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A living polymerization system, in which neither
chain transfer reaction nor deactivation occurs, affords
polymers with predictable molecular weights and nar-
row molecular weight distribution. The living polymer-
ization, therefore, has attracted much attention for
synthesizing terminally functionalized polymers and
block copolymers. Several papers have reported on the
living polymerization of propene in a homogeneous
catalytic system.1-7 There is, however, a few examples
for living polymerization of propene with the supported
catalysts.8,9 The supported catalysts are important for
modern polyolefin process using gas phase, advanced
slurry, or bulk polymerization technology.10-12 The
heterogenization of the single-site catalyst is necessary
to produce polymer particles of a desired morphology
and to avoid reactor fouling with finely dispersed
swelling of polymers. The integration of the living and
supported catalytic systems is expected in the present
fields of polyolefins.

We have recently found that living polymerization of
propene proceeded in heptane at 0 °C by a chelating
(diamide)dimethyltitanium complex ([ArN(CH2)3NAr]-
TiMe2, Ar ) 2,6-iPr2C6H3), which was reported as a
living polymerization catalyst for higher R-olefins com-
bined with B(C6F5)3,13 when dried modified methyl-
aluminoxane (dried MMAO) was used as a cocatalyst.14

In this paper, we focused our effort on the heterogeni-
zation of this system to achieve a well-defined supported
catalyst for living polymerization of propene.

Propene polymerization was conducted at 0 °C with
[ArN(CH2)3NAr]TiMe2 using MMAO/SiO2 and dried
MMAO/SiO2

15 as a cocatalyst, and the rates of propene
consumption against polymerization are plotted in
Figure 1. When 0.67 mM of [Ti] was used, the MMAO/
SiO2 system showed a low steady rate. On the other
hand, the dried MMAO/SiO2 system showed a high
consumption rate in the initial stage, but the rate
gradually decreased because a large amount of produced
polymer prohibited effective stirring. We, therefore,
investigated the rate-time profile of the dried MMAO/
SiO2 system with a half amount of [Ti] (0.33 mM) and
found that the system showed a steady rate.

To investigate the living nature of this system, we
investigated the time dependence of molecular weight
(Mn) and molecular weight distribution (Mw/Mn) with
0.33 mM of [Ti]. The results are plotted in Figure 2. We
have previously reported the living polymerization of
propene with the corresponding homogeneous system,14

the results of which are also shown in Figure 2. In the
initial stage, the dried MMAO/SiO2 system gave a high
molecular weight polypropene even for 5 min although
the homogeneous system showed the induction period.
The Mn values of 0.33 mM of [Ti] increased almost
linearly with increasing polymerization time accompa-
nied by narrowing the Mw/Mn values, which were
slightly broader than that of the homogeneous system,
and the straight line on Mn against the polymerization
time went through the origin. These results indicate the
living nature of the dried MMAO/SiO2 system.

To confirm the living character of this system, we
conducted postpolymerization with the dried MMAO/
SiO2 system using 0.33 and 0.67 mM of [Ti]: the same
amount of propene was added after 1 h of polymeriza-
tion, and the polymerization was continued for another
1 h. These results are summarized in Table 1. After the
postpolymerization, the polymer yield and the Mn value
became almost double those of the prepolymer, keeping
the N value constant regardless of the amount of Ti
used. Therefore, there is no doubt that the [ArN(CH2)3-
NAr]TiMe2-dried MMAO/SiO2 system practically con-
ducted living polymerization of propene although the
Mw/Mn value was slightly broader than that expected
for perfect living polymerization. Since the living po-
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Figure 1. Rate-time profiles of propene polymerization with
[ArN(CH2)3NAr]TiMe2-SiO2 MMAO: MMAO/SiO2 system
([Ti] ) 0.67 mM) (1), dried MMAO/SiO2 system ([Ti] ) 0.67
mM) (9), dried MMAO/SiO2 system ([Ti] ) 0.33 mM) (b).

Figure 2. Plots of Mn and Mw/Mn against polymerization time
in propene polymerization with [ArN(CH2)3NAr]TiMe2: dried
MMAO/SiO2 system ([Ti] ) 0.67 mM), Mn (9), Mw/Mn (0); dried
MMAO/SiO2 system ([Ti] ) 0.33 mM), Mn (b), Mw/Mn (O);
corresponding homogeneous system ([Ti] ) 0.67 mM), Mn (2),
Mw/Mn (4).
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lymerization was confirmed in the dried MMAO/SiO2
system, the declined slope around 5 min in the dried
MMAO/SiO2 system with 0.67 mM of [Ti] is then
ascribed to the decrease in the monomer concentration
caused by ineffective stirring but not to the deactivation
of active species.

The results obtained with different cocatalysts are
summarized in Table 2, which clearly shows that
polymerization features strongly depended on the kind
of cocatalysts. Although the MMAO/SiO2 and dried
MMAO/SiO2 systems gave polyporopene, the dried
MMAO/SiO2 system showed a higher activity than the
MMAO/SiO2 system. When the same amount of tita-
nium complex was used, the Mn and Mw/Mn values of
polymers obtained in both systems were almost the
same. Consequently, the number of polymer chains per
Ti (N) in the dried MMAO/SiO2 system was higher than
that in the MMAO/SiO2 system. The difference in the
cocatalyst ability between MMAO/SiO2 and dried MMAO/
SiO2 can be interpreted as follows. When MMAO is
used, free trialkylaluminums in MMAO competitively
react with surface silanol to reduce the amount of
MMAO supported on SiO2. On the other hand, dried
MMAO contains less trialkylaluminums and is ef-
fectively supported on SiO2, and the N value becomes
larger than that of the MMAO/SiO2 system. The low N
value of the dried MMAO/SiO2 system with 0.33 mM of
[Ti] is probably due to impurities in the system. The
homogeneous system shows the highest N value, namely
the highest initiation efficiency.

The microtacticity of polypropene determined by 13C
NMR showed that the produced polymer was statisti-
cally atactic, irrespective of the cocatalyst employed.

In summary, the [ArN(CH2)3NAr]TiMe2-dried MMAO/
SiO2 system conducted living polymerization of propene
at 0 °C. The results obtained in this paper show the
potentiality of dried MMAO/SiO2 as a cocatalyst for
living polymerization of olefins with supported single-
site catalysts.
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Table 1. Postpolymerization of Propene with [ArN(CH2)3NAr]TiMe2-Dried MMAO/SiO2
a

entry [Ti] (mM) propene (g) yield (g) conv (%) Mn
b (×10-4) Mw/Mn

b Nc (mol/(mol of Ti))

1 0.67 0.63 0.60 95 32.6 1.50 0.09
2 0.67 0.63 + 0.63d 1.15 91 57.0 1.40 0.10
3 0.33 0.20 0.19 95 59.1 1.56 0.03
4 0.33 0.20 + 0.20d 0.36 90 115.0 1.44 0.03

a Polymerization conditions: heptane ) 30 mL, [Al] ) 0.13 M, 0 °C. b Number-average molecular weight (Mn) and molecular weight
distribution (Mw/Mn) determined by GPC using universal calibration. c Number of polymer chains calculated from yield and Mn. d After
propene polymerization for 1 h, propene was again added, and the polymerization was conducted for another 1 h.

Table 2. Effect of Cocatalysts on Propene Polymerization with [ArN(CH2)3NAr]TiMe2
a

entry cocatalyst yield (g)
activity

(kg of PP/(mol of Ti h)) Mn
b (×10-4) Mw/Mn

b
Nc

(mol/(mol of Ti))

5d MMAO/SiO2 0.07 8 51.2 1.41 0.01
6d dried MMAO/ SiO2 1.96 235 66.1 1.34 0.15
7e dried MMAO/ SiO2 0.37 89 124.0 1.43 0.03
8f dried MMAO 2.68 321 29.2 1.16 0.46

a Polymerization conditions: heptane ) 30 mL, propene ) 1 atm, temperature ) 0 °C, time ) 25 min. b Number-average molecular
weight (Mn) and molecular weight distribution (Mw/Mn) determined by GPC using universal calibration. c Number of polymer chains
calculated from yield and Mn. d [Ti] ) 0.67 mM, [Al] ) 0.13 M. e [Ti] ) 0.33 mM, [Al] ) 0.13 M. f [Ti] ) 0.67 mM, [Al] ) 0.27 M:
corresponding homogeneous system.

Macromolecules, Vol. 35, No. 15, 2002 Communications to the Editor 5745


