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with MAO/Ti(OnBu),. The influence of
preparation/ageing temperature upon the
stereospecificity of the catalyst
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4-Methyl-1,3-pentadiene has been polymerized with the system Ti(OnBu),/MAO at different temperatures
in the range +20°C to —78°C, using aged and unaged catalysts. The polymers obtained have a 1,2
syndiotactic or a mixed 1,2 syndiotactic/1,2 isotactic structure, depending on the polymerization
temperature and on the temperature and time of ageing of the catalyst. The percentage of syndiotactic
polymer depends on the polymerization temperature, but also on the time and temperature of ageing of
the catalysts. The formation of isotactic polymer together with syndiotactic polymer has been attributed to
the presence of two different active centres. The centres that produce the syndiotactic polymer increase
with the time and temperature of ageing. © 1997 Elsevier Science Ltd.
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INTRODUCTION

Much attention has been given in recent years to the
polymerization catalysts derived from methylalumin-
oxane (MAOQ) and some soluble titanium compounds such
as CpTiCls, CpTi(OR)s, Ti(OR), and Ti(CH,Ph),'™"°.
The importance of these catalysts lies in the fact that
they are among the most active and stereospecific for the
polymerization of styrene to syndiotactic polymer.

However, these systems are also active for the
polymerization of 1,3-dienes, and can polymerize mono-
mers, such as (Z)-1,3-pentadiene and 4-methyl-1,3-
pentadiene, that are not polymerized by other soluble
catalysts“_ 5

We have recently examined the polymerization of
4-methyl-1,3- pentadlene (4MP) with MAO/CpTlCl; and
MAO/CpTi(OnBu);'4!%; these systems give a 1,2
syndiotactic polymer independently of the polymeriza-
tion temperature (in the range +20 to —78°C). We
have now examined the polymerization of 4MP with
MAO/Ti(OnBu), and have found that it gives a 1,2
syndiotactic polymer or a mixture of isotactic and
syndiotactic polymer, depending oun the polymerization
temperature and the ageing of the catalyst. This paper
reports the results of this work.

* To whom correspondence should be addressed

EXPERIMENTAL
Materials

Ti(OnBu), (Aldrich, 99% pure), CpTiCl; (Strem) and
methylaluminoxane (MAQ) (Witco, 30wt% solution
in toluene) were used without further purification.
CpTl(OnBu)3 was prepared according to the literature
procedure'®. Toluene (Fluka, >99.5% pure) and heptane
(Fluka, >99.5% pure) were refluxed over Na for ca. 8 h,
then distilled and stored over molecular sieves under dry
mtrogen 4-Met 7yl 1,3-pentadiene, prepared as reported
in the literature!™'%, was refluxed for ca. 2h over CaH,,
then distilled trap- to-trap and stored under dry nitrogen.

Polymerization

A standard procedure is reported. Monomer (2 ml) was
introduced in a 50 ml dried glass reactor, toluene (16 ml)
wasthenaddedand the solutlon was brought tothedesired
temperature. MAO (1 x 1072 mol) and titanium com-
pound(l x 10~> mol)wereaddedinthat order. Whenaged
catalysts were used, the monomer was added at the
end. The polymerization was terminated with methanol
containing a small amount of hydrochloric acid; the
polymer was coagulated and repeatedly washed with
fresh methanol, then dried in vacuo at room temperature.

Polymer characterization

Intrinsic viscosities were determined in toluene at
25°C using a Desreux—Bischof viscometer. 'H and *C
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Table 1 Polymerization of 4-methyl-1,3-pentadiene with different Ti catalysts®

Polymenzatnon 1.2
Catalyst i - o
s . Temp. Time Conv. Iso Syndio M.p. [7)]/’

Exp. Ti comp. Moles x 10° (°C) {min) (%) (%) (%) O (di g

1 Ti(OnBu), 0.5 20 26 92.8 >99 0.6

2 Ti(OnBu), 0.5 0 40 326 25 75

3 Ti(OnBu), 0.5 ~18 330 100 41 59 96, 136

4 Ti(OnBu), 0.5 ~30 159 10.6 54 46 96, 146 2.7

5¢ Ti(OnBu), 1 -30 1210 68.3 >99 97 2.1

6 Ti(OnBu), 0.5 30 1800 100 50 50 2.5

7t Ti(OnBu), 0.5 30 320 12.7 100

8/ Ti(OnBu), 0.5 -30 47h 313 52 48

9 Ti(OnBu), 4 -78 643 h 534 68 32 34
10° Ti(OnBu)y 4 7% 282h 77.4 >99 0.8
114 Ti(OnBu), | +20 310 76.7 ~100
12 CpTiCl; 0.44 20 4 100 ~100 0.2
13 CpTiCl, 0.44 -30 1.5 86.5 ~100 98 0.8
14 CpTiCly 0.44 -78 55 21.6 ~100 101 1.2
15 CpTi(OnBu), 0.5 20 j 75.3 ~100
16 CpTi(OnBu); 0.5 -30 | 423 ~100
17 CpTi(OnBu), 1 -78 125 70 2 ~100

Polymerlzatlon conditions: monomer, 2 ml; toluene 16m1 MAO/T1 = 1000 (based on Al/Tl) Catalysts are used unaged, unless otherwise specified
* Determined in toluene at +25°C

¢ Catalyst aged for 30 min at room temperature
4 Catalyst aged for Sh at —30°C

¢ Catalyst aged for 45 days at —30°C

! Catalyst preformed and aged at —30°C for 5h; only the filtered solution was used in the polymerization

# Heptane was used instead of toluene

| ci C2 3 c4 €S cs
a) | 4073 3228 13006 12660 1604 2368 —C1—2—
4127 3242 13025 12726 1611 2371 3
b) | 4075 3243 13025 12660 1612 2368 GA—C6
o) | 4127 3228 13006 12726 1604 2371 s
Cs C6 C2 C3
- !
—J
W'J ed v«\-./J W W AN J\/“V
_J M M U i
16.0 240 230 330 320 410 127.0 1300

«— & in ppm ——

Figure 1 67MHz "*C n.m.r. spectra (C;D,Cly, 110°C) of poly(4-methyl-1,3-pentadiene) obtained with (a) Ti(OnBu),/MAO at —30°C; (b) TiCl;/
AlEt; at +20°C; (¢) CpTiCl;/MAO at —30°C

n.m.r. examinations were performed with a Bruker
AM270 instrument. The spectra were obtained in
C,D,Cl, at 110°C (HMDS as internal standard) or in
CDCIl; at room temperature (TMS as internal
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standard). The concentration of the polymer solu-
tions ranged from 3 to 10wt%. D.s.c. scans were
carriecd on a METTLER TA instrument. Typically,
ca. 10mg of polymer were analysed each run, and



Polymerization of 4-methyl-1,3-pentadiene: G. Ricci and L. Porri

| cH) ey cu)  cHx®)  chy) m @
a)| 081 213 475 146 164 —CHy—CH—
1.07 479 152 166 E—H o))
117 C—CH; (6)
b) 1.07 2.14 4.75 1.46 1.66 CH3
&)
CHy(D) CH3(6) CH3(5) CH(2)

N fqu

15 20 48 4.7

1.2 0.8 1.6
«——3& inppm—

Figure 2 500 MHz 'H n.m.r. spectra (CDCly, 25°C) of (a) poly(4-methyl-1,3-pentadiene) obtained with Ti(OnBu),/MAO at —30°C; (b) poly(4-
methyl-1,3-pentadiene) obtained with CpTiCl;/MAO

the scan speed was ca. 20Kmin™' under nitrogen

atmosphere.

RESULTS AND DISCUSSION

Table 1 reports some data on the polymerization of
4MP with the MAO/Ti(OnBu), system. Some data on

polymerization with the systems CpTiCl;/MAO and
T 7 T T °C CpTi(OnBu);/MAO are reported for comparison.
80 100 120 140 While the systems based on CpTiCl; and CpTi(OnBu),

give a 1,2 syndiotactic polymer, either at room tempera-

Figure 3 D.s.c. chromatogram of poly(4-methyl-1,3-pentadiene) R
obtained with Ti(OnBu),/MAO at —18°C ture or at —78°C (Table 1, runs 12—17), Ti(OnBu)4/MAO

M C)
% (b)
\ 20 . . - . . ,

10° 20° 30°

Figure 4 X-powder spectra of poly(4-methyl—1,3-pcntad1ene) obtained with (a) CpTiCl;/MAO at —30°C; (b) TiCls/AlEt;, diethylether insoluble
fraction; (c) Ti(OnBu),/MAO at —30°C, crude polymer; (d) Ti(OnBu),/MAO at —30°C, methylethylketone soluble fraction

dnwsyiopus —»

Intensity
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gives a 1,2 syndiotactic polymer at room temperature
(Table I, run 1) and a mixture of isotactic and
syndiotactic polymers at lower temperatures (Table 1,
runs 24, 9).

Figure I shows the '*C n.m.r. spectra of (a) poly(4MP)
obtained at -30°C with Ti(OnBu);/MAO; (b) 1,2
isotactic poly(4MP) obtained at +20°C with the system
AlEt;/TiCl; (violet modification); the structure of this
polymer was determined by X-ray analysns (c) 1.2
syndiotactic poly(4MP) obtained with CpTiCls/ MAO at
—30°C. The spectrum of Figure Ia appears as the sum of
the spectra of Figures 1b and Ic.

The presence of both iso- and syndiotactic poly(4MP)
in the product obtained with Tl(OnBu)4/MAO at low
temperature is also evident from the 'H n.m.r. spectrum
(Figure 2), from the d.s.c. diagram (Figure 3), which
shows two different melting points, and from the X-ray
powder spectra (Figure 4), which exhibit the crystallinity
of both the structures.

Attempts to separate the isotactic polymer from the
syndiotactic one by extraction with different solvents
were unsuccessful; both the polymers were present in all
the fractions, although the syndiotactic polymer was
predominant in the fractions extracted with low boiling
solvents (acetone, diethylether) and the isotactic polymer
in the fractions extracted with higher boiling solvents
(2-butanone).

As reported in Table 1, the isotactic content increases
with decreasing polymerization temperature, the amount
of iso- and syndiotactic polymer being practically the
same at —30°C.

The effect of ageing on the stereospecificity of the
catalysts prepared at different temperatures was exam-
ined. Catalysts prepared and aged at room temperature
for 30min gave only 1.2 syndiotactic poly(4MP) in
polymerizations carried out at —30°C or —78°C (Table 1,
runs 5 and 10). Catalysts prepared and aged at —30°C
for 5h gave a mixture of isotactic and syndiotactic
poly(4MP) (Table 1, run 6), while those aged at —30°C
for 45 days gave only syndiotactic polymer (Table I,
run 7).

Work has also been carried out to examine whether the
change of stereospecificity, from syndiotactic to isotactic,
might be related to the formation of a heterogeneous
phase at low temperature. Some sort of flocculant
precipitate is usually observed in the catalysts prepared
at —30°C, independently of the ageing time. The
hypothesis that the 1sotactic polymer might derive from
the heterogeneous portion of the catalyst is difficult to
accept in view of the results obtained with catalysts aged
at room temperature and used at —30°C or with catalysts
prepared and aged for a long time at —30°C. These
catalysts, in which a small amount of heterogeneous
phase is present at low temperature, give syndiotactic
poly(4MP) only.

In addition, when heptane was used as solvent instead
of toluene (Table I; run 11), no difference was observed
in the structure of the polymer obtained, although the
catalyst is less soluble in heptane than in toluene; in
polymerizations of 4MP carried out with catalysts
prepared and aged at -30°C for a few hours, the
structure of the polymers was the same, whether using all
the catalyst suspension or only the filtered solution.

All the above data seem to indicate that two active
species form in the reaction of MAO with Ti(OnBu),.
The species that gives the syndiotactic polymer increases
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with the time and temperature of ageing of the
catalyst.

As a working hypothesis, we propose that the isotactic
polymer derives from a Ti(IV) and the syndiotactic
from a Ti(III) species. This hypothesis is in accord with
the data of the literature concerning the reaction
between aluminium alkyls and Ti(OnBu),, CpTiCls
and CpTl(OnBu)3820 = CpTiCl; and CpTi(OnBu);
are rapidly reduced by MAO to Ti(III)®%; these
compounds give catalysts that produce syndiotactic
poly(4MP) only. The reaction between MAO and
Ti(OnBu), has not been studied, but it is known that
Al(iBu); reduces Ti(OnBu), to Ti(III) only slowly, in
reactions carried out at room temperaturezo_22

It is known that MAO/Ti(OnBu), is an eﬂectlve
catalyst also for the polymerization of styrene'*®. We
have examined the polymerization of this monomer w1th
MAO/Ti(OnBu), under the conditions that give, from
4MP, a mixture of iso- and syndiotactic polymer, but
have obtained only syndiotactic polystyrene. It has been
reported that the active species in the Ti catalysts used
for the polymerlzauon of styrene to syndiotactic polymer
is Ti(II)*?*. Failure to obtain isotactic polystyrene
with MAO/Ti(OnBu), at —30°C may be attributable to
the fact that the Ti(IV) species is inactive for the
polymerization of styrene.

CONCLUSIONS

The system MAQO/Ti(OnBu)4 produces, from 4MP, a 1,2
syndiotactic polymer at room temperature, while prod-
ucts containing both isotactic and syndiotactic polymers
are obtained at lower temperatures. Both these polymers
are crystalline by X-ray analysis.

Ageing of the catalyst affects the composition of the
products, in the sense that the ratio of syndiotactic to
isotactic polymer increases as the reaction between
MAO and Ti(OnBu), proceeds. The results indicate that
two different active centres are present in the system
MAO/Ti(OnBu),.

Isotactic poly(4MP) has been obtained so far only with
heterogencous systemsl This work shows that it can
also be obtained with solubie systems.

Polymerization of styrene with MAO/Ti(OnBu), at
low temperature gives syndiotactic polystyrene only.
This is probably due to the fact that the species that
gives isotactic poly(4MP) is inactive for styrene
polymerization.
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