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Chain transfer to the aluminum cocatalyst was found to be the predominant chain transfer reaction in propylene polymerization m
he sterically hindered, highly isospecificrac-dimethylsilanediylbis(2-methyl-4-naphthyl)indenyl-zirconium dichloride (rac-Me2Si[2-Me-4-
aph-Ind]2ZrCl2)/methylaluminoxane (MAO) catalyst system. By finely tuning the polymerization conditions including the polymer

emperature and Al/Zr ratio, this predominant aluminum transfer reaction was directed to prepare aluminum-terminated isotactic pol
i-PP) with high end-group selectivity and controlled and narrowly distributed molecular weight.

2005 Elsevier B.V. All rights reserved.
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. Introduction

In the study of olefin coordination/insertion polymeriza-
ion, an investigation of chain transfer reactions is very im-
ortant because it relates to the control of molecular weights
nd end-group structures of resultant polyolefins. In a re-
ction of propylene polymerization over a metallocene cata-

yst/methylaluminoxane (MAO) cocatalyst system, where no
xternal chain transfer agents are involved,�-hydride transfer
either after a primary propylene insertion or after a secondary
ropylene insertion and either unimolecular or bimolecular),
-methyl transfer and chain transfer to the aluminum cocat-
lyst (mainly to trimethyl aluminum (AlMe3) contained in
AO) constitute the whole chain termination process. In gen-
ral,�-hydride and�-methyl transfers are two major chain

ransfer reactions, whereas chain transfer to the aluminum

∗ Corresponding author. Fax: +86 10 82611905.
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cocatalyst is considered as a minor one, and therefore,
adequate attention[1].

However, recently some metallocenes includingrac-Et[2-
tBuMe2 SiO - (Ind)]2 ZrCl2, rac - Et[2-tBuMe2SiO-(Ind)]2-
HfCl2 and rac-Me2Si(2-Me-4-tBu-C5H2)2ZrCl2 combined
with MAO were found to possess a major aluminum ch
transfer reaction in their respective propylene polyme
tions [2,3]. Furthermore, when AlEt3 was used in conjunc
tion with Ph3CB(C6F5)4 as the cocatalyst, AlEt3 was found
to initiate significant chain transfer reaction even in pro
lene polymerization with some conventional metalloce
including rac-Et(Ind)2ZrCl2, rac-Me2Si(Ind)2ZrCl2 and i-
Pr(Cp)(Flu)ZrCl2 [4].

rac-Dimethylsilanediylbis(2-methyl-4-naphthyl)inden
zirconium dichloride (rac-Me2Si(2-Me-4-Naph-Ind)2ZrCl2)
and rac-dimethylsilanediylbis(2-methyl-4-phenyl)inden
zirconium dichloride (rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2)
as well as their methylated counterparts combined
MAO are so far among the best metallocene catalyst

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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isospecific propylene polymerization in terms of activity,
stereospecificity, and polymer molecular weight, due to their
optimized ligand structures[5]. General knowledge that is
known about the molecular weight and end-group control
with these catalysts is that the rigid ligand frameworks
of these catalysts are unfavorable to�-agostic interaction
at zirconium centers during propylene polymerization,
making�-hydride transfer (mainly occurs in a unimolecular
fashion), the most frequent chain termination reaction in
metallocene-catalyzed olefin polymerization, difficult to
occur. Therefore, the molecular weights of PP produced by
these catalysts are generally high. However, as far as chain
transfer to the aluminum cocatalyst is concerned, little is
known until recently Kokko and co-workers studied the
kinetics of propylene polymerization withrac-Me2Si(2-Me-
4-Ph-Ind)2ZrMe2/MAO [6]. They found that chain transfer
to the aluminum cocatalyst and�-methyl transfer reaction
were the most important chain termination mechanisms
with this catalyst. Weng et al. also observed significant
�-methyl transfer reaction in propylene polymerization with
rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2/MAO [7].

We recently investigated the aluminum chain transfer re-
action in propylene polymerization with the MAO-activated
rac-Me2Si[2-Me-4-Naph-Ind]2ZrCl2 catalyst, by applying
an oxidative workup approach[8] at the end of polymer-
ization, and found that aluminum chain transfer reaction
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Naph-Ind]2ZrCl2, was synthesized according to a published
procedure[5].

All 1H NMR and 13C NMR spectra were recorded on
a Bruker AM-300 instrument ino-dichlorobenzene-d4 at
110◦C. The melting temperatures of the polymers were mea-
sured by differential scanning calorimetry (DSC) using a
Perkin-Elmer DSC-7 instrument controller operating from
30 to 180◦C with a heating rate of 20◦C/min. The data were
collected on the second heating cycle. The molecular weight
and molecular weight distribution of the polymers were deter-
mined by gel permeation chromatography (GPC) using a Wa-
ters Alliance GPC 2000 instrument equipped with a refractive
index (RI) detector and a set of u-Styragel HT columns of 106,
105, 104, and 103 pore size in series. The measurement was
operated at 150◦C with 1,2,4-trichlorobenzene as the eluent
with a flow rate of 0.7 ml/min. Narrow molecular weight PS
samples were used as standards for calibration.

2.2. Propylene polymerization with an oxidative workup
process

In a typical reaction (run 3 inTable 1), a 300 ml three-
necked round bottom flask was charged with 134 ml of
toluene, 16 ml of MAO and 1 bar of propylene at 30◦C.
About 0.75× 10−6 mol (5.0× 10−6 M) of rac-Me2Si[2-Me-
4-Naph(Ind)] ZrCl catalyst was then added to initiate the
p nal
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as predominant. Despite the structural similarity betw
ac-Me2Si[2-Me-4-Naph-Ind]2ZrCl2 and rac-Me2Si(2-Me-
-Ph-Ind)2ZrCl2, the difference in the degree of alumin
hain transfer reaction was attributed to the bulkier n
hyl substituent on the indenyl ligands possessed by the
er catalyst, which actually has resulted in better pr

ene polymerization performance than the latter in te
f PP molecular weight and isotacticity[5]. The predomi
ant aluminum chain transfer reaction inrac-Me2Si[2-Me-
-Naph-Ind]2ZrCl2/MAO-catalyzed propylene polymeriz

ion was also utilized to prepare aluminum-terminated
actic polypropylene (i-PP) with high end-group selectivi
nd controlled and narrowly distributed molecular wei
hich has been known to be a valuable precursor of ch
nd functionalized polypropylenes and polypropylene b
opolymers[9,10].

. Experimental

.1. Materials and instruments

All O2- and moisture-sensitive manipulations were
ied out inside an argon-filled vacuum atmosphere dry
quipped with a dry train. CP grade toluene was de
enated by argon purge before refluxing for 48 h and then

illed over sodium. MAO (10 wt.% in toluene) was purcha
rom Albermarle and used without further purification. Po
erization grade propylene was supplied by Yansan P

hemical Co. of China. The catalyst,rac-Me2Si[2-Me-4-
2 2
olymerization. During the course of reaction, additio
ropylene was continuously fed into the flask to main
constant pressure (1 bar). After 30 min of reaction at 3◦C,

he polymerization was terminated by stopping the mono
as flow. The dry oxygen was bubbled into the polymer

ution through a syringe needle for 2 h at the ambient t
erature. Then, 29 ml of aqueous hydrogen peroxide sol
30 wt.%) and 10 g of sodium hydroxide (in 20 ml of aque
olution) were added and the reaction mixture was heat
0◦C. After stirring for 4 h, the reaction mixture was pou

nto excess acidic ethanol (10%) and filtered. The produc
urified by repeatedly washing with water, acidic ethanol
ater, and dried under vacuum at 60◦C for 8 h.

. Results and discussion

Propylene polymerization was conducted withrac-
e2Si[2-Me-4-Naph-Ind]2ZrCl2 catalyst and MAO

ocatalyst containing 13.0 mol% of AlMe3 [11]. Normally,
t the end of polymerization, the reaction would t
ndergo quenching with acidic alcohol to terminate
olymerization. However, for a fast yet unambigu
nderstanding and possible quantification of the occu

requency of the aluminum transfer reaction, the p
erization reactions were exempted from termination
cidic quenching but subjected to an oxidative wor
sing dry O2 and H2O2/NaOH to transform the forme
lkylaluminum-terminated polymer chains to hydrox
apped ones[8]. With this oxidative workup process,
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possible chain ends that might result from�-hydride transfer,
�-methyl transfer (unsaturated groups), and chain transfer
to the aluminum cocatalyst (Chart 1) would exhibit their
distinctive characteristic resonances in a1H NMR spectrum.

3.1. Predominant aluminum chain transfer reaction

Propylene polymerization was first run under the
conditions of Al/Zr ratio of 3000 and polymerization tem-
perature of 60◦C (run 1 inTable 1). This reaction afforded,
with a catalyst activity of 18.14× 106 g PP/mol Zr h bar,
polypropylene polymer having a number-average molecular
weight (Mn) of 8150 g/mol, a molecular weight distribution
(PDI) of 2.1 and a melting temperature (Tm) of 147.7◦C. In
Fig. 1(a) is shown its1H NMR spectrum measured at 110◦C
in ortho-dichlorobenzene-d4. In addition to the three major
peaks at 0.95–1.65 ppm corresponding to CH3, CH2 and CH
protons in propylene repeating units, several minor peaks are
observed at 3.0–6.0 ppm when the spectrum is adequately
enlarged. These peaks are the fingerprints of polymer
chain ends due to different chain transfer mechanisms.
At the first glance, it has been clear that hydroxyl methyl
( CH(CH3) CH2 OH), the chain-end group formed by
chain transfer to aluminum followed by hydroxylation
with O2 and H2O2/NaOH in the oxidative workup process,
represents the uppermost chain-end structure of the obtained
p ng to

in-
t ppm
a d by
� ry
w firm
t the
a rated
p par-
a but
t to
a f
t of
i rved
a al to

up.
olypropylene, as the peak at 3.3–3.5 ppm correspondi
CH2 OH protons exhibits an overwhelmingly strong

ensity compared with the others. The peaks at 4.5–6.0
ssignable to protons on unsaturated groups forme
-hydride and�-methyl transfer reactions all show ve
eak intensities. However, it is still necessary to con

hat the hydroxyl methyl groups come exclusively from
luminum–carbon bonds at the aluminum transfer-gene
olymer chain ends. For such a purpose, we run a com
tive polymerization under identical reaction conditions

erminating it by direct quenching with acidic alcohol
void the use of O2 and H2O2/NaOH.1H NMR spectrum o
hus-obtained polymer (Fig. 1(b)) was compared with that
ts hydroxylated counterpart. Except for no signals obse
t 3.3–3.5 ppm, the former spectrum is almost identic

Chart 1. Chain transfer to aluminum and subsequent oxidative work
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Fig. 1. 1H NMR spectra of polypropylenes obtained (a) with an oxidative workup process and (b) without an oxidative workup process (polymerization
conditions: temperature = 60◦C, Al/Zr = 3000) (∗solvent:o-dichlorobenzene-d4, temperature: 110◦C).

the latter one. Both of them show the characteristic peaks
of three types of unsaturated groups at 4.65–4.75 ppm
(terminal vinylidene, C(CH3) CH2), 4.9–5.0 ppm (ter-
minal allyl, CH CH2) and 5.7–5.8 ppm (terminal allyl,

CH CH2), and 4.81–4.82 ppm (internal vinylidene,
CH2C( CH2)CH2 ) [12]. The integrated intensity ratios

between each of these peaks and the main chain proton peaks
at 0.95–1.65 ppm are of good consistency for these two

spectra, indicating that, during the oxidative workup process
in the presence of O2 and H2O2/NaOH, no side reactions
occurred with the unsaturated groups. These results strongly
support the deduction that the hydroxyl methyl end groups
are solely formed from the terminal aluminum–carbon bonds.
On the basis of these experimental results, with the assump-
tion of a nearly quantitative conversion of aluminum–carbon
bonds to hydroxyl methyl groups[8], we may be able to
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roughly quantify the occurring frequency of the predominant
aluminum transfer reaction in the overall chain termination
reactions including�-hydride transfer,�-methyl transfer
and chain transfer to the aluminum cocatalyst, provided that
we identify and quantify all the corresponding chain-end
structures. In fact, as mentioned above, terminal vinylidene
and allyl represent the only two detected chain ends re-
sulting from chain termination via�-hydride and�-methyl
transfer reactions, respectively. The formation of internal
vinylidene, although also occurring through�-hydride
transfer, does not necessarily lead to chain transfer, and so
internal vinylidene is not taken into account as a result of
�-hydride transfer-initiated chain termination reaction. For
these three chain-end structures including hydroxyl methyl,
terminal vinylidene and allyl, their respective amounts are
calculated from comparison of the relative intensities of
the characteristic peaks (3.3–3.5 ppm for hydroxyl methyl,
4.65–4.75 ppm for vinylidene, and 4.9–5.0 ppm for allyl)
with that of the main chain proton peaks at 0.95–1.65 ppm
together with a consideration of the number of protons each
peak represents. Values of 0.43, 0.031 and 0.022 mol% are
obtained for hydroxyl methyl, vinylidene and allyl groups,
respectively. Comparing the amount of each chain-end

group with the total chain-end amount gives the occurring
frequency of the corresponding chain transfer reaction in the
overall chain termination reactions. Values of 88, 7 and 5%
are obtained for chain transfer to aluminum,�-hydride and
�-methyl transfer reactions, respectively, implying that a
great majority of chain termination reactions occurred in the
polymerization via chain transfer to the aluminum cocatalyst.

3.2. Synthesis of aluminum-terminated polypropylene

�-Methyl transfer is known to be a unimolecular
process[13,14]. It has been experimentally revealed that
�-hydride transfer also occurs inrac-Me2Si[2-Me-4-Naph-
Ind]2ZrCl2/MAO-catalyzed propylene polymerization
without monomer involvement[5]. Thus, further enhance-
ment of the selectivity of the bimolecular aluminum transfer
reaction might be expected by reducing the polymerization
temperature. Propylene polymerization reactions were then
conducted at some lower temperatures, i.e., 40, 30, 10 and
0◦C. The results are summarized inTable 1. In Fig. 2 are
compared1H NMR spectra of the resultant polymers.

As expected, lowering the polymerization temperature
effectively promotes the selectivity of aluminum transfer

F
o

ig. 2. Intercepted1H NMR spectra of polypropylenes prepared at (a) 40◦C, (b)
-dichlorobenzene-d4, temperature: 110◦C).
30◦C, (c) 10◦C and (d) 0◦C with a constant Al/Zr ratio of 3000 (solvent:
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reaction. As shown inTable 1and illustrated inFig. 2, the
relative frequencies of chain terminations via both�-hydride
and�-methyl transfer reactions gradually decrease with the
decrease of polymerization temperature. Propylene poly-
merization at 10◦C yields, with a still high catalyst activity, a
completely saturated polymer free of any terminal and inter-
nal vinylidene or allyl groups, implying the effective inhibi-
tion of �-hydride and�-methyl transfer reactions during the
polymerization.1H NMR spectrum of the polymer (Fig. 2(c))
reveals a strong hydroxyl methyl signal at 3.3–3.5 ppm,
suggesting a still intense aluminum transfer reaction. These
results indicate that chain transfer to aluminum has become
dominant in the overall chain termination process under these
conditions. Under these circumstances, further decreasing
the polymerization temperature is of little significance. As a
matter of fact, due to a significant suppression of aluminum
transfer reaction, propylene polymerization at 0◦C yields a
polymer exhibiting a much weaker hydroxyl methyl signal
in 1H NMR spectrum as compared with that polymerized at
10◦C. The catalyst activity is also greatly reduced.

The domination of chain termination by chain transfer to
aluminum results in an aluminum concentration dependence
of polymer molecular weights.Table 1includes the results of
propylene polymerization at 10◦C with varied Al/Zr ratios
from 500 through 10,000.1H NMR spectra (shown inFig. 3)
prove the absence of chain terminations via�-hydride and�-
methyl transfer reactions in these polymerization reactions,
as no polymer is shown to have evident vinylidene and allyl
terminal groups. Only a very weak resonance representing
the internal vinylidene group is detected at 4.81–4.82 ppm
when a very low Al/Zr ratio (500) was adopted in the poly-
merization. The polymer number-average molecular weights
(Mn) estimated from GPC examination exhibit a linearly de-
creasing trend with the increase of aluminum concentrations
in the polymerization reactions (runs 9, 8, 4, 7 and 6).

Besides GPC estimation,Mn values of the polymers can
also be calculated from1H NMR by the comparison of mol%
of chain-end units to total propylene units. The results are
listed inTable 1(column 10). In general, the calculatedMn
values are in fairly good accordance with those estimated

F
o

ig. 3. Intercepted1H NMR spectra of polypropylenes prepared at 10◦C with
-dichlorobenzene-d4, temperature: 110◦C).
varied Al/Zr ratios: (a) 10000, (b) 5000, (c) 1500 and (d) 500 (solvent:
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Fig. 4. Plot ofMn calculated from1H NMR vs.Mn estimated by GPC.

by GPC (column 7), especially for polymers with relatively
lower molecular weight, indicating a high accuracy of the
chain-end quantification. However, it is also noted that the
calculatedMn values are somewhat higher than their GPC-
estimated counterparts when the polymers possess relatively
higher molecular weight.Fig. 4 shows the plot ofMn cal-
culated from1H NMR versusMn estimated by GPC. This
inconsistency may be caused by the reduced quantification
accuracy of the chain ends at high polymer molecular weight.
In addition, it is also possible that the oxidation of the alkyla-
luminum terminal may be a little away from completion when
the polymer has high molecular weight, which will also cause
an overestimation ofMn.

4. Conclusions

In summary, this research clearly demonstrates that
a predominant aluminum transfer reaction is achiev-
able in metallocene-catalyzed isospecific polymerization
of propylene by employing the highly hinderedrac-
Me2Si[2-Me-4-Naph-Ind]2ZrCl2 in combination with
MAO. Aluminum-terminated i-PP with high end-group
selectivity as well as high melting points and controlled
molecular weights are obtained with high yields. Currently,

our research is focused on: (i) the continued and detailed
study of the effects of different metallocene catalysts as well
as different polymerization conditions on the selectivity
of the aluminum transfer reaction and (ii) the application
of the aluminum-terminatedi-PP in the preparation of
terminally functionalized i-PPs and i-PP-based block
and graft copolymers. Those results will be reported
elsewhere.
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