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Kinetic-Mechanistic Studies on the Photorearrangement of 
o-Nitrobenzyl Ester Groups in Polymer Matrices 
W. K. Wong,t H. Schupp,* and W. Schnabel*” 
Hahn-Meitner-Znstitut Berlin GmbH, Bereich Strahlenchernie, 0-1000 Berlin 39, FRG, and 
BASF AG, 0-6700 Ludwigshafen, FRG. Received May 27, 1988 

ABSTRACT Films of copolymers containing 5 mol % o-nitro-a-methylbenzyl acrylate and methyl methacrylate, 
butyl methacrylate, or butyl acrylate in various combinations were subjected to flash photolysis (Ahc 347 or 
355 nm; flash length, 25 ns or 100 ps, respectively) a t  temperatures between 77 and 473 K. Nitronic acid 
was formed as an intermediate a t  all temperatures via two routes: a very fast singlet route with a lifetime 
T < 200 ps and a “slow” triplet route conforming to first-order kinetics. The temperature dependence of both 
the nitronic acid yield and the rate constant of the slow formation process reflected changes in the physical 
state of the matrix connected with the onset of side group rotations and the glass transition. The decay of 
the nitronic acid groups was nonexponential a t  temperatures up to 450 K, i.e., even a t  temperatures above 
Tg. The decay of the optical density (OD) of nitronic acid conformed to the relationship ODt = OD,, exp(-atB) 
with /3 = 0.5. The kinetic matrix effect is discussed with respect to  dispersive reaction kinetics and the free 
volume concept. At temperatures above 450 K, the nitronic acid decay followed first-order kinetics, indicating 
that local displacements and size variations of free volume elements were no longer the rate-determining process. 

Introduction 
The mechanism and the kinetics of the photorear- 

rangement of o-nitrobenzyl esters in solution were the 

objective of recent studies,’P2 which led to the mechanism 
illustrated in Scheme I. Notably, the rearrangement in- 
volves a rather long-lived intermediate, nitronic acid, which 
has a strong optical absorption band around X = 400 nm. 
The quantum yields of bond cleavage in the photorear- 
rangement, $(PR), were found to be significantly influ- 
enced by the substituent R’ in the a-position and to be 
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Scheme I 
Mechanism of the Photorearrangement of o-Nitrobenzyl 
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independent of the chemical nature of R2 as far as R2 = 
phenyl or isobutyl is concerned. Substitution of one of the 
a-hydrogens by methyl or phenyl increased 4(PR) from 
0.1 to 0.2. The differences in @(PR) corresponded to  the 
differences in the yields of the nitronic acid intermediates. 

When copolymers of methyl methacrylate, acrylic acid 
esters of o-nitrobenzyl alcohol, and a-methyl-o-nitrobenzyl 
alcohol and moreover low molecular weight model com- 
pounds, such as a-methyl-o-nitrobenzyl benzoate and 
isobutyrate, were irradiated with UV light in dilute solu- 
tion, a polymer effect with respect to  the quantum yield 
was not detected. Also, a polymer effect concerning the 
kinetics of the formation and the decay of the nitronic acid 
intermediates could not be evidenced. 

The present paper reports on results obtained with neat 
copolymers containing 5 mol '% a-methyl-o-nitrobenzyl 
acrylate. The main objective of this work was to find out 
how physical transitions of the polymeric matrix affect the 
rearrangement depicted in Scheme I. Therefore, co- 
polymers differing in matrix properties due to differences 
in chemical composition were examined, and formation 
and decay of nitronic acid were studied in a broad tem- 
perature range from 77 to  473 K. 

It will be shown that physical transitions were reflected 
both by the extent of nitroformic acid formation and by 
the formation kinetics. Striking differences between 
polymer films and polymer solutions were detected upon 
examining the decay of the nitroformic acid. With polymer 
films, a nonexponential decay of the nitronic acid was 
observed at temperatures between 170 and 450 K, indi- 
cating the existence of a kinetic matrix effect. In this 
connection, i t  is interesting to note that  similar kinetic 
matrix effects were found by other authors upon investi- 
gating thermally induced intramolecular rearrangements 

Photorearrangement of o-Nitrobenzyl Ester Groups 2177 

Table I 
Composition of Copolymers Used in This Work 

T 
0 8  

CP-1 5 60 35 8.5 x 104 74 
CP-2 5 60 35 7.5 x 104 74 
CP-4 5 95 1.1 x 105 io3 
CP-5 5 60 35 1.2 x 105 61 

1, 2, 3, 4, 
mol% mol% mol% mol% M, 

H Me Me H 

I I I 
-CCH2- -CCHz- -CCHz-- 

I 
-CCHz-- 

O = L C T q  O=CCMe I O=CC-n-Bu I O=COSu I 

M e  
NO2 

1 2 3 4 

or isomerizations of merocyanine  compound^,^^ azo com- 
p o u n d ~ , ~ , ~  and mercury dithiazonateg that  were homoge- 
neously dispersed in polymer matrices or chemically at- 
tached to the macromolecules forming the matrix. 

Experimental Section 
Materials. Copolymers were synthesized by free-radical po- 

lymerization of monomer mixtures in ethyl acetate solution (50%) 
at 70-90 "C using AIBN (0.1 wt %) as initiator. A t  30% con- 
version, the polymerization was interrupted, and the copolymer 
was precipitated with methanol and afterwards reprecipitated 
several times from ethyl acetate solution. The composition of 
the copolymers was determined by elemental analysis. The 
molecular weight was obtained from GPC measurements, and the 
glass transition temperature ( Tg) was determined by differential 
scanning calorimetry. The copolymers used in this work are listed 
in Table I. 

Preparation of Polymer Films. The copolymers were dis- 
solved in 2-ethoxyethyl acetate at a concentration of 350 g/L. 
Quartz plates (Herasil, 75 x 15 X 1 mm) were coated with the 
polymer solution with the aid of an Erichson apparatus (Motorized 
Film Applicator, Model 509/1). The polymer-coated plates were 
kept, at first, for 3 h at 0.1 Torr and at room temperature and 
then for 3 h at 100-125 OC. Subsequently, they were stored for 
2-3 days in vacuo. The film thickness was between 30 and 35 
wm, as measured by a digital micrometer (Sviluppo Tecnologie 
Avanzate). For a given film, the thickness varied by *5% 
(controiled by absorption measurements). 

Irradiation of Polymer Films. The irradiations were per- 
formed at temperatures between 77 and 473 K in a cryostat 
(Oxford Instruments, Model DN 1704). After insertion of a sample 
plate, the cryostat was evacuated to 10"-104 Torr for 3 h. Prior 
to irradiation, it was filled with 02-free argon. With the aid of 
a vacuum passage device (Bakers, rotary linear motion feed 
through DN40KF), the plate could be moved up and down, thus 
allowing the irradiation of six different sections of the film. Both 
the photolyzing and the analyzing light beams were incident on 
the film at angles of 45O. 

For the 25-11s flash photolysis at Xine = 347 nm, a ruby laser 
(Korad, Model KlQS2) was used in conjunction with a ADP 
frequency doubler. For the 100-ps flash photolysis at Xhc = 355 
nm, a Nd-YAG laser system (J. K. Lasers, Model Am) was used 
in conjunction with a KD2P04 frequency tripler. In this case, a 
photodiode (Type F-4014, ITT, Fort Wayne, IN) was used for 
optical absorption measurements. The output signals were di- 
gitized with the aid of a transient recorder (Tectronix R 7912) 
and stored and evaluated in a microcomputer. 

Actinometry. PMMA films containing (E  )- (a-( 2,5-di- 
methyl-3-fury1)ethylidene)isopropylidenesuccinic anhydride 
(Aberchrome 540, Aberchromics Ltd.) were irradiated and the 
absorbed dose was calculated from the OD at 494 nm formed 
during the flash = 7.8 X lo3 L/(mol cm), 6 = 0.2). Films 
that were 55 Nm thick containing about 8 w t  % Aberchrome 540 
were prepared from an ethyl acetate solution containing PMMA 
(147 g/L) and Aberchrome 540 (11.7 g/L). 
Results 

Changes in Ground-State Absorption Spectra. As 
can be seen from Figure 1, the ground-state absorption 
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Figure 1. Light-induced changes in the ground-state absorption 
spectrum of copolymer CP-5. Film thickness: 33 bm. The film 
was irradiated with 30 flashes at Xinc = 347 nm. Dabs = 2 x 
einstein/(L flash). (-) Unirradiated film. (- - -) Irradiated film. 
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Figure 2. Transient absorption spectra recorded with a film of 
copolymer CP-1 (d  = 32 bm) at the end of the 25-11s flash ( t  = 
0) and after a certain time, as given in the graphs. XhC = 347 nm. 
Dabs = 1.5 X einstein/(L flash). Temperature: 223 K (a), 
296 K (b), 473 K (c).  

spectrum changed significantly on irradiating a film of 
CP-5 a t  Ainc = 347 nm. Similar spectral changes were 
observed with the other copolymers. The difference 
spectrum with peaks a t  290 and 310 nm shown in the inset 
of Figure 1 is very similar to the spectrum of nitroso- 
benzene in this wavelength range. Nitrosobenzene exhibits 
absorption maxima a t  282 and 306 nm in acetonitrile so- 
lution. The changes in the OD caused by irradiation of 
the copolymer films are, therefore, attributed to the for- 
mation of nitrosobenzene groups. 

Transient Absorption Spectra. At all temperatures 
(77-473 K), a broad absorption band with a maximum a t  
about 400 nm was formed during the 25-ns flash (Ainc = 
347 nm). Typical transient spectra recorded with a film 
of CP-1 are shown in Figure 2. Quite similar spectra were 
observed with the other copolymers. The spectra decayed 
without changing shape. They are identical with the 
transient absorption spectra recorded with the copolymers 
and with model compounds in dilute solution and are 
attributed to "nitronic acid". 

Formation of Nitronic Acid. Upon irradiating poly- 
mer fiis with 100-ps flashes (Ahc = 355 nm), it was found 
that the buildup of the absorption of the nitronic acid 
occurred in two modes. This is shown in Figure 3a for 
polymer CP-1. Analogous results were obtained with the 
other polymers. Actually, the rapid mode of the buildup 
could not be time-resolved. 'It was faster than the time 
constant of the setup (ca. 200 ps). Notably, a t  constant 

0.0. x 10' Ibl OD. x lo2 (a1 

2 t2 0 

TINE Ins1 

lo I[ , , j 7 7  K, , , 
0 
0 10 20 30 LO 

TIME h s l  

0.01 
0 10 20 30 40 50 

TIME Ins1 

Figure 3. Formation of nitronic acid in f i s  of copolymer CP-1 
(d = 34 pm) at various temperatures (given in the graphs). In- 
crease in the optical density recorded at 410 nm after the 100-ps 
flash (A, = 355 nm) with high (a) and medium (b) time resolution. 
First-order plots of the increase in the OD are presented in (c). 
Dabs = 5.5 X lo4 einstein/(L flash). 

10-3- 
"'0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 

103/T (K-') lO'/T (K-') 
Figure 4. Formation of nitronic acid in copolymer CP-1, CP-4, 
and CP-5. Arrhenius plots of the first-order rate constants of the 
slow formation process (a-1-a-3) and of the maximum of the 
optical density of the nitronic acid formed after the flash (b-1-b-3). 

Table I1 
Transient Optical Density at 410 nm Formed at Constant 

Absorbed Dose in Copolymer CP-1 

temp, K ODf,," ODmb ffast 

77 2.0 x 10-2 4.3 X 0.47 
173 2.0 x 10-2 7.0 X 0.29 
223 2.0 x 10-2 9.0 x 0.22 
313 2.0 X 13.0 X lo-* 0.15 
473 2.0 X 24.0 X 0.08 

"OD formed at t < 200 ps. bMaximum OD formed after the 
flash. CFraction of rapid buildup. 

Table I11 
Temperatures (K) That Apply to the Discontinuities in the 

Arrhenius Plots of k and OD (Refer to Figure 4). For 
Comparison, Relaxation Temperatures of PMMA Are Given 

relaxa- 
polymer" tion 

CP-1 CP-4 CP-5 rangeb remarks 
347 (348) 376 (376) 334 (334) 374-390 glass transition, 

onset of segmental 
motions 

256 256 256 240-270 onset of motions of 
ester groups 

167 147 169 150-170 onset of motions of 
a-methyl groups 

a Measured Tg values in parentheses. bReferences 9-11. 

absorbed dose, the yield of the rapidly formed transient 
was the same a t  all temperatures as is demonstrated in 
Table 11. The slow process (see Figure 3b) conformed to 
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Figure 5. Decay of nitronic acid in copolymers CP-1, CP-4, and 
CP-5 at various temperatures as indicated in the graphs. log 
OD,/ODo versus the time (a) and versus the square root of the 
time (b). 

first order kinetics. Typical first-order plots are shown in 
Figure 3c. Arrhenius plots of the first-order rate constant, 
k, pertaining to the "slow" formation process are shown 
in parts a-1-a-3 of Figure 4. Obviously, the temperature 
dependence of k does not comply with a relationship of 
the form of the Arrhenius equation k = ko exp(-E,/RT). 
From Table I11 it can be seen that the temperatures that 
apply to the discontinuities in the function k = f ( l / T )  
reflect relaxation temperature ranges reported for PMMA 
in the literature."" These relaxation temperatures cor- 
respond to the glass transition (376 K), the onset of the 
rotation of ester groups (240-270 K), and the onset of the 
rotation of a-methyl groups (150-170 K). I t  can be seen 
from Figure 4b-1-b-3 that the temperature dependence of 
the yield of nitronic acid, expressed here by the maximum 
optical density a t  X = 400 nm, formed after the flash, is 
quite similar to that of the buildup rate constant. 

According to the reaction mechanism presented in 
Scheme I, nitronic acid can be formed, apart from the 
singlet route, also via the triplet route. We were, therefore, 
interested to evidence the triplet state of o-nitrobenzyl 
esters. In this connection, it is notable that Yip et  al.13J4 
reported absorption spectra of triplets of o-nitrobenzyl 
compounds with a maximum around 550 nm. As a matter 
of fact, a short-lived absorption band around 600 nm (T 
is less than or equal to a few nanoseconds) was detected 
on irradiating the copolymer films. Unfortunately, we were 
not able to determine the decay rate because of a rather 
intense emission or scattering signal which disturbed our 
measurements. 

Decay of Nitronic Acid. The spectrum of the nitronic 
acid decayed in the microsecond range without changing 
its shape. I t  can be seen from Figure 5a-1-a-3 that, apart 
from rather high temperatures, the decay was nonexpo- 
nential. This contrasts the decay kinetics observed with 
the same polymers in fluid media a t  room temperature.' 
In this case, the decay was clearly first order. The different 
behavior found for the decay in the solid polymers indi- 
cates the Occurrence of a "kinetic matrix effect" similar to 
that found by other authors with indolinobenzospiranes 
and other photochromic  system^.^-^ Also in those cases, 
the kinetic matrix effect wm manifested by nonexponential 
decay kinetics. A further analogy to the other cases was 
found in the present work: semilogarithmic plots of the 
normalized OD of the nitronic acid versus the square root 
of the time yielded straight lines. This is shown in Figure 

100 0 -100 T I Y I  100 0 -100 
200 50 -50 200 50 -50 

10' 

(b) E 1 ' ' '  (cl I ' 
CP-4 ': 

t 
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Figure 6. Arrhenius plots of the matrix response function time 
constant CY based on data obtained with copolymen CP-1 (a), CP-4 
(b), and CP-5 (c). 

5b-1-b-3. Actually, the decay of the optical density of the 
nitronic acid conforms to the kinetic relationship 

OD,/ODo = e-afe (1) 

with /3 = 0.5. An Arrhenius plot of the matrix response 
function time constant, a,  is shown in Figure 6, where one 
can see that in all cases a significant discontinuity of the 
function a = f( 1/ T) exists at  temperatures corresponding 
to the glass transition. 

Discussion 
Mechanism. From the results reported in this paper, 

it is inferred that, in solid polymer films, the mechanism 
of formation and decay of the nitronic acid intermediate 
is the same as in solution. Therefore, the discussion of the 
results is based on the mechanism presented in Scheme 
I. With respect to earlier work, this mechanism has been 
subject to modification as far as the decay of the nitronic 
acid is concerned. Since the transient absorption spectrum 
is not changing its shape during the decay, i t  seems that 
the o-quinone structure is maintained during the decay, 
although an additional intermedite is very probably 
formed. I t  has indeed been evidenced in aqueous solution 
of appropriate water-soluble copolymers by changes in the 
electrical c0nductivity.l Therefore, it is now proposed that 
the structure of this intermediate is A rather than B. 

9' 91 ? 2  
I I c-0-c=o I 

c-0 R2 

\c' a,=. 
I 

\OH 
I 

-0 

( A )  

OH 

tB) 

Formation of Nitronic Acid. Regarding the assign- 
ment of the two buildup processes of the transient ab- 
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sorption (A, = 400 nm), two cases were discussed earlier:’ 
(1) The two modes reflect the existence of two different 
species, the decay of the short-lived one giving rise to the 
formation of the long-lived one. (2) Nitronic acid is formed 
via two routes, the singlet and the triplet route. 

In this work it was found that the extent of the OD 
formed by the rapid and the slow processes, respectively, 
depended in quite different manners on the temperature: 
whereas the extent of the rapidly formed OD did not de- 
pend on the temperature, the extent of the slowly formed 
OD increased with increasing temperature. From these 
findings it is inferred that case 2 is applicable to our 
system. The high formation rate of the rapid mode ( T  < 
200 ps) is in accordance with a very short singlet lifetime. 
Consequently, nitronic acid formation via the singlet route 
is restricted to those molecules that are excited in a con- 
formational state having a-hydrogens and nitro groups 
located a t  reaction distance. Triplets are significantly 
longer-lived than singlets. Therefore, the yield of nitronic 
acid formed via triplets can increase with increasing tem- 
perature because conformational changes due to intra- 
molecular motions provide for an approach of the reaction 
sites. 

Actually, the formation of nitronic acid is an intramo- 
lecular hydrogen-transfer process which could principally 
be based on hydrogen tunneling. Hydrogen-tunneling 
mechanisms have been proposed in connection with in- 
tramolecular H-transfer p r o c e ~ s e s , ~ ~ J ~  e.g., the enol - keto 
transition of 2-methylacetophenone. In these cases, hy- 
drogen tunneling was evidenced, in accord with results 
from theoretical treatments17 by the temperature depen- 
dence of the rate constant, k, according to 

where C is a constant, and by a deuterium isotope effect 
on k, exceeding in extent the usual kinetic isotope effects. 

In the present work, the occurrence of an isotope effect 
could not be examined because deuterated compounds 
were not available. For the slow buildup process, a tem- 
perature dependence of k according to eq 2 was found for 
the temperature range T < 200 K. At  higher temperatures, 
k was strongly determined by changes in the mobility of 
the matrix as can be seen from Figure 4 and Table 11, 
which show that the discontinuities in the Arrhenius plots 
of k are related to the relaxation temperatures of the 
matrix. 

I t  is interesting to note that, in contrast to the decay of 
the nitronic acid, a kinetic matrix effect was not observed 
for the slow mode of the buildup of the transient absorp- 
tion. In other words, the slow formation process conformed 
with first-order kinetics a t  all temperatures. This result 
indicates that the activation volume of the formation 
process must be very small. 

In conclusion, the yield of the nitronic acid is essentially 
determined by the extent to which triplets can undergo 
intramolecular H abstraction. This process is favored by 
an increase in the “matrix mobility”, which relies on the 
capability of the side groups (methyl, ester, etc.) to rotate. 
Triplet-excited o-nitrobenzyl groups that cannot attain a 
conformational state favoring internal H abstraction during 
their lifetime will be deactivated nonchemically, Le., they 
will ”return“ to the ground state. 

Decay of Nitronic Acid. It  is interesting to note that, 
over a broad temperature range, the decay of nitronic acid 
groups in polymer films is clearly nonexponential, whereas 
the formation, at least as far as the slow mode is concerned, 
is exponential. That we are dealing here with a polymer 
matrix effect becomes obvious from Figure 7, where the 
decay in film and in dilute solution is compared. In so- 

k = ko exp(CT) (2) 
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Figure 7, First-order plots of the decay of the optical density 
of nitronic acid groups at Ahc = 400 nm and at T = 298 K in film 
and in dilute CHpClz solution (1.5 g/L). 

lution, the decay is exponential. Nonexponential decay 
kinetics have recently been the objective of intense re- 
search by Richert and Bassler’g20 in connection with the 
merocyanine - spiropyran transformation. According to 
these authors, nonexponential kinetics of rearrangements 
can be quite generally interpreted on the basis of the 
concept of “dispersive reaction kinetics” which was ele- 
borated by Siebrand and Wildman.21 The dispersion is 
assumed to arise from random variations of the energy 
barrier controlling the molecular motion. Moreover, it is 
assumed that “the  individual decay rate is thermally  
activated and that  t he  individual barrier heights are 
subject to  a Gaussian distribution centered around a 
mean  value Ato with a standard deviation d’. When ap- 
propriate parameter values are chosen, experimental curves 
were fitted, and for conversions exceeding about 1070, the 
decay kinetics followed a law according to eq 1 with /3 = 
0.37-0.40, depending on temperature.ls These values are 
of similar order as P = 0.5 found in this work. While the 
importance of this quite formal treatment for the kinetics 
of the decay of nitronic acid is investigated a t  present in 
our laboratory, the application of a physical model, namely, 
the so-called “free volume concept” (see, for example, ref 
3), seems still to be attractive with respect of the inter- 
pretation of the results obtained in this work. Following 
the lines of the free volume concept, nitronic acid groups 
can rearrange to form the final products only if enough 
“free volume” is available in their immediate neighborhood. 
The critical condition for the rearrangement is 

U f  2 u, (3) 
u f  is the volume of the free volume element; u, is the ac- 
tivation volume. v, must be much larger for the second 
step of the rearrangement (decay of nitronic acid) than for 
the first step (formation of nitronic acid). If condition 3 
is fulfilled, the rearrangement occurs immediately. I t  must 
be considered that there is a local and a size distribution 
of uf ,  both of which are subject to variation as time pro- 
ceeds. The driving force for this change derives from the 
rotational motions of side groups. The motions provide 
not only for changes in size, i.e., expansion or collapse, but 
also for local displacements of free volume elements. 
Consequently, both “diffusion” and “size variations” of free 
volume elements are involved in the decay of nitronic acid. 
The rate of these processes determines the total rate of 
the nitronic acid decay as long as they are slower than the 
chemical step. This becomes quite obvious if one realizes 
that the kinetic matrix effect is still operative a t  tem- 
peratures exceeding the glass transition range. Only at T 
> 450 K were exponential decay kinetics observed, indi- 
cating that, here, the mobility of free volume elements is 
high and, therefore, no longer determines the rate of the 
second step of the rearrangement. 
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ABSTRACT: The highly isotactic polypropylene prepared with a 6-TiCl3/Et2A1Cl catalytic system was 
fractionated by successive extraction with n-alkane solvents. The pentad tacticities in the respective fractions 
and the whole polymer were determined from the 13C NMR spectra. A mechanism of stereospecific polym- 
erization was statistically analyzed from the values of pentad tacticities on the basis of the two-site model, 
in which at  one site (APP site) polymerization proceeds according to the Bernoullian model of selection between 
meso and racemo configurations and at the other site (IPP site) according to selection between dextro and 
levo. Further, molecular weights of the respective fractions and the whole polymer were measured. From 
these results, it  was indicated that both molecular weight and tacticity fractionations occur for the isotactic 
polymer produced a t  the IPP site and molecular weight fractionation mainly occurs for the atactic polymer 
produced a t  the APP site in the successive extraction. Also indicated was that the number-average molecular 
weight of the isotactic polymer is much larger than that of the atactic polymer. This suggests that the ratio 
rate of the propylene propagation reaction/rate of the chain transfer reaction a t  the IPP site is much larger 
than that at the APP site. 

Introduction 
Polypropylenes having high crystallinity can be prepared 

with stereospecific Ziegler-Natta catalytic systems. It is 
well-known that the less crystalline polymer can be re- 
moved by a sui table  extraction. It is possible to isolate 
fractions having different melting points (106-175 OC) and 
crystallinities ( 1 5 4 6 % )  b y  the extractions with different 
n-alkane solvents.' Nakaj ima et  a1.2 fractionated poly- 
propylene by extraction with boiling hydrocarbons with 
different boiling points  and confirmed that the respective 
polymer fractions have different  molecular weights and 
isotacticities. Their results suggest that the tacticity and 
molecular weight fractionations occur i n  the n-alkane ex- 
traction. Further, it has been confirmed that the respective 
fractions obtained with the successive extraction of poly- 
propylenes with boiling n-alkane solvents have different 
pentad tac t ic i t ie~ ,~"  indicating the occurrence of the tac- 
ticity fractionation. On the basis of these previous results, 

Kissin6 considered the continuous dis t r ibut ion of active 
centers with different stereoregularity. 

The mechanism of stereospecific polymerization has 
been statistically analyzed from the values of tacticities 
in polypropylenes prepared with various Ziegler-Natta 
catalytic  system^.^-'^ It has been concluded that neither 
BernoullianlO nor first-order Markovian" statistical models 
describe the polymerization mechanism of propylene ex- 
cept  the syndiotactic sample  prepared  with a VCI,-Al- 
(CH3)PC1-anisole catalytic system, which obeys Bernoullian 
statistics (polymerization proceeds through the selection 
between meso (m) and racemo (r)).13 Zambelli et al.13 and 
Chi3jj6l4 proposed the two-site model  for the mechanism 
of propylene polymerization, in  which at  one si te  polym- 
erization proceeds according t o  the Bernoullian model of 
selection between meso and racemo configurations (sym- 
metr ic  model) and at  the other s i te  ( I P P  site) according 
t o  selection between dext ro  ( d )  and levo (1) (asymmetr ic  
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