPlex is a result of electric and steric effects.
species in olefin are formed at low Al/Zr ratios (&r ~ According to the results showed Trable 1andFig. 6, in
50), indeed there’s a general agreement that the addition ofthe initial stages the catalytlt_: activity decreasing is higher
larger amounts commercial MAO (Al/Zr ratie 1000) is  for [(CH3)2Si(CppZrCly]. This results suggest that the
necessary to prevent the catalyst deactivatie). potential redox has a primary effect when compared to
zirconocene—olefin interaction, since thdZY! reduction
process is less difficult in the [(CHpSi(CppZrCl,] com-

3.3. Correlation with CatalytiC deactivation for ethylene p|ex_ After a few minutes the p|ateau of minimum activity
polymerization with potential reduction of zirconocenes is reached.

a Activity: KgPE molzr-th—tatn2,

The Cyclic voltammograms of the metallocenes inves-
tigated Fig. 1) shows that the cathodic peak attributed 400

to the ZNV/' redox process for [(Ck)>Si(CprZrCl,] 350 .
is at —1.48V and for [(Cp)ZrCly] at —1.7V, indicating — R —
that the zM/" reduction process is less difficult in the £ 300 .
[(CH3)»Si(Cp)ZrCl,] complex. This difference can be ex- < i
plained by the fact that in this complex, the (bSi bridge 3 2°
decreases the electronic density in the zirconium and Ieads_% 200
this metallic center a stronger Lewis acid than the samefc?
metallic ion in the [(CpZrCl;] complex. This decrease in 3 150
the electronic density is a consequence of thacceptor Z 100
properties of the silicon. <
As can be seen irfable 1 and in Fig. 6 the cat- 50
alytic activity is higher for [(CH).Si(CprZrCly] than 0
[(Cp)2ZrCly]. On the basis of the active species na- 0 10 20 30 40 50 60 70
ture in a-olefin polymerization and the important role of Time (min)

the IV oxidation state, the activity should be higher for Fig. 6. Activity versus time curves obtained for [(GEYCl,] and
[(Cp)2ZrCly], since the IV oxidation state in this complex [(CHs)2Si(CprZrCly].
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