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ABSTRACT: Propylene polymerizations were conducted with a number of chiral metallocene complexes 
of titanium, zirconium, and hafnium, and the polymers were characterized by I3C NMR spectroscopy. In 
certain cases, elastomeric material is produced. The microstructure of the polymers prepared, as 
determined by 13C NMR spectroscopy, has been simulated using several statistical models for propagation. 
The models are  formulated in terms of different mechanisms for monomer insertion a t  the two, 
inequivalent coordination sites in this family of catalysts. This work has revealed that  the microstructure 
of this polymer can be adequately described by more than one model and tha t  a range of acceptable 
parameters exists for each of these models. Arguments are presented that  the microstructure of 
elastomeric poly(propy1ene) is much more random than originally proposed and that  if blocks of e.g., 
atactic sequences are present, they are, on average, very short. 

Introduction 
Analysis of polyolefin structure by 13C NMR spectros- 

copy has led t o  major advances in our understanding of 
the propagation and chain transfer processes involved 
in olefin polymerization using both conventional Ziel- 
ger-Natta and single-site metallocene complexes. In 
particular, the study of stereoregular polymers derived 
from a-olefins such as propylene has been particularly 
informative; models for the stereochemical microstruc- 
ture of such polymers have been derived, based on 
fundamental propagation statistics, that can be directly 
tested by comparison to experimentally observed, ster- 
eochemical distributions.2 

Recently, a catalyst system derived from titanocene 
complex 1 (Scheme 1) and methylaluminoxane (MAO) 
has been used to polymerize propylene and, depending 
on polymerization conditions, produces PP with elasto- 
meric proper tie^.^ 

As outlined in the previous paper,4 structurally 
related catalysts such as 2-6 (Scheme 1) can also 
provide this material, provided that high molecular 
weight polymer ( M ,  50K) with low stereoregularity 
(i.e., % mmmm -40-50%) can be prepared. 

The mechanism that has been invoked to account for 
the presence5 of crystallizable and amorphous segments 
in PP prepared using catalyst 1 is patterned after a two- 
state model for propagation originally described by 
Coleman and  FOX.^ 

In this version of the two-state model (Scheme 11, the 
formation of crystalline domains involves consecutive 
insertions from one of the lateral coordination sites (site 
1) of catalyst 1 so as to give rise to isotactic sequences, 
whereas consecutive insertions at the other site (site 2) 
should give rise to atactic, amorphous sequences. In- 
terconversion between these two states must occur 
within the lifetime of a given polymer chain in order to 
generate a physically cross-linked network and is 
believed to occur via isomerizations of the polymer 
chain. Thus, the microstructure of elastomeric poly- 
(propylene) (elPP) produced using catalyst 1 is consid- 
ered to be built up of blocks of atactic and isotactic 
sequences, with the latter being of sufficient length t o  
cocrystallize with similar sequences on other polymer 
chains. 

@ Abstract published in Advance ACS Abstracts, April 15, 1995. 
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The microstructure of elPP, as determined by 13C 
NMR spectroscopy at  the pentad level, has been suc- 
cessfully described using this consecutive two-state 
model for pr~pagation.~ Based on the physical (i.e., 
elastomeric) properties of elPP, the average sequence 
lengths of amorphous domains were derived5 and were 
used as initial (and partially constrained) parameters 
in the simulation. 

Although the pentad intensities could be satisfactorily 
reproduced using such a model, one may question 
whether the assumption of "fixed" sequence lengths is 
justifiable or even whether this model uniquely de- 
scribes the microstructure of elPP at some arbitrary 
level of accuracy consistent with the experimental data. 

There are compelling fundamental reasons for raising 
these questions. In particular, the mechanism for olefin 
insertion in these polymerizations involves a classical, 
migratory insertion reaction in which the growing 
polymer chain migrates to  the @-carbon of the coordi- 
nated olefin (Scheme 2). Thus, the insertion process 
results in migration of the chain to the lateral site 
formerly occupied by coordinated monomer. In order 
for further insertion to occur from this site, as required 
by a consecutive two-state model, the chain must 
migrate to its previous location, a process that formally 
involves inversion at the metal center. 

0 1995 American Chemical Society 
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Scheme 2 

Table 1. Normalized Pentad Intensities for Poly(propy1ene) Produced Using Catalysts 2-6 

pentad 
cat. conditionsa mmmm mmmr rmmr mmrr mmrm + rmrr mrmr rrrr mrrr mrrm 

2 25 (15) 0.359 0.175 0.026 0.149 0.111 0.043 0.016 0.050 0.070 
4 25 0.373 0.182 0.030 0.188 0.066 0.016 0.019 0.035 0.091 
4 25 (45) 0.315 0.181 0.031 0.198 0.077 0.020 0.036 0.054 0.089 
4 0 (15) 0.385 0.168 0.030 0.185 0.059 0.019 0.024 0.037 0.094 

0.298 0.174 0.043 0.156 0.116 0.058 0.025 0.048 0.084 
25 (15F 0.159 0.020 0.140 0.042 0.021 0.009 0.014 0.067 

6 25 (60) 0.496 0.160 0.033 0.134 0.056 0.030 0.009 0.020 0.062 
25(15)c 0.534 

5 
6 

6 0 (45) 0.522 0.152 0.043 0.133 0.051 0.023 0.020 0.019 0.054 

a Temperature of polymerization ("C) with propylene pressure (psig) in parentheses. Average of three different polymer samples prepared 
under the same conditions; the standard deviation is 15%. Average of two different polymer samples prepared under the same conditions. 

-A- 
Isotactic Sequence Sequence Boundary Atactic Sequence 

Wi, P I  Wsb. P I ,  0 2  = 0.5 w,, p* = 0.5 

It seemed counterintuitive to us to invoke a consecu- 
tive two-state model on this basis. As originally de- 
scribed, only occasional isomerizations (i.e., inversions 
at  the metal center) between the two states were 
invoked to account for the structure of elPP3 and yet a 
consideration of the fundamental processes involved 
indicates that this same isomerization process must 
generally occur following each insertion in order t o  
generate atactic and isotactic sequences! 

In this paper, we present three limiting models for 
propagation involving catalysts such as 2-6 and derive 
the statistical expressions for the pentad distributions 
of poly(propy1ene) for each. No assumptions concerning 
sequence lengths etc. have been made other than they 
are a t  least four monomer units long.8 The models are 
critically compared to  experimental data on elPP, and 
the parameter estimates are discussed with reference 
to other catalytic systems that have been studied. 

Results and Discussion 

The experimental pentad distributions of a number 
of poly(propy1ene) samples prepared using catalysts 2 
and 4-6 were measured by 13C NMR spectroscopy at 
120 "C in 1,2,4-trichlorobenzene solution using inverse- 
gated decoupling to minimize differential NOE effects. 
The chemical shift assignments have been reported 
e1sewhe1-e.~ These data are summarized in Table 1. 

Based on the triad test statistic 2(rr)/(mr) = 1, all of 
the polymer samples examined have microstructures 
consistent with a site-control model for propagation.2b 
Thus, it seems effects due to chain-end can be 
safely neglected for present purposes. 

Model Descriptions. With reference to both Schemes 
1 and 2, it is readily apparent that three limiting models 
for propagation can be developed. 

One of these is patterned after the block type struc- 
ture proposed for elPP and will be referred to as the 
block model (model I). In this model, the polymer is 
built up of isotactic and atactic sequences as idealized 
by structure I. 

The isotactic sequences are generated by consecutive 
insertions at site 1 (Scheme 1) which possesses a 
characteristic probability for isotactic placements of /31 
whereas the atactic sequences are generated by con- 
secutive insertions at site 2 where insertion was as- 
sumed to be stereorandom (i.e., ,& = 0.5) but would 
follow a site-control mechanism. This model was chosen 
over, e.g., an alternative one developed by Chujo et a1.2e 
(which invokes chain-end control at aspecific sites) as 
the triad distributions obeyed site-control statistics and 
further, it was not obvious that insertion at the aspecific 
site would be completely stereorandom (i.e., PZ f 0.5; 
vide infra). 

For the purposes of the derivation, the polymer 
structure can be defined in terms of the weight fractions 
of each of these sequences, Wi and W,, respectively but 
also in terms of a sequence boundary (Wsb) that, at the 
pentad level of resolution, is uniquely defined by an 
eight-monomer sequence that bridges the former two 
regions of the polymer (structure I). Thus, with this 
model, there are three independent parameters, pi, Wi, 
and Wsb, with W, = 1 - (Wi + Wsb). It is important to 
emphasize that, in this model, Wi and W, are the weight 
fractions of sequences of five or monomer units arising 
from insertions at sites 1 and 2, respectively. Thus, 
these parameters are not directly related to, e.g., the 
weight fraction of all insertions at  a given site and 
cannot be directly compared to parameters obtained 
from the other models examined (vide infra). 

In the second model, which will be referred t o  as the 
random model (model 111, the polymer structure is not 
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considered to be blocky in the sense defined above. 
Insertions can occur competitively at either site with 
insertions at site 1 being isospecific (with probability 
PI) and those at site 2 being aspecific (P2  = 0.5). The 
frequency of insertion at  site 1 is reflected in the bulk, 
weight fraction parameter Wi whereas insertions at site 
2 are defined by Wa, which are different from those 
parameters developed for the block model. Thus, this 
model has only two independent parameters (PI and Wi). 

It should be pointed out that it is still possible to  
generate isotactic sequences with the random model. 
For example, such sequences could be built up by 
consecutive insertions at site 1 (as above) or by a 
combination of insertions at both sites with the proper 
relative stereochemistry. The frequency and length of 
such sequences would however be dictated by simple 
statistics based on the stereoselectivity of insertion at 
site 1 and the reactivity differences between the two 
sites (related to  Wi and Wa). 

The final model to be considered is one that is closely 
related to the processes outlined in Scheme 2. One 
invokes strict alternating insertions at the two sites 
with the stereoselectivity of insertion at each site as 
defined above. From a mechanistic viewpoint, chain 
isomerization is slow relative to the rate of insertion at 
either site. 

If the stereoselectivity of insertion at site 1 is es- 
sentially complete (PI = 1) and that at site 2 is perfectly 
random ( P 2  = 0.51, this model describes the microstruc- 
ture of hemiisotactic poly(propylene)1° in which every 
other insertion is stereoselective. This model will be 
referred to as the alternate model (model 111), and if 
perfect alternation is assumed, it is only, at most, a two- 
parameter model with parameters PI and Pz. For the 
purposes of derivation, we will assume that P 2  = 0.5. 

Derivation of the Pentad Intensities. For a given 
pentad resonance, the normalized intensity can be 
expressed in terms of the parameters defined for each 
model. The derivation is tedious and algebraically 
complex for some of these models and only a single 
example will be given for each. 

For the block model, the pentad intensities for the 
isotactic and atactic sequences in terms of and P 2 ,  
assuming enantiomorphic site control for consecutive 
insertions at each site, have been previously derived.2b 
What remains is to derive appropriate expressions for 
pentads located within the sequence boundary as de- 
fined above (structure I). The overall pentad intensity 
will then be given by the weighted sum of these three 
contributions where flP11, g(P21, and h(/31,/32) are func- 
tions describing the pentad intensities within each 
region of the polymer. 

Elastomeric Poly(propy1ene) 3781 

Scheme 3 
r n r  r I 

As shown in Scheme 3, using the block model there 
are eight possible sequences for, e.g., a mrrr pentad that 
can be generated by consecutive insertion processes a t  
the two sites. The probability of each sequence, in terms 
of P1 and ,82 (=0.5) can be written down by inspection, 
keeping in mind that the mirror image of the mrrr 
pentad depicted in Scheme 3 cannot be distinguished 
by NMR and must thus be counted. The total pentad 
intensity is the weighted sum of each possible sequence, 
so a normalization constant of 118 = 0.125 is required. 
Finally, in this particular case, the pentad is unsym- 
metrical and there are thus two possible arrangements 
(i.e., order of monomer units) than cannot be distin- 

r o b a b i m  Pentad . .  

1 1 1 1 2  p3( 1-p)O.S p( 1-p)30.5 

1 1 1 2 2  p2( 1-p)0.52 p( 1-p)20.52 

1 1 2 2 2  p20.53 (1-p)20.53 

1 2 2 2 2  p 0 S 4  (1-P)0.54 

2 2 2 2 1  (1-p)0.54 P0S4 

2 2 2 1 1  p( 1-p)0.53 p( 1-0)0.53 

2 2 1 1 1  p( 1-p)20.52 p2( 1 -p)0.52 

2 1 1 1 1  p2( 1 -p)20,5 p2( 1-p)20.5 

mm = [normalization constant ] [ s y m e y  factor ][sum of probabilities] 

mm = [O. 125][2][ sum of probabilities ] 

mm = 0.125 [ p(1-p) + p(1-p)3 + 2 p 2 ( 1 - p ~ +  p*(i-p) + p(i-p)2 I 
+ 0 . 0 3 1 2 5 (  P2+(1-p)2+2p(I-p)+ 1 1  

Table 2. Normalized Pentad Intensities for the Sequence 
Boundary Using the Block Modela 

pentad probability 

mmmr 

rmmr 

mmrr 

mmrm + 
rmrr 

mrmr 

rrrr 

mrrr 

a Expressions for the isotactic and atactic sequences in terms 
of a site-control model have been derived elsewhere.2b 

guished by 13C NMR spectroscopy. The complete ex- 
pressions for the (normalized) pentad intensities arising 
from within the sequence boundary are summarized in 
Table 2 and were derived in a similar manner. 

The most complicated expression ensues from the 
random model in that there are 64 possible sequences 
that must be considered, each with its own character- 
istic probability. The probability of insertion at site 1 
with "correct" stereochemistry would be given by W& 
(=A) whereas the other possibility at this site is given 
by Wi(1 - PI)  (=B). Assuming P 2  = 0.5, the correspond- 
ing probability for insertion at site 2 is 0.5Wa = 0.5(1 - 
Wi) (=C). The derivation for, e.g., the mrrr pentad using 
this model is outlined in Scheme 4, and the expressions 
for all pentads are summarized in Table 3. 

Finally, similar condensations apply to  the alternate 
model, except there are far fewer sequences that need 
to be considered (i.e., only 2, Scheme 5) and the pentad 
expressions are thus easy to derive (Table 4). This 
model can be extended to the more general case where 
P 2  * 0.5, and the relevant expressions for the pentad 
intensities are also summarized in Table 4. 
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Scheme 4 
m r  r r  

1 1 1 1 1  

1 1 1 1 2  

1 1 1 2 1  

1 1 2 1 1  

1 2 1 1 1  

2 1 1 1 1  

1 1 1 2 2  

1 1 2 1 2  

1 2 1 1 2  

1 2 1 2 1  

1 1 2 2 1  

1 2 2 1 1  

2 1 1 1 2  

2 1 1 2 1  

2 1 2 1 1  

2 2 1 1 1  

Probabilba 

2 2 2 2 2  

2 2 2 2 1  

2 2 2 1 2  

2 2 1 2 2  

2 1 2 2 2  

1 2 2 2 2  

2 2 2 1 1  

2 2 1 2 1  

2 1 2 2 1  

2 1 2 1 2  

2 2 1 1 2  

2 1 1 2 2  

1 2 2 2 1  

1 2 2 1 2  

1 2 1 2 2  

1 1 2 2 2  

Probabilitya 

c5 

BC4 

AC4 

BC4 

AC4 

AC4 

ABc3 

B2C3 

ABc3 

A2C3 

ABc3 

ABc3 

ABc3 

A2C3 

ABc3 

A2C3 

CS 

AC4 

BC4 

AC4 

BC4 

BC4 

ABc3 

A2C3 

ABc3 

B2C3 

ABc3 

ABc3 

ABc3 

B2C3 

ABc3 

B2C3 

mm = [normalization constant][ symmetry factor][ sum of probabilities] 

= [ 1/64][2][sum of probabilities] 

= [ 1/32][A3B2 + A2B3 + 2A3BC + 2AB3C + 6A*B2C + 9A2BC2 + 9AB2C2 + A3C2 + B3C2 + 
lZABC3 + 4A2C3 + 4B2C3 + 5AC4 + 5BC4 + 2CS] 

a. A = Wip1, B = Wi(l-p1) and C = (l-Wi)(OS) 

Table 3. Pentad Intensities for the Random 
Two-State Model" 

Scheme 5 
r n r  r r 

pentad probability* 
mmmm 

mmmr 

rmmr 

mmrr 
mrmm + rmrr 
mrmr 
rrrr 
mrrr 
mrrm 

[A5 + B5 + 5A4C + 5B4C + 10A3C2 + 10B3C2 t 
10A2C3 + 10B2C3 + 5AC4 + 5BC4 + 2C51 

2.0[A4B + AB4 + A4C + B4C + 4A3BC + 44B3C + 
4A3C2 + 4B3C2 + 6A2BC? + 6AB2C2 + &WC3 + 
6A2C3 + 6B2C3 + 5AC4 + 5BC4 + 2C51 

[A3B2 + A2B3 + 2A3BC + 2AB3C + 6A2B2C + 
9A2BC2 + 9AB2C2 + A3C2 + B3C2 + 12ABC3 + 
4A2C3 + 4B2C3 + 5AC4 + 5BC4 + 2C51 

[mmmr] 
4.0[rmmr] 
Z.O[rmmr] 
[rmmr] 
2.0[rmmrl 
O.B[mmmr] 

a All expressions should be multiplied by a normalization 
constant of 1/64 = 0.015625; see Scheme 4. * A  = W@l, B = Wi(1 
- PI) ,  and C = (1 - WJ(0.5). 

Model Comparison. A computer program was 
developed to test each of these models (models 1-111) 
which used as input the experimental pentad distribu- 
tion and which varied the parameters over a predeter- 
mined range of values (e.g., for the random model; 0.5 
< < 1.0 and 0.0 < Wi -= 1.0) so as to minimize the 
residual sum of squares (RSS) between the calculated 
and observed pentad distributions. 

s s e r t i o n  

1 2 1 2 1  p( 1-p)20.52 p2( 1 -p)0.52 

2 1 2 1 2  p20.53 (1-p)*0.53 

mm = [normalization constant] [symmeuy factor][surn of probabilities] 

= [O.S][2][surn of probabilities] 

= 0.2S[p( 1-p)2 + p2( 1-p) + p20.5 + (1-p)20.5] 

Examples of the calculated (and experimental) dis- 
tributions for each model along with the parameter 
values and the error as reflected in the RSS are 
summarized in Table 5.l' 

The alternate model did not satisfactorily account for 
the microstructure of elPP using the initial assumption 
of PZ = 0.5; in order to provide a fit t o  the data 
equivalent to  those of models I and 11, it was necessary 
to relax this criterion and to  make use of the more 
complicated expressions summarized in Table 4. It is 
also clear that both the block and random models fit 
the data with essentially equal precision in most cases. 
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Table 4. Pentad Intensities for the Alternate Model 
pentad probability" pentad 

mmmm 0.5C2rA3 + B3 + C(A2 + B2)1 mmmm 
mmmr 
rmmr 
mmrr 
mmrm + rrmr 
mrmr 
rrrr 
mrrr 
mrrm 

cqc(A2 + ~ 2 )  +AB(A + B)I 
O.B[mmmr] 
C2[A3 + B3 + 2ABCl 
4ABC2 
O.B[mrrnr + rrmr] 
[mmmm] 
[mmmr] 
O.B[mmmrI 

mmmr 
rmmr 
mmrr 
mmrm + rrmr 
mrmr 
rrrr 
rrrm 
mrrm 

probabilityb 
0.5[A2C2(A + C) + BzD2(B + D)1 
[A2C2(B + D) + BzD2(A + C)] 
0.5[B2C2(A + D) + AzD2(B + 0 1  
[CD(A3 + B3) + AB(C3 + D3)l 
4[ABCD] 
2[ABCD] 
0.5[A2D2(A + D) + B2C2(B + c)] 
2[rmmr] 
O.B[mmmr] 

' A  = PI, B = (1 - PI), C = Pz = (1 - Pz) = 0.5. b A  = PI ,  B = (1 - P i ) ,  C = pz, D = (1 - p2). 

Table 5. Comparison of Models for Pentad Intensities of Poly(propy1ene) Prepared Using Catalysts 2 and 4-6= 

2 4 5 6 
modelb modelb modelb modelb 

pentad exp I I1 I11 exp I I1 I11 exp I I1 I11 exp I I1 I11 
mmmm 
mmmr 
rmmr 
mmrr 
mrmm + rmrr 
rmrm 
rrrr 
rrrm 
mrrm 
parameterse,d 

P1 
Wi 
P Z  
Wa 
Wsb 
RSS ( 103) 

0.359 0.361 0.354 0.354 
0.175 0.166 0.165 0.165 
0.026 0.024 0.023 0.023 
0.149 0.147 0.165 0.165 
0.111 0.112 0.093 0.093 
0.043 0.048 0.046 0.046 
0.016 0.021 0.023 0.023 
0.050 0.051 0.046 0.046 
0.070 0.071 0.083 0.083 

0.370 0.369 
0.187 0.165 
0.030 0.022 
0.186 0.164 
0.065 0.089 
0.018 0.044 
0.018 0.022 
0.032 0.044 
0.094 0.082 

0.378 0.376 
0.164 0.160 
0.021 0.025 
0.164 0.176 
0.085 0.067 
0.042 0.034 
0.021 0.031 
0.042 0.049 
0.082 0.080 

0.297 0.299 0.297 
0.171 0.167 0.167 
0.048 0.029 0.029 
0.153 0.165 0.167 
0.114 0.116 0.114 
0.061 0.057 0.057 
0.026 0.028 0.029 
0.043 0.057 0.057 
0.087 0.082 0.083 

0.299 0.528 0.524 0.528 
0.167 0.158 0.145 0.144 
0.028 0.021 0.011 0.011 
0.167 0.139 0.144 0.144 
0.114 0.043 0.046 0.045 
0.057 0.022 0.023 0.022 
0.028 0.008 0.011 0.011 
0.057 0.017 0.023 0.022 
0.083 0.064 0.072 0.072 

0.528 
0.144 
0.011 
0.144 
0.045 
0.022 
0.011 
0.022 
0.072 

0.860 0.940 0.815 0.820 0.965 0.900 0.790 0.860 0.785 0.880 0.900 0.880 
0.660 0.710 0.500 0.990 0.695 0.500 0.950 0.790 0.500 0.990 0.950 0.500 
0.500 0.500 0.810 0.500 0.500 0.750 0.500 0.500 0.785 0.500 0.500 0.880 
0.000 0.290 0.500 0.000 0.305 0.500 0.000 0.210 0.500 0.000 0.050 0.500 
0.340 e e 0.010 e e 0.050 e e 0.010 e e 
0.15 0.96 0.96 2.58 2.40 1.79 0.80 0.82 0.82 0.43 0.42 0.42 

a All polymerizations were conducted in toluene solution at 25 "C and with a propylene pressure of 15 psig. For a description of 
models 1-111, see the text. e For definition of the parameters, see text and Schemes 3-5. The values recorded are those that minimized 
the errors; in most cases there are more solutions which fit the data with equal accuracy (see text). e Wsb is not defined for models I1 and 
111. 

Somewhat surprisingly, the fit to the data (using either 
model I or 11) was not routinely improved by relaxing 
the restriction on Pz. 

Thus, from these examples, it is evident that the 
microstructure of elPP can be adequately described by 
either a model which invokes a block type structure o r  
ones that do not! In other words, the observation that 
a consecutive insertion model does fit the data does not 
necessarily mean that elPP has the microstructure 
shown in structure I. 

Another meaningful question that may be posed is 
whether the parameters summarized in Table 5 are 
uniquely determined. That is, are there other solutions 
for each model that fit the data with a certain degree of 
precision? 

As a conservative estimate of the experimental error 
associated with the measurement of pentad intensities 
by NMR (&5% corresponding to a RSS of 0.0025), we 
obtained possible parameter values for both the block 
and random models that gave calculated distributions 
within this error. 
As shown in Figure 1, this approach generates a 

family or contour of acceptable values for the param- 
eters for which the "best" fit lies a t  the center of the 
contour. This feature is true of either model but it is 
clear from Figure 1 that the range of acceptable values 
is different for each. 

but no 
upper limit (i.e., PI I 1.0) whereas the block model has 
the same lower limit for PI (as it must since Wi = 1.0 at  
this point) but also has an upper limit. For the example 

The random model has a lower limit to 

0.5 r 
1 Model II 

k , i /  

0.4 

0.3 

w2 
0.2 

0.1 

n n  I "." 
0.75 0.80 0.85 0.90 0.95 1.00 

P I  

Figure 1. Acceptable solutions (RSS 5 0.0025) using models 
I and I1 for the microstructure of PP prepared using catalysts 
5 and 6 (25 "C, 15 psig). The weight fraction of insertion from 
site 2 (WZ = Wa + 0.5Wsb for model I and WZ = W, for model 
11) is plotted vs the stereoselectivity of insertion at site 1 (P I ) .  

shown, PI must be 10.90 regardless of the relative 
frequencies of insertion at sites 1 and 2. 

This exercise demonstrates the danger of trying t o  
deduce (chemically) meaningful parameter estimates 
(for either model) solely on the basis of the observed 
pentad distribution. More importantly, it demonstrates 
that discrimination between, e.g., the block and random 
models requires an independent estimate of one of the 
parameters common to both. 

Discussion. The foregoing analysis has demon- 
strated that the microstructure of elPP can be satisfac- 
torily described by either the block or random models 



3784 Gauthier and Collins 

5.oe-4 

4.oe-4 

v) v) 

3.k-4 

2.oe-4 

Scheme 6 

- 

- 

- . atacticblocks 
isotactic blocks 

I **e* 
! t'" 

- 

Macromolecules, Vol. 28, No. 11, 1995 

but not by the alternate model if it is assumed that 
insertions at site 2 are stereorandom (i.e., p2 = 0.5). 

One may question the validity of this assumption; the 
orientation of the polymer chain may exert an indirect 
influence on the stereochemistry of insertion at site 2 
as shown in Scheme 6. This effect has been alluded to  
in several theoretical studies on olefin insertion.12 In 
the present case, the preferred orientation of the 
polymer chain is expected to  be the one shown at  the 
lower right corner of this scheme, which should favor 
propylene insertion at site 2 via the same enantioface 
as isospecific insertions at site 1. Indeed, if the restric- 
tion on p2 is relaxed, the alternate model predicts this 
preference and acceptable pentad distributions can be 
obtained (Table 5). 

By the same token, it is not clear what is a reasonable 
estimate for PI, the stereoselectivity of insertion at site 
1. If the orientation of the polymer chain is important, 
one would expect diminished stereoselectivity at site 
1 (compared with analogous insertions at a sterically 
equivalent site using an isospecific, C2 symmetric 
catalyst) since the chain is able to adopt two, roughly 
isoenergetic conformations (Scheme 6) and insertion 
should occur with different stereochemical outcomes. 

A brief perusal of the results obtained using model 
I11 (Table 5) reveals that the best solution usually has 
p1 - ,&. This is a nonsensical result and suggests that 
in the absence of other estimates of these parameters, 
this model, although attractive from a fundamental 
viewpoint, cannot reliably be used. 

If we assume that the stereoselectivity of insertion 
at site 1 is similar to that observed using an isospecific 
metallocene, it is possible to compare the block and 
random models in a meaningful fashion. For example, 
the stereoselectivity for insertion at site 1 in catalyst 5 
should be similar to that observed using the C2 sym- 
metric catalyst ra~-Me2Si(q~-indeny1)2ZrCl~.~~ Under 
comparable conditions to those studied here,14 the 
isotactic polymer produced has mmmm = 0.93, which 
corresponds to a value of p1 = 0.985. While this value 
is compatible with the random model, it is clearly not 
in agreement with the predictions of the block (or even 
the alternate15) model. 

Of relevance to this issue are some observations 
concerning the low-temperature polymerization behav- 
ior of catalysts 1 and 2. Below -20 "C, the former 
catalyst produces atactic polymer whereas the latter 
produces isotactic mate~-ial .~.~ 

As shown in Scheme 6, this makes some sense; the 
preferred location for the polymer chain (or aluminoxane 
counterion) in the latter case is expected to preferen- 
tially expose the isospecific site to monomer coordination 

1.oe-4 ' 1 

0 5 10 15 20 25 
block length 

Figure 2. Average atactic and isotactic block lengths calcu- 
lated from solutions to model I (RSS 5 0.0005) for PP prepared 
using catalyst 2 (25 "C, 15 psig). For the calculation of the 
block length, see ref 16. 

and insertion whereas the opposite is true for catalyst 
1. The value of p1 = 0.95 measured for this catalyst at 
this temperature probably represents a lower bound for 
the stereoselectivity for insertion at site 1. Based on 
the observed microstructure at 25 "C (Table 11, the block 
model cannot account for this distribution unless a lower 
value for p1 is assumed. 

A more meaningful approach for the present purpose 
is to assume that the block model is correct-i.e., the 
structure of elPP is correctly represented by structure 
I. If, for example, the atactic blocks are long, as would 
be required based on the mechanism proposed (i.e., only 
occasional chain isomerization during propagation), 
then Wsb, the amount of polymer contained within the 
sequence boundary, should be small compared to W, 
(and Wi). A brief perusal of some of the parameter 
estimates contained within Table 5 reveals that this is 
most often not the case. 

A second related question that can be posed is, what 
is the average block length? As we did not assume a 
fixed block length in our derivation of this model (other 
than it being >4 monomer units), this type of analysis 
is possible. The results of this analysis are depicted in 
Figure 2 in which the average block length for insertions 
at sites 1 and 2 was calculated16 for all possible solutions 
of the block model that fit the data obtained using 
catalyst 2 (Table 5) with RSS I 0.0005.17 This figure 
reveals that the vast majority of solutions predict the 
average block length is quite short and the best solu- 
tions indicate that the average block length for inser- 
tions at  site 2 is little more than 4 monomer units long. 
A much wider range of average block lengths for 
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that do not rely on consecutive insertions from a given 
lateral coordination site as originally p r ~ p o s e d . ~ , ~  

From a chemical perspective, none of the these models 
have meaningful predictive value, in that there are a 
large number of solutions that are in excellent agree- 
ment with the measured pentad distributions even if 
simplifying assumptions are made. 

Quite clearly, our understanding of polymer chain 
dynamics in these catalyst systems leaves much to be 
desired; fundamental studies along these lines may help 
to resolve mechanistic issues such as those involved in 
the formation of elPP. 

Finally, it seems that the actual microstructure of 
elPP cannot be unambiguously assigned on the basis of 
statistical models for the pentad distribution. While 
fundamental considerations suggest that elPP may not 
have the idealized block microstructure originally sug- 
gested, measurement of the pentad (or higher) distribu- 
tions of these polymers is unlikely to be informative and 
independent, unambiguous measurements will be re- 
quired to resolve this issue. 
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