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Oscillating Stereocontrol: A Strategy 
for the Synthesis of Thermoplastic 

Elastomeric Polypropylene 
Geoffrey W. Coates and Robert M. Waymouth* 

A strategy has been developed for the synthesis of thermoplastic elastomeric polypro- 
pylene based on the catalytic activity of the unbridged metallocene bis(2-phenylinde- 
ny1)zirconium dichloride [(2-Phlnd),ZrCI,]. This catalyst was designed to isomerize be- 
tween achiral and chiral coordination geometries during the polymerization reaction to 
produce atactic-isotactic stereoblock polymers. The metallocene precursor (2- 
Phlnd),ZrCI, in the presence of methylaluminoxane polymerizes propylene to yield rub- 
bery polypropylene. The isotacticity of the polymer, described by the isotactic pentad 
content, increases with increasing propylene pressure and decreasing polymerization 
temperature to produce polypropylenes with an isotactic pentad content ranging from 6.3 
to 28.1 percent. 

T h e  stereochemistry of polyolefins strong- 
ly influences their properties. Isotactic 
polypropylene, consisting of a regular ar- 
rangement of stereocenters, is a crystalline 
thermoplastic with a melting point of 
-165"C, whereas atactic (stereorandom) 
polypropylene is a n  amorphous gum elas- 
tomer. Polypropylene consisting of blocks of 
atactic and isotactic stereosequences is a 
rubbery material with properties of a ther- 
moplastic elastomer (1 ) (Fig. 1). Natta was 
the first to  produce rubbery polypropylene 
and to interpret the elastomeric properties 
of this material in terms of a stereoblock 
structure consisting of blocks of crystalliz- 
able isotactic stereosequences and amor- 
phous atactic stereosequences (2). Collette 
and co-workers subsequently reported im- 
proved catalysts for the synthesis of 
polypropylene with elastomeric properties 
based o n  the use of Zr and T i  alkyls on  
alumina supports ( 3 ) ,  and Chien and co- 
workers reported the synthesis of elasto- 
meric polypropylene using a stereorigid tit- 
anocene catalyst (4). Chien et al. proposed 
that polymerization occurs alternately at  
as~ecific and isos~ecific coordination sites 
to give a stereoblock structure. Although 
these catalyst systems represent significant 
advances for the synthesis of elastomeric 
polypropylene, it has so far proven difficult 

to control the polymer structure and prop- 
erties through a rational modification of the 
catalysts or reaction conditions. 

In this report, we introduce a strategy for 
dynamic stereocontrol in the polymerization 
of a-olefins. W e  describe an olefin polymer- 
ization catalyst that was designed to isomer- 
ize between achiral and chiral coordination 
geometries in order to  produce atactic-iso- 

- - -  - - -  - - - 
r n r n r m r  r 

tactic stereoblock poly(a-olefins). This 
strategy provides a means of controlling the 
distribution of isotactic and atactic stereose- 
quences to produce polymers that exhibit a 
wide range of elastomeric properties depend- 
ing on the reaction conditions. 

T h e  advent of homogeneous stereome- - 
cific olefin polymerization catalysts has 
ushered in a new era in olefin polymeriza- 
tion. As described in the pioneering stud- 
ies of Brintzinger and co-workers ( 5 ) ,  
Ewen (6) ,  and Kaminsky et al. (7), chiral 
racemic ansa-metallocenes produce isotac- 
tic polyolefins, whereas achiral meso iso- 
mers form atactic polyolefins (Fig. 2) (6,  
7). T o  produce stereoblock polymers, we 
prepared a n  unbridged metallocene cata- 
lyst that was designed to isomerize be- 
tween chiral rac-like and achiral meso-like 
geometries by rotation of the indenyl li- 
gands about the metal-ligand bond axis 
(8). A phenyl substituent o n  the indene 
ligand was chosen to inhibit the rate of 
ligand rotation such that it would be slow- - 
er than that of monomer insertion yet 
faster than the time required to  construct 
one polymer chain in  order to  produce 
atactic-isotactic stereoblock copolymers 
(Fig. 3) (9). These catalysts can thus os- 
cillate between aspecific and isospecific 
coordination geometries. 

The metallocene bis(2-phenylindenyl)- 
zirconium dichloride, (2-PhInd)2ZrC12, was 
isolated in  82% yield from the reaction of 
2-phenylindenyllithium and ZrCI, (10). 
Analysis of the complex by 'H nuclear 
magnetic resonance (NMR) spectroscopy 
between 25" and -lOO°C was consistent 
with molecular Czv symmetry, as com- 
monly observed for metallocenes in rapid 

Atactic 
r m r  

lsotactic 

r n r n r n r n r n r n r n r n m  

lsotactic - Atactic 
polymer polymer 

lsotactic - Zr+- P A Zr+-P A Atactic 
block block 

Department of Chemistry, Stanford University, Stanford, Fig. 1 (top). Isotactic, atactic, and stereoblock polypropylene (1 7). Fig. 2 (middle). Stereorigid 
CA 94305, USA. ansa-metallocenes for the production of isotactic and atactic polymers. Fig. 3 (bottom). Oscillating 
*To whom correspondence should be addressed. catalyst for the production of stereoblock polymers. 
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conformational equilibrium ( I  I ,  12). 
The x-ray crystal structure of (2- 

PhInd),ZrCl, revealed two torsional iso- 
mers of the metallocene in the unit cell 
(13) (Fig. 4). The existence of torsional 
isomers in the unit cells of group IV metal- 
locenes has been reported (12, 14). The 
phenyl substituents of racemic-like rotamer 
are in an anti-lateral conformation, whereas 
those of the meso-like isomer are'disposed 
in a syn-lateral conformation. Anti-(2- 
PhInd),ZrCl, exhibits near C ,  symmetry. 
The presence of syn and anti conformations 
in the crystal suggests that the rotamers are 
energetically similar ( 12). 

The  catalyst derived from (2-PhInd), 
ZrC1, in the presence of methylaluminox- 
ane (MAO) is active for propylene poly- 
merization. A t  a polymerization tempera- 
ture of 0°C and a propylene pressure of 6.1 
atm, the catalyst exhibits a productivity of 
1.7 x lo6 g of polymer per mole of Zr per 
hour. The  regioselectivity of the catalyst is 
very high; regiomistakes ( that  is, 2,l-in- 
sertions) are not observable by 13C NMR 
(15). The  molecular weights of the poly- 
mers are also high for metallocene cata- 
lysts, a possible consequence of the high 
regioselectivity (1 6) (Table 1) .  The  mo- 
lecular weight distributions are in the 
range of M,/M, = 1.5 to 2.8, which is 
characteristic of single-site homogeneous 
catalysts (M, is the weight-averaged mo- 
lecular weight and M, is the number- 
averaged molecular weight). 

The productivity of the catalyst and the 
molecular weight of the resulting polymer 
are sensitive to the reaction conditions. A n  
increase in propylene pressure results in an 

Fig. 4. Molecular structures of (A) anti- and (B) 
syn-rotamers of (2-Phlnd),ZrCI, (crystallographic 
numbering scheme), with 50% probability thermal 
ellipsoids depicted. 

increase in productivity and molecular 
weight (samples PP5 to PP8 in Table 1). A 
decrease in the polymerization temperature 
also leads to an increase in productivity and 
molecular weight (PP1 to PP4). We  at- 
tribute this latter behavior primarily to the 
increase in propylene concentration in tol- 
uene with decreasing temperature, but fur- 
ther studies would be rewired to confirm 
this hypothesis. 

One of the most remarkable and pow- 
erful attributes of this catalyst system is 
the sensitivity of the polymer microstruc- 
ture to the reaction conditions. The  mi- 
crostructure of polypropylene is commonly 
described in terms of the isotactic pentad 
content, [mmmm] (17), which is the frac- 
tion of stereoseauences containing five " 

adjacent isotactic stereocenters (Fig. 1). 
The isotactic ventad content of atactic 
polypropylene is 6.25%, whereas that of 
isotactic polypropylene can approach 
100%. As shown in  Table 1, [mmmm] 
increases with increasing propylene pres- 
sure (PP5 to PP8); [mmmm] is also quite 
sensitive to polymerization temperature 
and increases with decreasing tempera- 
ture. Thus, with this catalyst system it has 
been possible to produce polypropylenes 
with an  isotactic pentad content ranging 
from 6.3 to 28.1%. This Dressure d e ~ e n -  
dence is quite unusual; only three other 
studies that we know of reDort metallo- 
cene catalysts whose stereospecificities are 
sensitive to monomer pressure (18). 

The  sensitivity of the microstructure to 
the reaction conditions lends experimen- 
tal support for the proposed dynamic ac- 
tive site model. The  effect of monomer 
concentration ([rnon]) on  the microstruc- 
ture of the polymer can be qualitatively 
predicted if it is assumed that the rate of 
monomer enchainment at either site is 
directly proportional to  [rnon], whereas 
the catalyst (cat) isomerization rate is in- 
dependent of [mon] (Eq. 1)  

Isotactic block size o: [mmmm] 

Isotactic enchainment rate 
K 

Catalyst isomerization rate (1)  

In this case, as anticipated by the ki- 
netic model proposed by Coleman and Fox 
for a two-site polymerization system (9) ,  
the isotactic block length should increase 
with [mon]. The  results in Table 1 (PP5 to 
PP8) clearly show that the isotactic block 
length depends on the pressure (hence 
[rnon]) of the reaction, which provides 
good evidence for the proposed oscillating 
stereocontrol model. 

Statistical modeling of the 13C NMR 
spectra of the polypropylenes produced 
with this catalyst system could not  be 
accommodated with simple Bernoullian 
(except for PP1, which is atactic), first- or 
second-order Markovian, or enantiomor- 
phic site control propagation statistics 
(19). For a sample prepared under condi- 
tions similar to  PP4 (M, = 457,000 
[mmmm] = 16%), a concurrent two-site 
model proposed by Zambelli et al. (20) and 
ChQjB and co-workers (21 ) did provide a n  
adequate fit to  the experimental spectrum 
where the weight fraction of isotactic ste- 
reosequences o = 0.13, the enantiomor- 
phic site parameter a = 0.94, and the 
Bernoullian parameter a = 0.5 1. Fraction- 
ation of this material into refluxing sol- 
vents afforded 80% of an  ether-soluble 
fraction ([mmmm] = 14%, M, = 
451,000) and 20% of a toluene-soluble 
fraction ([mmmm] = 28%, M, = 
484,000). Analysis of the 13C NMR spec- 
tra of both the ether-soluble fraction (w = 
0.09, a = 0.88, u = 0.50) and the tolu- 
ene-soluble fraction (w  = 0.13, a = 0.99, 
u = 0.61) were also consistent with a 
blocky structure (22). The observation 
that the molecular weights of all of the 

Table 1. Effect of reaction temperature T,, and propylene pressure on the polymerization of propylene 
using (2-Phlnd),ZrCI,/MAO. Productivity is the number of grams of propylene per mole of Zr per hour, and 
[m] is the percentage of meso dyads in the polymer. 

Pres- Pro- 
Sample Tmn sure ductivity (x MW* 

03) 
[ml t [mmmmlt 

rC) (atm) ( X  lo5) 
MJM" (%) 

PPl s 
PP2$ 
PP3$ 
PP4t 
PP59 
PP61 
PP79 

pp911 

*Determined by gel permeation chromatography versus polystyrene, tDetermined by 13C NMR spectroscopy. 
Spr] = 1.4 x 10-"M, [AI]/Er] = 1033, 15min. @r] = 5.5 x 10-5MM, [AI]/pr] = 1000, 10min. Ilpr] = 1.1 X lo-" 
M, [Al]/Er] = 855, 180 min. 
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fractions are similar suggests that these 
fractions are all produced by the same 
catalyst. The  fractionation results imply 
that the polymers are characterized by a 
distribution of block lengths for the iso- 
tactic and atactic stereosequences. This is 
consistent with a two-site propagation 
mechanism, as a distribution of block 
lengths would be expected for a kinetically 
controlled process. 

Several polypropylene samples formed 
with the (2-PhInd)2ZrC12/MA0 catalyst 
system were analyzed by differential scan- 
ning calorimetry. Sample PP4 exhibited 
peak melting points at 52.1" and 78.7"C. 
Samples with higher [mmmm] showed 
higher melting points: sample PP9 exhibit- 
ed a broad melting transition between 125" 
and 145°C with a heat of fusion of 0.4 J g-'. 
The physical properties of PP4 revealed an  
initial modulus of 246 psi (17.3 kg cmP2), a 
tensile strength of 462 psi (32.5 kg crn-l), 
and an  ultimate elongation of 1210%. The 
elastic properties were further demonstrated 
by hysteresis tests, where elongation to 
300% resulted in a tensile set of 50%. 
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trohydrodynamic instability triggered by the dipole-dipole interaction. This phenomenon 
explains the failure of earlier attempts to separate large DNA in capillaries. 

Molecular eenetics relies heavilv on the 
u 

electrophoretic separation of DNA mole- 
cules by size. Until recently, this was 
achieved mainly in slab gels, but the joint 
use of capillary electrophoresis (CE) and 
liquid sieving media (solutions of hydro- 
philic polymers) has gained increasing pop- 
ularity ( 1 ) .  The performances of CE for 
DNA fragments up to a few kilobases are 
excellent. Attempts to separate larger frag- 
ments have failed, however, and electro- 
phoregrams containing many unexplained 
and irreproducible peaks were obtained (2, 
3). To  investigate this question, we devel- 
oped a microcapillary electrophoresis sys- 
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tem in which the behavior of solutions 
containing fluorescently labeled DNA can 
be directly observed by intensified videomi- 
croscopy (Fig. 1). 

The first experiments were performed 
under a continuous field in a sieving buffer 
similar to those used in CE-that is, 1 X 
TBE (89 mM tris-boric acid and 2.5 mM 
EDTA), 0.2% w/w hydroxypropyl cellulose 
(HPC; lo6 molecular weight; Sigma), and 
10 p M  ethidium bromide for fluorescent 
labeling (4). Three monodisperse duplex 
DNA samples (bacteriophage T4, 166 kilo- 
base pairs, Amersham, United Kingdom; 
bacteriophage A, 48.5 kilobase pairs, Appli- 
gene, Illkirch F; and pBR 322, 4361 base 
pairs, BioLabs, Beverly, Massachusetts) 
were used at concentrations ranging from 
0.05 to 75 pg/ml. For pBR 322, the highest 
concentration we studied was 25 pg/ml, and 
no segregation was observed in the frequen- 
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