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Two-site model analysis was carried out for 13C n.m.r, of polypropylene polymerized by Ziegler-Natta 
catalyst with external alkoxysilane donors. Four effects of the external donors were found: selective poisoning 
of symmetric site; transformation of a symmetric to an asymmetric (but fluctuating) site; increase of whole 
isotacticity due to that of polymers obtained by the fluctuating site; and increase of isotacticity of the 
polymers obtained by the fluctuating site when the concentration of external donor is high enough. 
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I N T R O D U C T I O N  

In polypropylene manufacturing one of the most 
important strategies is the increase of isotacticity, i.e. the 
increase of meso (m) diad fraction according to the 
terminology of n.m.r. This enables improvement of 
physical properties such as stiffness and modulus of 
elasticity via an increase in the degree of crystallinity. 
This strategy has been performed by the use of 
Ziegler-Natta catalysts. Isotacticity is much enhanced by 
the addition of alkoxysilane as external donor  (e.g. refs 
1-6). 

N.m.r. of polypropylene has been widely accepted 
as the most powerful method for the analysis of 
microstructure and the polymerization mechanism since 
Chfij6 and co-workers applied high resolution 1H 
n.m.r, to polypropylene 7. Even today, the number of 
parameters for the description of the propagation 
reaction mechanism is limited to three, based on the n.m.r. 
peak intensities with sufficient accuracy. Amont three- 
parameter models, the two-site model is the most 
reasonable. A preliminary analysis was done in 1973 s. 
The adjective 'preliminary' indicates that the analysis was 
carried out under the assumption of a mixture of 
completely isotactic and symmetric Bernoullian parts 
(according to ref. 9 this is equivalent to the case ~= 1). 
This was due to insufficient resolution of 13C n.m.r, at 
that time. The first complete analysis based on a two-site 
model was done in 19831° , making use of the results of 
stochastic theory 9. 

V~i~in~inen and co-workers 1~ have already observed 
13C n.m.r, spectra of polypropylene obtained with 
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the system MgCl2/TiC1JDIBP-AIEt3/external donor 
(DIBP=di i sobuty l  phthalate). Compounds used as 
external donors in this work are tabulated in Table 1 
with codes and suppliers. 

If our interest is limited to the evaluation of catalyst 
activity, two-site model analysis is less important, because 
progress in catalyst development has brought about the 
situation that the majority of the polymer is produced 
by the asymmetric site (according to the notation in 
ref. 9, o9 is approaching to unity). This means that the 
two-site model reduces to a one-parameter (~) model. On 
the other hand, if our interest is extended to the 
effect of the external donors, the two-site model is 
exclusively powerful; only this model enables us to 
consider separately the contribution from asymmetric 
and symmetric sites. 

In this paper we will analyse the 13C n.m.r, peak 
intensities of methyl regions referred to in ref. 11 with 
the aid of the procedure described in ref. 9. From the 
results of analysis we will quantitatively discuss the effect 
of alkoxysilane in the polymerization of propene. 

P R O C E D U R E  

Analyses were done for the relative intensities of pentad 
peaks in the 13 C n.m.r, methyl region referred to in ref. 11. 

The analytical procedure of the two-site model has 
been established in ref. 9; if three stochastic parameters, 
~, tr and co, are introduced, the probabilities of the 
appearance of 10 pentads are given in Table 2. The 
parameter ~ is the probability of the selection of d monad 
in the asymmetric Bernoullian site, while tr is that of m 
diad in the symmetric Bernoullian site. The remaining 
parameter co is the mole fraction of the monomer units 
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Table 1 C o m p o u n d s  used as external donors  with 
suppliers 11 

codes and 

Alkoxysilane Code Supplier 

Diethoxydimethylsilane 1 a Petrarch 
Diethoxymethylphenylsi lane lb  Petrarch 
Diisopropenyloxydimethylsi lane 7 Petrarch 
Dimethoxydiphenylsi lane 2 Petrarch 
Dodecyldiethoxymethylsilane lc Petrarch 
Dodecyltriethoxysilane 4a Petrarch 
Ethoxytrimethylsilane 5 Alfa 
Isobutyltr imethoxysilane 3a Hills 
Triethoxymethylsilane 4c Alfa 
Triethoxyphenylsilane 4b Alfa 
Trimethoxymethylsi lane 3b Fluka 
Trimethoxyphenylsi lane 3c Petrarch 
Trimethoxypropylsi lane 3d Fluka 
Tripropoxymethylsi lane 6 Petrarch 

Table 2 Probabilities of the appearance of pentads 9 (~, probability of 
the selection of d monad  in the asymmetric  Bernoullian site; 0., 
probabili ty of the selection of m diad in the symmetric Bernoullian site; 
~o, mole fraction of the m o n o m e r  units produced by the a process; 
/~ = co( 1 - c~)) 

m m m m  = (`0(1 - 5fl + 5fl 2) + (1 -- co)a 4 
m m m r  = ~o(2fl -- 6fl 2) + 2(1 - co)a3(1 -- 0.) 
r m m r  = ogfl 2 + ( 1 - ( , o ) o " 2 ( 1  -- 0") 2 
m m r r  = ~(2]~ - 6/~ 2) + 2( 1 - (`0)0.2(1 -- 0.)2 
m m r m  = 209/32 + 2(1 -- (`0)0.3(1 - <r) 
r m r r  = 2co]~ 2 + 2(1 -- c~)0.(1 -- 0) 3 
r m r m  = 2colY 2 + 2(1 - o9)o-2(1 - 0.)2 
r r r r  = coil 2 + 2(1 -- (oX 1 - 0") 4 
m r r r  = 2coil z + 2(1 - (`0)0.(1 - 0.)3 
m r r m  = oJ(/~ - 3fl 2) + (1 - o9)o2(1 - a) 2 

produced by the former process (co process). In Table 2 a 
parameter /~ is used instead of a (/~=0c(1-a)). Three 
parameters, ~, a and co, will be determined to minimize 
the standard deviation of the calculated values of pentads 
from corresponding experimental values. 

RESULTS AND DISCUSSION 

The most important matter is the increase of isotacticity 
via the increase of co, because the following three 
effects of external donors were suggested12: (1) selective 
poisoning of symmetric site; (2) transformation of 
symmetric to asymmetric site; (3) increase in the 
propagation rate constant of asymmetric site. These three 
effects are also described in refs 13-20. (Strictly speaking, 
four effects are described in ref. 12; the fourth one will 
be considered later in Figure 2.) As seen in Figure 1, 
the addition of any alkoxysilane actually enhances 
the value of co in unfractionated samples except 
for diethoxydimethylsilane. The enhancement of co is 
consistent with the above three effects; any one of the 
three factors brings about the enhancement of isotacticity 
via the increase of co. The above three effects do not 
ensure the increase of ~, but nevertheless, ~ values are 
always enhanced by the addition of alkoxysilane. 
Whether this is real evidence or only apparent, owing to 
the insufficient number of parameters, will be discussed 
later in the analysis of heptane-insoluble fractions. The 
behaviour of a will be discussed later in Figure 2. 
However, the addition enhances the isotacticity via the 
increase of co in most cases. 

Enhancement of the value of co is greatest in 
isobutyltrimethoxysilane. In order to study more 

quantitatively the effect of this donor, the values 
of the three parameters are plotted against the molar 
ratio, donor/AIEt3 (Figure 2). An increase in the 
value of co is observed with an increase of the ratio. 
This finding implies the quantitative validity of the above 
three effects. Compared with the monotonic increase of 
09 as well as ~, the behaviour of a is complicated: an 
increase in the value follows a decrease. Soga et al. 21 
reported direct evidence that ethyl benzoate does not 
only deactivate the symmetric site but also induces the 
transformation from symmetric to asymmetric site. If 
isobutyltrimethoxysilane induces a similar situation, and 
the newly converted site is not so rigid as the original 
asymmetric site, the polymers obtained by this converted 
fluctuating site may become mixtures of ~- and a-type 
polymers. The order of fractions of pentads in a-type 
polymers, if ~ is close to unity, is: 

m m m m  >> mmmr,  mmrr  > mrrm >> mmrm,  rmrr, rmrm, 

mrrr > rmmr,  rrrr 

while in a-type polymers, if a is smaller than 1/2, it is: 

rrrr >> rmrr, mrrr >> mmrr,  rmrm > rmmr,  mrrm >> mmmr,  

m m r m  >> m m m m  
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Figure 1 Calculated values of three parameters  for unfractionated 
samples: &,  09; 0 ,  ~; I1, a. Broken lines indicate the values for the 
sample prepared without  alkoxysilane 
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Figure 2 Dependence of three parameters  on  the ratio, isobutyltri- 
methoxysilan¢/AlEt3, for unfractionated samples: & ,  o~; O ,  ~; I ,  ~r. 
Broken lines indicate the values for the sample prepared without  
alkoxysilane 
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These orders imply that some pentads (e.g. rmrr 
and mrrr) are produced by the fluctuation between 
asymmetric and symmetric sites in catalysis, and this 
fluctuation leads to the apparent increase of a-type 
polymers. This is due to the greater influence on the 
analysis by the minor component. The behaviour of a 
(an increase following a decrease) may be due to the 
fluctuating character of the newly converted site. This 
finding is somewhat inconsistent with the fourth effect in 
ref. 12, i.e. deactivation of the asymmetric site when the 
concentration of external donor  is high enough. Instead 
of this, we can describe the effect as an increase of 
isotacticity of the polymers obtained by the fluctuating 
site when the concentration of external donor  is high 
enough. This effect will be checked further for fractionated 
samples. 

For  heptane-insoluble fractions the analysis was 
carried out in a similar way as for the unfractionated 
samples. The results are shown in Figure 3. Compared 
with the corresponding values for unfractionated samples, 
the values of o9 and ~ increase. Compared with the 
corresponding values of o9 and ct for the sample without 
external donor, the increases of o9 and ~t are not so 
significant. From the latter finding, we can say that the 
effect of the external donors is not so significant for o9 
and ~ in heptane-insoluble fractions. On the other hand, 
the values of a increase considerably compared with a 
values both in corresponding unfractionated samples and 
in heptane-insoluble fraction without external donor. If 
the two-site model is sufficient for the description of the 
propagation state, the values of o9 should be different 
before and after fractionation, while those of • and a 
should be kept constant. The difference of ~ and a values 
shows the insufficiency of the two-site model for the 
description. Nevertheless, this model is the best among 
three-parameter models. On the other hand, from the 
change of the parameter values we can find some evidence 
both in asymmetric and symmetric sites. The small change 
in the values of~ implies that the model is almost sufficient 
for the description of the asymmetric site, while the 
considerable change in values of a suggests that there are 
two kinds of symmetric sites: one is truly symmetric 
and the other is actually asymmetric but apparently 
symmetric due to the fluctuation in transformed site. We, 
therefore, conclude that the increase of whole isotacticity 
is due to that of polymers obtained by the fluctuating site. 
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Figure 3 Calculated values of three parameters for (selected) heptane- 
insoluble fractions: A, ~o; O, ~; I ,  ~r. Broken lines indicate the values 
for the sample prepared without alkoxysilane 
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Figure 4 Calculated values of three parameters for (selected) heptane- 
soluble fractions: A, o~; O, cq II, a. Broken lines indicate the values 
for the sample prepared without alkoxysilane 
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Figure 5 Dependence of three parameters on the ratio, isobutyltri- 
methoxysilane/A1Et3 for heptane-insoluble fractions: A, ~o; O, ~; 
II, ~r. Broken lines indicate the values for the sample prepared without 
alkoxysilane 

Figure 4 shows the results for heptane-soluble fractions. 
Compared with the corresponding values for unfractionated 
samples, a decrease in the values of o9 and an increase in 
values of a are observed. Compared with the values of 
o9 and a for the sample without external donor, a 
significant increase of the former and a significant 
decrease of the latter are observed. For  a-type polymers, 
fractionation is performed by the difference of molecular 
weight as well difference in tacticity z2. The heptane- 
soluble fractions are therefore still mixtures of a-type 
polymers with any molecular weight and a-type polymers 
with low molecular weight. The significant changes may 
arise from this fact. The resolution of the n.m.r, instrument 
is still insufficient for further analysis. Among the 
external donors, the effect of trimethoxyphenylsilane is 
exceptional; there is some possibility of the formation of 
stereoblock polymers 23 by the fluctuating site. 

Figures 5 and 6 are plots for heptane-insoluble 
and heptane-soluble fractions, respectively, similar to 
Figure 2. All findings from these figures are the same as 
those from Figures 3 and 4. 

In summary, we conclude that the four effects of 
external donors are as follows: 

1. selective poisoning of symmetric site; 
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Figure 6 Dependence of three parameters on the ratio, isobutyltri- 
methoxysilane/AIEt a for heptane-soluble fractions: A, c~; O, ~t; 
I ,  a. Broken lines indicate the values for the sample prepared without 
alkoxysilane 

2. t ransformat ion  of symmetric site to asymmetric  (but 
fluctuating) site; 

3. increase of whole isotacticity due to that  of polymers 
obta ined by the f luctuating site; 

4. increase of isotacticity of the polymers obta ined  by 
the f luctuating site when the concent ra t ion  of external  
donor  is high enough.  
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