2030 Macromolecules 1985, 18, 2030-2034

Mills equation for polydispersity gives eq 26, which ade-
quately predicts the steady-state compliance for polydis-
perse polymers.

The present FEPs have very high molecular weights
(M, /M, = 29-77) and are indeed found to verify the 5, vs.
M? relation predicted by the reptation theory. At lower
molecular weights (M, /M, = 1-50), however, the empirical
no vs. M ;>* relation holds. This is explained by the fluc-
tuation of tube contour length (tube leakage). Consider-
ation of the tube leakage effect in the reptation theory
gives a relation that correctly predicts the molecular weight
dependence of zero-shear viscosity over the entire molec-
ular weight range (M/M, > 1). That is, in the relation 5,
= no(MJ)(M/M)" n = 4.1 at M = M, and asymptotically
decreaseston = 3 at M — «.
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ABSTRACT: A new model is suggested for the origin of the syndiospecificity in the Ziegler-Natta polymerization
of propene by homogeneous catalytic systems. Nonbonded energy calculations for possible diastereoisomeric
situations at the proposed catalytic site are reported. In our model, the configuration of the last added monomeric
unit influences directly the chirality (A or A) of an octahedral catalytic intermediate; such chirality, in turn,
determines the configuration of the entering monomeric unit.

Introduction

The problem of the origin of syndiotactic stereoregula-
tion in the polymerization of propene in the presence of
homogeneous catalytic systems (e.g., VC1,~AIR,Cl or
—AIRCI,, where R = alkyl group) has been relatively little
investigated up to now.

It has been established that the syndiotactic polymer-
ization of propene is not completely regiospecific and that
it must be formally considered as a binary co-
polymerization of head-to-tail and tail-to-head propene
units;}? moreover, the only syndiospecific step would be
the insertion of the monomer into a metal-secondary
carbon bond, with formation of a new secondary metal-
carbon bond.'3

All the proposed models for syndiotactic propagation
suppose that the active center is a metal-carbon bond and
that the monomer first coordinates to the metal atom;

0024-9297/85/2218-2030%01.50/0

moreover, all of them attribute the stereospecificity to
steric factors. However, different driving forces for the
syndiospecificity have been proposed.

According to the model of Arlman and Cossee,* there
are two adjacent accessible positions at the catalytic site,
one for the growing chain and one for the incoming mo-
nomer. The two positions favor the coordination of the
propene monomer with opposite prochiral faces; if the
growing polymer chain alternates between the two posi-
tions at each insertion step, syndiotactic propagation is
ensured. An analogous model has been proposed for the
ring-opening polymerization of norbornene derivatives by
ReCl;, where the propagation species is a metallocarbene
complex.?

Most of the authors®®7 favored instead the hypothesis
that the syndiotacticity is due to steric repulsions between
the methyl group of the complexed propene and the last
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Figure 1. Model catalytic site and its chirality. The arrows
indicate the two equivalent coordination positions accessible for
the monomer and the growing chain.

unit of the growing chain. The idea that the configuration
of the new inserted unit is influenced by the configuration
of the previously inserted one seems to be supported by
13C NMR studies of the structure of ethylene-propylene
copolymers prepared with syndiospecific catalysts.®

The nonbonded interactions at a model catalytic site
have been recently studied by Zambelli and Allegra.’ Their
proposed model accounts for several experimental obser-
vations concerning the homo- and copolymerization of
propene and other olefins in the presence of the syndio-
specific systems under consideration. However, Zambelli
and Allegra pointed out that steric repulsions between the
methyl group of the new coordinated propene and the last
unit of the growing chain do not generate energy differ-
ences between diastereoisomeric situations in the hy-
pothesized catalytic complex. In fact, even with the as-
sumption of simultaneous coordination to the metal atom
of the growing chain and of the monomer, it is not easy
to conceive of a model in which the two chirality centers
are able to influence each other in the secondary insertion
step through direct nonbonded interactions. In the ab-
sence of stereospecificity in the catalytic complex, Zambelli
and Allegra suggested that the syndiospecific control could
arise from steric interferences with the growing chain
during olefin approach to the catalyst.®

In the present paper a new model of the origin of the
syndiospecificity is suggested. In this model the metal
atom is assumed to be chiral; the chirality of the growing
chain (the configuration of the last added unit) influences
the chirality of the coordinated monomer (and hence the
configuration of the successive inserted unit) by influencing
directly the chirality of the metal atom.

A study of the nonbonded energies at the proposed
catalytic site, analogous to that previously effected for
heterogeneous catalytic site models,'®!! is reported.

Catalytic Model, Notation, and Computation
Method

The model for the syndiospecific catalytic complex as-
sumed by us consists of a hexacoordinated metal (vana-
dium) atom surrounded by four chlorine atoms, one sec-
ondary carbon atom (i.e., the last atom of the growing
chain), and a w-coordinated propene molecule. As in
previously proposed models,%1213 the vanadium atom is
considered to be in oxidation state 3, and the chlorine
ligands are assumed to belong to bridge bonds with other
metal atoms, for instance aluminum atoms (Figure 1); the
other ligands of the aluminum atoms could be chlorine
atoms or alkyl groups, but, for the sake of simplicity, in
our calculations only chlorine atoms were considered. In
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Figure 2. re and si coordination of the propene on the proposed
catalytic site; the growing chain is simulated by a methyl group.
The main dihedral angles varied in our computations are also
shown.

such a hypothesis the two accessible positions for the
monomer and the growing chain, indicated by arrows in
Figure 1, are equivalent.

Such a catalytic site is chiral, and the chirality can be
labeled by the symbols A and A, defined for octahedral
coordination compounds, in which an atom is bonded to
at least two bidentate chelating agents,* and already used
by us for the heterogeneous polymerization catalytic
sites.1®!! Unlike the heterogeneous model site, intercon-
version between enantiomeric complexes is assumed to be
possible for such a syndiospecific model site. The inter-
conversion would be possible after each insertion step,
when the metal atom is pentacoordinated (a coordination
vacancy for the incoming monomer being available) and
its rate would be higher than the rate of the monomer
insertion (roughly evaluated by us, using kinetic literature
data on polymerizations at ~78 °C of 40 g of propylene in
50 mL of n-heptane,'® as =10 insertions per minute). The
hypothesis of high interconversion rates for penta-
coordinated complexes having two bidentate ligands does
not seem to be unreasonable.!®

We have assumed, as in previously proposed models
and as pointed out by kinetic studies on some vanadium-
based catalytic systems,!? that the propagation reaction
occurs through a two-stage mechanism: coordination of
the olefin and its subsequent insertion into the metal-
polymer bond.

It has been shown that, upon coordination, a prochiral
olefin such as propylene may give rise to nonsuperposable
re or si coordinations!® (Figure 2). The formation of a
syndiotactic polymer according to all the proposed mech-
anisms,>"® as well as in the present mechanism, implies
that successive monomer insertions correspond to coor-
dinations of opposite chirality.

As far as the coordination of the olefin is concerned,
placements with the double bond perpendicular to the
plane containing the V-olefin and V-chain bonds are to
be considered as unfavorable for the successive insertion
reaction.’® If the olefin is unable to reorient itself with the
double bond nearly parallel to the V-chain bond, as in
Figure 2, no reaction can occur and eventually the olefin
abandons the coordination site. Moreover, we assume, as
established for the case of the catalytic system VCl,-Al-
(CyH;)sCl-anisole at -78 °C,% that the polymerization
occurs through a cis opening of the double bond of the
olefin.

The chirality of the first carbon atom of the chain can
be R or S. In particular the R chirality

3,7,9

CH3
V—C—CHz—chain

H
1a
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Table 1
bond length, A ref
V-Cl 2.45 22
Al-Cle 2.25 23
Al-C1? 2.05 23
C-H 1.10 9
=C-C 1.50 9
c-C 1.54 9
C= 1.42 9
bond angle, deg ref
C=C-H 120.5 9
C=C-C 120.5 9
C-C-H 109 9
V-C-H
c-Cc-C 112 9
V-C-C
H-C(olefin)-H
H-C(olefin)-C 114.6 9

3 Cl, stands for bridged chlorine atom. °Cl, stands for terminal
chlorine atom.

is obtained by a cis secondary insertion of a re-coordinated
propene, and the S chirality

H
V-—C-—CHz—chain

CHy
1b

is obtained by a cis secondary insertion of an si-coordinated
propene. For this reason, models 1a and 1b will be named
here after re-ending model chain (or more briefly re chain)
and si-ending model chain (or more briefly si chain), re-
spectively.

As far as the orientation of the polymeric chain is con-
cerned, as already assumed for the isospecific polymeri-
zation catalytic models,'%'1? the second carbon atom of
the polymeric chain should be as near as possible to the
olefin, compatibly with steric repulsions, in order that the
insertion occurs through the “least nuclear motion”.?! In
particular, it is assumed that the first carbon—carbon bond
of the growing chain, for a possible insertion of the mo-
nomer, has to be nearly perpendicular to the already cited
plane defined by the V-chain and V-olefin bonds.

The main internal coordinates, which have been varied
in the performed calculations, are shown in Figure 2. They
are the dihedral angle 6, to be associated with the rotation
of the olefin around the axis connecting the metal to the
center of the double bond and the internal rotation angle
6, around the bond between the metal and the first carbon
atom of the chain. At §;, = 0° the olefin is oriented in a
way suitable for primary insertion, while 6, = 180° corre-
sponds to an orientation suitable for secondary insertion.

Two different alkyl groups are considered in our com-
putations as models for the growing chain: the methyl
group and the isopropyl group. In this paper the dihedral
angle ¢, will be referred to an H atom of the alkyl group
and for this reason will be indicated explicitly as 8,y. 8,y
= (° corresponds to the V-C—H moiety cis to the olefin.

The main structural parameters assumed in our com-
putations are listed in Table I, together with the relevant
references. The bond angles C1-V-Cl for the chlorine
atoms bridge bonded to the same aluminum were set equal
to 85°; in fact, values in the range 80-90° are generally
observed.?+ %6

The bond length V-C(alkyl) was set equal to 2.05 A and
the bond length V-C(olefin) was set to 2.10 A on the basis
of metal-carbon distances found in complexes of other
transition metals,?"-3%% taking into account the different
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values for the covalent radii. However, we have verified
that small variations of such distances (£0.10 A) do change
the numerical results but not the general conclusions that
can be drawn.

We were not able to fix in an accurate way the bond
angle Cl-Al-Cl for the terminal chlorine atoms (hereafter
indicated as 7). Such a geometrical parameter has a rel-
evant influence on the results and hence has been varied
in our computations.

The method of calculation of the nonbonded potential
energies has been previously described.’? Two different
sets of parameters in the potential functions have been
used: the parameters proposed by Flory® and those re-
ported by Hopfinger,? previously used by us also for the
isospecific model sites.?738

The torsional potential for the rotations 6, and 4, are
not known and therefore not included; while we expect
such energy contribution to be low for 8;, this may be not
so for 8, Since our comparisons of energy will be made
at f, constant, the conclusions may be taken as reasonably
sound. The torsional potentials for the other rotation
angles (methyl group rotations) are included. For single
C-C bonds not adjacent to a double bond we applied the
equation

E, = (Ey/2)(1 + cos 36) (1)

while for single bonds adjacent to a double bond we applied
the equation

E, = (Ey”/2)(1 - cos 36) (2)
with E;’ = 2.8 kcal/mol and E,” = 2.0 kcal/mol.

Results and Discussion

The possible diastereoisomeric catalytic intermediates
are originated by the different combinations of the three
cited elements of chirality: (i) the A or A chirality of the
site, (ii) the si or re chirality of the coordinated «-olefin,
and (iii) the chirality of the tertiary carbon atom of the
growing chain nearest the metal atom (si or re chain),

As already established,® the chirality elements (ii) and
(iii) are not able to influence each other, by nonbonded
interactions, in the catalytic complexes having conforma-
tions suitable for secondary insertion. For this reason we
have simplified the analysis by considering only catalytic
intermediates having as a maximum two elements of
chirality at a time.

The two possible diastereoisomeric situations for a A
catalytic site when the growing chain is substituted by a
methyl group are sketched in Figure 2. As already pointed
out by the sketch, for the orientation of the propene
suitable for a secondary insertion (8, =~ 180°) an energy
minimum is present only for the re coordination of the
olefin (energy differences of at least 50 kcal/mol are in-
volved); such a result is independent of the choice of the
geometrical parameters. Hence on a A site (A site) only
the insertion of a re coordinated (si coordinated) propene
would be possible in a secondary insertion.

Energy calculations have been performed also for the
catalytic model when an ethylene monomer is coordinated
(and hence the coordination is achiral) and the growing
chain is simulated by an isopropy! group.

The energy values (minimized with respect to the ro-
tation of the methyl groups) for both the sets of the po-
tential function parameters are reported vs. 6,y in Figure
3 for 6, = 0° = 180° and for r = 118°. Two energy minima
are present, roughly in the regions 8, = +30° and 6,y =
-30°,

The energy differences between the two minima (AE)
favor the minimum at 6,y = +30°, and its value is strongly
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Figure 3. Calculated potential energies (E) (minimized with
respect to the rotations of the methyl groups) reported vs. 6,4
of the isopropyl group for §, = 180° and r = 118° for a A site:
(A) calculations using Flory’s parameters (dotted line); (B) cal-
culations using Hopfinger’s parameters (heavy line).
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Figure 4. Energy difference between the two minima of the kind
of Figure 3 (AE) vs. the bond angle = (A) calculations using Flory’s

parameters; (B) calculations using Hopfinger’s parameters. The
definition of the 7 parameter is also visualized in the figure.

dependent on the set of the energetical parameters and
on the selected value for the geometrical parameter 7 (as
shown in Figure 4).

For the A site, of course, results corresponding to the
opposite chirality are obtained and the energy differences
AF favor the region with 6,y = -30°.

The only orientation of an si chain (re chain) suitable
for the monomer insertion according to the least nuclear
motion corresponds to the energy minimum with 8,y =
+30° (A, = —30°) (see previous section). As a consequence,
according to our model, the insertion of an olefin monomer
in an st chain (re chain) would be easier on a A site (A site),
AE being the energy difference in the intermediate com-
plexes.

The possible diastereoisomeric intermediates presenting
suitable orientations of the growing chain and of the olefin
are sketched in Figure 5; the high-energy intermediates
having si coordination of the olefin on a A site or re co-
ordination on a A site have been excluded. The two dia-
stereoisomeric models of Figure 5A,C present equal min-
imum energies (E) lower than the minimum energies of
the intermediates of Figure 5B,D (E + AE). The situations
presenting minimum energies correspond to the coordi-
nation to the catalytic site of si chain and re olefin or re
chain and si olefin.
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chain

Figure 5. Possible diastereoisomeric catalytic complexes pres-
enting suitable orientation of the growing chain (8, = +30° for
the si chain and 6, = -30° for the re chain) and of the olefin (6,
= 180°); only complexes having re coordination of the monomer
on a A site or si coordination on a A site are sketched (see text).
The corresponding minimum energies are indicated on the bottom
of the models.

SECONDARY INSERTION

' T

A ,si oletin
[N ,Areoclefin
A

\

i
;

i te /exacoordin

} chain 7 complox

p.“e‘::\:?::m."‘ \ pentacoordinated
. complex
A
24 ARA
s

Figure 6. Possible reaction profile for the syndiospecific po-
lymerization of propene. The reagents are chains containing n
monomeric units, and the products are chains containing n + 1
monomeric units. The reaction pathways indicated by full lines
(dashed lines) correspond to syndiotactic (isotactic) enchainments.
Our calculations and the reported energy differences (AE) of
Fligures 3 and 4 refer to the intermediate hexacoordinated com-
plexes.

A possible reaction profile, according to our catalytic
model, is depicted in Figure 6. The profile starts from
a pentacoordinated catalytic complex at which, for in-
stance, an si chain is coordinated (Figure 6A) and for which
the interconversion between complexes of A or A chirality
is assumed to be fast with respect to the insertion rate.
Two possible reaction pathways would be possible, leading
to the two hexacoordinated intermediate complexes
sketched in Figure 5A,D. The insertion of a new monomer
would be slightly favored on a A site (for the si chain),
which in turn, for the monomer orientation suitable for
secondary insertion, would allow only the re coordination
of the propene monomer. If one assumes that an energy
difference of the order of magnitude of that (AE) calcu-
lated in the supposed intermediate complexes is present



2034 Corradint et al.

in the transition state of the rate-determining step, the
model is syndiospecific.
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