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. Introduction to Anionic Coordinated Polymerization
of a-Olefins

A. GENERALITIES

Considerable interest has been shown in the new processes of stereospe-
cific polymerization, not only so far as they concern the production of new
classes of polymers, having unusual characteristics and improved proper-
ties, but also because they are representative of a peculiar new type of
heterogeneous catalysis, of great interest from the practical and the theo-
retical points of view (1-5).

The discussion of kinetic work will be here preceded by a summarized
description of the chemical nature of the polymerization, to which we have
attributed a mechanism of anionic coordinated type. Such a definition of
the reaction mechanism depends upoa the fact that the catalyst is a com-
piex in which, generally, a transition metal acts as a coordinating agent
and that a carbon atom, which belongs to the extremity of a growing poly-
meric chain, is coordinated to such a complex and, in the activated state,
1t possesses a negative charge.

The stereospecific polymerization of a-olefins takes place only in the
presence of heterogeneous catalytic systems, including a ecrystalline sub-
strate (formed by halides of transition metals, such as TiCl; , TiCl, , VCl;,
CrCl; , CoCl,, etc.) and a suitable metallorganic compound (5).

Such metallorganic compound or coordination complex contains an elec-
tropositive metal for which the carbon-metal bond may be considered at
least partly polarized, so that the carbon atom has a partially ionic charac-
ter and behaves as a carbanion.

The above-mentioned metallorganic compounds must have the property
of forming compilexes with the halides of transitions metals. It is required,
in order to get catalytic complexes, that the metal of metallorganic com-
pounds be able to create a strong localized electric field; therefore, metals
having a very small jonic diameter (below 1 A.) jointly with a very elec-
tropositive character are to be used. For such reasons, metals such as Ca,
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Ba, Sr, K, Rb, Cs, although they have high electropositivity, cannot be
employed, their ionic radius being too large, whereas other metals such
as B, with a small ionic radius, are not so suitable, because they show an
insufficient electropositivity (5, 6)-

The most suitable metallorganic compounds are those of Al or Be, since
these metals are characterized by small ionic radius [for instance,
Al<CzH5)3 ’ AICI(CQHs)z ’ Al(lC4H9)3 y BG(Csz)z]. Less efﬁciency is shown
by certain metallorganic complexes containing Zn, Li, etc. (5, 6.)

The formation of prevailingly electron-deficient complexes between tran-
sition metals of low valency and metallorganic compounds of metals having
small ionic radius has been clearly shown. The electron-deficient metal-
lorganic compounds

R R R

N S N/
Al Al I

/ N/ N\

R R R

R R R

N2 N2 NV N4

B B Be Be I1

€ €
/ N/ N./ ./ N
R R R ~
where R is an alkyl group, polymerize ethylene to low-molecular-weight
polymers (7).
Crystallizable complexes containing transition metals of the following
general formula have been isolated:

C:Hs R, K.
\T'/ \\ //

1 Al
/S N\_/
R,

1 III
AN
R,

CsHs

where R, is a halide or an alkyl group and R, is an alkyl group. They
polymerize ethylene to high-molecular-weight polymers (8).

B. STEREOSPECIFICITY OF CATALYSTS

The metallorganic compounds (I, IT) employed in presence of a hetero-
geneous phase containing an amorphous compound of a low-valency,
strongly electropositive transition metal, generally polymerize a-olefins tc
amorphous polymers. In a similar fashion, the soluble reaction products of
such metallorganic compounds with compounds of transition metals, chemi-
sorbed on amorphous substrates, polymerize a-olefins to amorphous poly
mers (6, 9). ’ .

The same compounds (I, IT) employed in presence of solid crystalline

" halogenated compounds of some transition metals behave as stereospecifi

i
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TABLE I ‘
Stereospecificity of Catalytic Systems: a-TiCl,;-M (C.Hj)a
t = 75°, pcae = 2.4 atm.)

Metal of the Ionic radii Polypropylene not
metal alkyl of the extractable in boiling
compound metal, A. n-heptane %
Be 0.35 94-96
Al 0.51 80-90
Mg 0.66 78-85
Zn 0.74 3040

catalysts and polymerize the a-olefins to crystalline polymers (3, 9). A
greater stereospecificity is shown by catalysts containing metallorganic
compaunds of metals with very small ionic radius (see Table I) (5, 6).

Complexes of type 111 and also traces of soluble halides of strongly elee-
tropositive transition metals, being able to form complexes with metallor-
ganic compounds of the type I, 11, increase the activity of the stereospecific
catalysts formed by the action of metallorganic compounds on crystalline
substrates (10, 11). They can also polymerize in a_stereospecific way in the
presence of crystalline substrates of transition metals (for instance, CoCly)
which are not by themselves sufficiently electropositive, (when used in the
presence of metallorganic compounds) to polymerize the a-olefins (10, 11).

The stereospecific catalysts polymerize a-olefins, giving linear polymers,
by head-to-tail addition containing long sequences of monomeric units,
whose carbon atoms show the same relative steric configuration. The non-
stereospecific catalysts, on the contrary, give chains whose monomeric units
follow each other in a random or not ordered way as far as 1t concerns the
relative steric configuration. Each molecule of a-olefin, at the moment of
polymerization, may give rise to two types of monomeric enantiomorphous
units, which differ only for the steric configuration, one being the mirror
image of the other one (Fig. 1).

Only the heterogeneous catalysts, and in particular those acting on a
crystalline substrate, contain active centers, each of which makes an asym-
metric synthesis, as it converts the monomer molecules which do not yet
contain atoms of asymmetric carbon, at the moment of the polymerization,
into monomeric units having all the same steric configuration (12, 5).

An asymmetric structure has been ascribed to such active centers, that
justifies their behavior as catalysts of asymmetric synthesis (6).

In a heterogeneous not optically active catalyst there is the same prob-
ability that an active center shows a given steric structure or the enantio-
morphous one; it foilows that one half of the present active centers wil
cause a given configuration of monomeric units (for insiance, right-handed.
and the other half will cause the opposite configuration (left-handed).
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There will be in a raw polymer the same number of chains, whose mono-
meric units show, with regard to a certain terminal group, a given structure
(for instance, right-handed) and the same number with the opposite steric
structure (left-lianded). “

The raw polymers of this type have been called isotactic and may in
general crystallize (7). They differ for this reason from atactic polymers,
in which the monomeric units follow in the same chain with random steric
configuration and are unable to crystallize.

In an isotactic chain having a very great length (counsidered as being of
infinite length), there will be no more asymmetric carbon atoms hecause the
asymmetry of the tertiary carbon atoms, which was due to the different
structure or length or configuration of the two parts of the chain linked to
it, disappears (#). Such carbon atoms show, however, the same steric con-
figuration of the tertiary carbon atoms which follow or precede them, and
this makes them different from atactic polymers (3, 13, 14).

Before the discovery of stereospecific catalysis, all the known polymers of

~ a-olefins were unable to crystallize, because their structure was chemically

irregular (for instance, not rigorously linear or not rigorously head-to-tail)
and because it was sterically irregular (15).

A difference of structure between isotactic and atactic polymers exists
independently of tneir physical state. If we could, in fact, stretch on a hori-
zontal plane a sterically regular segment of the main chain of an isotactic
polymer of the type (CHE==CHa). the R groups linked to the tertiary car-
bon atoms would range themselves all over or under such plane, whereas
in an atactic polymer they would be arranged in a random way, partly over
and partly under it (Fig. 2).

The chains of isotactic polymers (in which the dimensions of R are much
greater than those of the hydrogen atom) have the tendency to assume a
helicoidal configuration with a pitch which depends on the d.mensions of
the R group. There is evidence that a helicoidal structure has the tendency
to exist also (at least partially) in the amorphous state. It is detectable,
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Fic. 2. Chains of stereoisumeric poly-a-oletins supposing the main chain stretched
on a plane. L. Isotactic. 1L Svndiotactic. I Atactic.

~

however, in the crystalline state. In the crystals we may find macromole-
cules of isotactic polymers with 2 helix-shaped arrangement, which 1s
ternary (in the case of polypropylene, polystyrene, modification I of poly-
butene, etc.), quaternary (in the case of poly-3 methyl—butene—l), or hep-
tenary (n the case of poly-4—meth_vlpentene-l, ete. (Fig. 3) (16, 7).

The helices may show a right- o3 left-handed winding (independent of the
steric configuration of the tertiary carbon atoms. Iu the crystal lattice of
many isotactic polymers, there may be found a chain packing, charac-
terized by the fact that each right-handed chain is surcounded by left-
handed chains and vice versa (Fig. 4) (18, 19). To the high regularity of
structure must be ascribed the exceptional properties of icotactic polymers
(high melting point, high mechanical characteristics, possibility to form
films or fibers made of oriented crystals having high tensile strengths). To
them is attributed the great interest arisen in the fields of plastics and syn-
thetic fibers (5)-

C. MECHANISM OF STEREOSPECIFIC POLYMERIZATION

The process may be ascribed to the coordinated anionic type. Such a
process which leads to the addition of a molecule of monomer in a polymeric
chain, may be considered as divided into several consecutive steps.
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] I
O R Ra-CHy ,-CoHg ,~CHeCH, R = -CH, -CH-{CH, }-Co Hy R=-CH-{CHy),.
' -CHy -CH,-CH~(CH3)2 -CHa-CH-{CH3 )2
-0-CHy- 0-CHy-CH-(CH3),
=

Fic. 3. Chains of isotactic polymers.

The electron-deficient catalytic complex, containing 2 transition metal,
has the tendency to attraci the olefin molecule, whose r-electrons tend to

compensate the deficiency of electrons of the complex.
The catalytic complexes may possess a type of structure as follows:
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Rl\ /R:'.\ /Rs
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Rz R4 Rs

where M, is the transition metal and M, is the strongly electropositive
metal to which the alkyl groups are bound.

Only when such a complex is chemisorbed or lies on the surface of a
crystalline lattice made of a compound of a transition metal does the cata-
lyst act in a stereospecific way in the polymerization of a-olefins.

In the first reaction step, the olefin is strongly polarized by the catalyst,
as follows:

{(+) (=)
RHC=CH, - RHC—CH.

At the same time, a dissociation of ionic type of the bridge bond takes
place. The bridge bond M—R—M is, in fact, weaker, as demonstrated by

——:3A

Fic. 4. Projection of the crystalline polypropylene lattice, on a plane perpendicu
lar to the axis of the polymeric chains. ‘
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Fi1G. 5. Hypothesis of addition of a monomer molecule on the bond between the
catalytic complex and the growing chain, in the anionic coordinated polymerization.

the greater length of this bond between metal and K group compared with
the bonds between side groups R and the metal. This was observed by X-ray
examination of different complexes, containing bridge bonds (20, 21).
The introduction of a monomeric unit oceurs between the electronega-
tive —CHo, at the chain end and the electropositive metal. A new —CHo
group deriving from the new monomeric unit, comes and substitutes in
‘the complex the —CH_ group of the previous monomeric unit (see Fig 5).
The reaction of polyaddition is represented by the following equation:

(+) (=) ' ' (+) (=)
[Cat}]—CH:P + CH,=CHR — [Cat]—CH.CHRCH.P

The termination of the growing polymeric chain may occur through sev-
eral different processes, mostly by chain transfer. Either the process of chain
transfer with the monomer, or the reaction of dissociation to hydride, leads
to the formation of terminal vinylidenic groups, whose presence was noticed
in the olefin polymers, obtained with the previously described catalysts
(22).

The chain termination processes will be described in detail in the follow-
ing sections, dealing with the kinetic study of polymerization process.

D. INFLUENCE OF THE CRYSTALLINE SUBSTRATE ON THE STEREOSPECIFIC
PoLYMERIZATION

The stereospecificity depends not only upon the electropositivity and the
ionic radius of the metal which belongs to the metallorganic compound,
used for the preparation of the catalyst, but also upon the lattice structure
of the crystalline substrate made of the transition metal compound (3)..

Besides the chemical composition, the crystalline structure of the sub-
strate exerts a great influence on the stereospecificity of the catalyst.

For instance, the halides of the type M X, which crystallize witn layer
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Fic. 6. «-TiCl; and TiCl, crystalline lattices.

lattice (a-TiCly, TiCly, VCl;, etc.) (Fig. 6) (23, 24) are all suitable for
the preparation of stereospecific catalysts (9, 5, 25, 26).

In the case of TiCl; the less crystalline forms obtained at low tempera-
ture by precipitation from solution of TiCls and alkylaluminum are less
stereospecific than the well-crystallized forms obtained at high temperature
(5). TiCl; erystallizes in three forms at least (27), and the greatest stereo-
specificity is given by the a-form.

For this reason the catalytic systeins, which we have mostly employed

for studies of stereospecific polymerization f a-olefins, are those made using
a-TiCl; .

Il. Over-All Kinetics of Polymerization Process
A. CaTaLyTic SysTEMs USED

As already stated in the first chapter, severa! catalytic systems show a
certain stereospecificity in the a-olefin polymerization.
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These systems may be differentiated either by the nature of the com-
pound of the transition metal or by the type of the metallorganic compound
used for their preparation. ,

The behavior of the different catalytic systems (containing transition
metal crystalline compounds) in the a-olefin polymerization, except for the
different degree of stereospecificity, may he connected with a definite kinetic
scheme. This was shown by experimental work performed at the Institute
of Industrial Chemistry of the Milan Polytechnic.

When the compound of the transition metal 1s changed (e.g., a-TiCls,
8-TiCl;), generally, the molecular weight of the resulting polymer changes.
Also the nature of the alkyl group of the metallorganic compound influences
the stereospecificity and the molecular weight of the polymer obtained (28).

The nature of the olefin exerts a certain influence on the rate constant
of the over-all polymerization. This is connected with factors of steric
character and to the more-or-less enhanced electron-releasing character of
the alky! group bound ‘o the vinyl group which may influence several steps
of the over-all polymerization process. ‘

Although the catalysts containing beryllium alkyl are more stereospecific
than those with alkvlaluminum (8, 6), nevertheless the greater part of our
kinetic measurements were performed using alkylaluminum compounds,
since they represent a special practical interest due to thehigher availa-
bility, and lower toxicity compared with the corresponding beryllium com-
pounds. '

The results summarized in this paper have been obtained using the cata-
lytic systems: '

Al(C:Hjs);-a-TiCl;-n-heptane or Al(C:H;):Cl-a-TiCl;-n-heptane.

The kinetic measurements reperted in the following sections are con-
cerned with the polymerization of propylene; the results obtained with this
monomer can, however, be extended to other olefins (e.g., normal: butene-1,
pentene-1, or branched). For this reason, although we limit ourselves to
recording measurements made with one monomer only and with two types
of catalytic system, we have given the most general title to this paper.

B. INFLUENCE OF THE S1zES OF a-TiCl; CRYSTALS ON THE POLYMERIZATION
RATE. ADJUSTMENT PERIOD

The «-TiCl; (violet modification), prepared by reduction of TiCly witk
flowing hydrogen at high temperature (29), generally shows hexagona
lamellae whose sizes, depending on the method of preparation, lie in the
range from 1 u to several hundred microns (see for instance the sample o
Fig. 7). Sometimes the a-TiCl; lamellae do not show any defined geometri
shape, and their dimensions may reach a millimeter (see for instance thi
sample of Fig. 8).
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Fic. 7. Photomicrograph of «-TiCl; (sample B).
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Fig. 8. Photomicrograph of «-TiCl; (sample C).
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Fic. 9. Propylene polymerization rate at constant pressure and temperature a

function of polymerization time (pc;as = 1,450 mm. Hg, t = 70°).
1 2
«-TiCl; (sample A)g./1. 0.80 1.00
[A1(C:Hs)sjmol /1. 4.45 X 107 2.94 X 1072

 In Fig. 9 the characteristic behavior of propylene polymerization rate
plotted vs. polymerization time. The data were obtained by operating !
constant pressure with a catalytic system containing «-TiCl; erystalshavir
initial sizes between 1 and 10 x (a-TiCl; sample A).

It may be noticed that during the initial polymerization period /adjus
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Fic. 10. Propylene polymerizatidn rate at cohstant pressure and temperature

(pcsps = 1,450 mm. Hg, t = 70°C) obtained with two samples of ung.ound a-TiCl;

whose erystals have different sizes (see Figs. 7 and8). (a-TiCl; : 1.64 g./1., [Al{C.H s)als
2.94 X 1072 mol./1.).

ment period) the activity of the catalyst increases until it has reached a
value which remains, afterwards, practically constant in the time.

This adjustment period has been explained on the assumption that crys-
tals and aggregates of a-TiCl; are smashed and cleaved under the mechan-
ical action of growing polymeric chains, §o that we have a consequent
increase up to a constant value, in the number of active centers which
directly participate in the polymerization.

This assumption has been proved by the following experimental data:

1. The polymerization rate, under steady-state conditions, appeared to
be almost independent of the initial size of the a-TiCl; crystals (Fig. 10).

2. By operating with ground a-TiCl; (sizes < 2 ) the adjustment period
was definitely affected. The initial period, characterized by an. increasing
rate which might otherwise last for 7-8 hrs., was greatly shortened and

modified (see Fig. 11) (30, 31).

3. The rate that ecan be reached under steady-state conditions (for in-
stance, by operating at 70°) seems to be practically unaffected by a mod-
erate amount of grinding (see Fig. 11). The effect of a moderate degree of
grinding on the extent of a-TiCl; active surface leads to a final result similar
to that resulting from the mechanical disaggregation caused by the action
of the growing polymeric chains.

It may be assumad that in any case the final size of the o-TiCl; particles
reaches approximately the same limiting value. On the other hand, it i
most likely that the exceptionally small and active a-TiCls particleé, ob-
tained during the grinding, are unstable and lose their activity on ageing
In fact, at the beginning of the reaction, when using ground e-TiCls , the
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Fig. 11. Effect of previous physical treatments on a sample of «-TiCl; on the
propylene polymerization rate, at constant pressure and temperature (¢ = 70°
pcas = 1,450 mm. Hg). 1 and 2: ground aTiCl; (sample 4) (sizes <2 u). 3 and 4:
unground «TiCl; (sample A) (sizes within 1 to 10 u).

polymerization rate very quickly reaches a maxinum and decreases after-
wards, more or less slowly, until attaining the steady-state condition. The
presence of such a maximum may be ascribed to very small a-TiCl; par-
ticles which lose their activity during the polymerization, either by re-
crystallization, by reaction with Al(C,Hj);, or by occlusion in the solid
polymeric product. In particular, it may be observed that the maximum
diszppears when operating with Al(C,H;).Cl instead of Al(C.Hs)s (32).

4. By operating with unground «-TiCl; the time ({3:) which is necessary
to reach the 34 of the value of polymerization rate in steady-state condi-
tions varies inversely with the polymerization rate measured under steady-
state conditions (30, 31). In fact, by comparing the polymerization carried
out at different temperatures and pressures, referred to the same amount
of «-TiCly, we observe different values of #;s mainly depending upon the

~ overall polymerization rate, and consequently upon the value reached by

the rate under steady-state conditions (Fig. 12) (31).
5. The use, in the propylene polymerization, of unground -TiCls that

" had been previously maintained, for many hours, in the presence of

solutions of Al(C:Hj); at temperatures lower than 80°, does not sub
stantially modify the observed reaction rate and its variation during the
adjustment period (31). |

6. It has been observed by microscopic examinations that the a-TiCl
lamellae are very thin and brittle.

7. In some tests it has been observed that the polymerization rate a
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Fig. 12. Dependency of the t3;, index of the adjustment period, ob the reciprocal
of the propylene polymerization rate in steady state conditions. Tests performed with
unground «-TiCl; (sample 4).

1 2 3 1 5 6 7
t, °C 32 3 32 56 70 70 70
Pc.ae , mm. Hg 1,630 1,640 2,580 1,570 750 1,450 2,450

zero time is not zero; it keeps the initial value for several minutes before
starting to increase (see, for instance, the lowest curve of Fig. 11).

8. It has also been found that the polymer formed from the beginning of
the reaction is already prevailingly isotactic. This means that, from the
start of the reaction, there exist a certain number of active centers on the
solid «-TiCl; surface which immediately yield isotactic polymer; conse-
quently, it can be excluded that, at least for the active centers present on
the initial free surface of a-titanium trichloride, there is an initial activa-
tion process, whose rate is slow enough to be observed even when operating
at low temperature (30°).

The above statements are in good agreement with the fact that, after
the reaction has been carried out in steady-state conditions and has been
stopped by taking off the monomer, thereafter, when the initial value of
monomer concentration has been re-established (Fig. 13), the reactionstarts
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Fic. 13. Effect of the variations of the steady-state conditions on the propylene
polymerization rate.

again at once and at the same steady-state rate. The lowest curve of ¥ig.
13 shows that the steady-state rate at a given temperuture {below 80°) i3
the same also if the steady-state conditions had been previously reached at
lower temperature (30, 31).

(. CATALYTIC BEHAVIOR OF a-TiCl; 1N STEREOSPECIFIC PROPYLENE PoLy-
' MERIZATION ~

From the curve reported iu Fig. 9, we may observe that the polymeriza-
tion rate, obtained by operating at constant pressure, after the initial ad-
justment period, remains practically constant for many hours. This occurs
only when operating with pure reagents and solvents, with not teo finely
ground o-TiCls , and under such conditions as to get limited polymeriza-
tion rates per unit volume solvent (some g. of CsHe: hr. per liter of =olvent)
(30, 33). ;

This time-constant rate 1s proportional to the «-T1Cl; amount which
proves that, at least formally, the over-all polymerization process is really
a catalytic one, with regard to the a-TiCl; . The catalytic behavior of
a-TiCl; is, in any case, connected with the existence on its surface of metal-
lorganic complexes which zet in the polymerization only if a-TiCl; is pres-
ent. This makes stereospecific polymerization processes (of coordinated
anionic nature) very different from the better known polymerization proc
esses, initiated with free radicals. In the latter process, the initiator 1$ nof
a true catalyst, since it decomposes during the reaction, forming radicak
which are bound to the dead polymer; on the contrary, in the case ¢
stereospecific polymerization, each molecule of polymer, at the end of it
growing period, can be removed from the active center on the solid sur
face of the catalyst which maintains its initial activity.

There is evidence that each active center which initiates a polymerni
chain (coordination complex between the titanium salt and a metal-alk}
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- compound) retains unaltered its ability to form macromolecules, inde-

pendent of the number of polymer molecules produced.

Many homogeneous catalytic processes, in particular of anionic nature,
are known, in which the polymerization takes place by stepwise addition
(polymerization of ethylene oxide (34) of ethylene at low pressure and tem-
perature with AlR, (7, 35), of styrene by Szwarc catalysts (36), for which
the growth of the macromolecule can last for a very long time). This led
<ome researchers to talk of a life of macromolecules and of living molecules
(37). ‘

“This attribute 1s justified by the fact that the growth of the macromole-
cules does not show any termination; it stops when the monomer 18 removed,
but is resumed immediately at the same rate when the monomer concen-
tration is restored to its initial value. In some cases (e.g., the case of “liv-
ing polymers’”” of gzware, obtained with anionic catalysts), it is exactly the
«ame macromolecule which continues to grow, yielding polymers whose
molecular weight increases with the polymerization time.

In the case under examination (heterogeneous catalysis in the presence
of coordinated polymetallic complexes) the molecular weight of the polymer
is generally almost independent of the polymerization time, whenever the
polymerization lasts for more than about 10 min. -

The macromolecules bound to the catalytic complex can be detached
from the active center, but their detachment leaves unchanged the ac-
tivity of the catalytic center which can initiate the formation of another
macromolecule.

D. INFLUENCE OF THE OprERATING CONDITIONS ON THE POLYMERIZA-
: TI0N STEADY-STATE RATE. ‘

1. Experimental Apparatus and Operating Conditions. The polymeriza-
tion of propylene in the presence of a heterogeneous catalyst and a solvent
occurred at o relatively low partial olefin pressure and was carried out in
an apparatus continuously fed during the reaction with the olefin in the
gaseous state .t ronstant pressure (Fig. 14).

The amount of olefin consumed was determined by the decrease of pres
sure with time, measured on the feed vessel, kept at constant temperaturs
by water circulation, where the olefin was maintained in the gaseous state

It has been said that the polymerization rate observed under steady-stat
conditions, with a given sample of a-TiCl; 1s practically independent of th
initial sizes of the crystals. It is, moreover, convenient to point out that ne
all samples of 2-TiCl; prepared by the different methods we have examine(
lead in all cases to rates equal to each other. The most active samples ¢
«-TiCl; have an activity that does not exceed three times the value give
by less active samples which we have here examined.

As the initial sizes of a-T1Cl crystals seem to have very little influen:
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FiG. 14. Apparatus used for kinetic measurements of propylene polymerizatio:
(reaction vessel rocking 45 times per min. through a 45° angle). PI = pressure gage
PC = pressure control, F1 = flow indicator, TC = temperature control.

on the steady-state rate, such differences could be ascribed to the degree ¢
purity of a-titanium trichloride.

The most frequent impurities of commercial a-titanium trichloride a1
generally other chlorides (TiCl , TiClz), metallic titanium, titanium nitrid
and the products resulting from oxydation or hydrolysis of the titaniu
chlorides, the latter being unstable at air and moisture.

Some of these impurities have opposite effects on the catalytic activi
and stereospecificity, depending on their concentration.

As we shall show below, the stereospecificity of the catalytic system c
be influenced by impurities contained in the a-titanium trichloride.

The larger part of the results reported in this paper, have been obtain
with an old sample of a-titanium trichloride called a-TiCly—sample
This sample is neither one of the most active nor one of the most ster
specific products we have studied. The analytical tests carried out on {

product, have given the following results:
Methanol insoluble residue: 1%
Ti:Cl ratio = 1:2.96 in g. atoms .

Kinetic data have been obtained with 'ungrbund oa-titanium trichlor
operating at constant temperature and pressure of olefin, during the wl

polymerization.
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In some preliminary tests an examination was made of the influence of
some physical factors on the reaction rate in the apparatus employed,
such as mass and beat transfer depending on the degree of filling and stir-
ring of the reaction vessel (33). It has been found that, for a given tem-
perature, with the equipment used (see Fig. 14), there is a limiting rate,
depending on the volume of the solvent, at which the mass and heat trans-
fer phenomena become determining; operating, for instance, at 70°, in
950 ce. of solvent, the limiting rate is almost equal to 20 g. of polymerized
C;H, per hour (33). All kinetic tests have been carried out at polymeriza-
tion rates lower than this value. '

The order in which the components of the catalytic system (a-titanium
trichloride and trialkylaluminum), the solvent (n-heptane), and the olefin

are brought together has no practical influence on the polymerization rate.

The rate values are independent of the temperature at which the catalyst
is prepared by the action of alkylaluminum solution on a-titanium tri-
chloride, provided that this temperature is not higher than 70° and the
concentration of the alkylaluminum in solution is not too low (above
0.5 X 1072 mol/l. n-heptane) (30, 33). v

Most of the kinetic results reported in this study refer to concentrations
of trialkylaluminum In solutions higher than 1.4 X 1072 mol/1. of solvent.

On account of the sensitivity of the catalysts to traces~of moisture or
oxygen, it 18 generally not suitable to operate with lower concentrations of
alkylaluminum, because the latter acts also as a protector of the solid cat-
alvst. However, by operating with very pure solvents and reagents, the
concentration of AlR; can be reduced to lower values (103 — 10—+ mol/L.)

T ricthylaluminum/a-Titanium Trichloride Ratio. Many tests have beel
carried out with different trialkylaluminum/ titanium trichloride mola
ratios (from 1 to 8.5) without any considerable difference in the kineti
results obtained with the considered «-TiCl; sample (Fig. 15)-

For ratios lower than 0.4, the data obtained are of uncertain interprets
tion, owing to the degree of purity of the solvents and reagents which hav
been used (33). For such low values of the ratio, the reaction rate again
time initially increases, Z0e€S through a maximum, and then decreas
rapidly without attaining a stationary value. The decrease of the catalyt
activity is due to a consumption of AlRs and, in fact, the activity can |
restored with the addition of small amount of AlR;.

Overlooking the anomalies due to the lack of absolute purity of t
‘reagents, one must assign a zero reaction order with respect to aluminu
alkyl concentration, in the range of the above reported conditions.

The result is due to the fact that the alkylaluminum, in the concent
tions considered above, 15 always In excess with respect to the number
active centers existing on the surface of the solid catalyst.

[Triethylalumz'num]/[C;;H;,] Ratio. Using a triethylaluminum concent
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Fic. 15. Propylene polymerization rate at constant pressure and temperature
(pcsms = 1,450 mm. Hg, ¢ = 70°), as function of polymerization time.

|
1 2 3 ; 4 5
| _____%____ S
«-TiCl; (sample 3.80 1.36 3.80 l0.80 1.64
4), g./L | |
(Al(C:Hs)3), mol./1. [2.95 X 107%8.65 X 10-2/11.80 X 10~=i4.45 % 10-%5.90 X 107
Al/Ti, mol. 1.18 3.10 4.80 \8.50 “50
Al(C:Hj)s) |
(AL(C:Ho),. 0.048 0.143 0.190 0.072 - 10.095
[CsHl | |

‘tion higher than about 1.4 X 107% mol/l. and a triethylaluminum/e-ti-
tanium trichloride ratio higher than about 1, the value of this second ratio
does not irfluence the kinetics of the over-all polymerization process.
Therefore, in the range of variables tested: [triethylaluminum]/[C;;Hf,] =
0.015 to 0.4, the formation of possible soluble alkylaluminum olefin com-
plexes is not kinetically detectable (30, 33 ). This is confirmed by the inde-
pendence of the olefin solubility in solutions of alkylaluminum in hydro-
carbon on the alkylaluminum concentration (38). o

Amount of a-TiCl; . In Fig. 15 the polymerization rate, obtained at con-
stant pressure of olefin with different amount of &-TiCls , is plotted vs. time.
The steady-state rate is found to be proportional to the amount of a-TiCl
present in the reaction system (Fig. 16), In agreement with the heterogene:
ous nature of the catalysis (30, 33).

Propylene Partial Pressure. The polymerization rate, under steady-state
conditions (Figs. 17 and 18) is proportional to the partial pressure o
propylene (30, 33 ).

Polymerization Temperalure. Apparent Activation Energy Based on lh
Steady-State Rate.* The rates observed at different temperatures, referre:

* In our kinetie calculations, we refer to the directly observed partial pressure «
propylene, rather than to its fugacity, because over the temperature‘ and pressui
range examined, we cain assume that partial pressures and fugacities are practicall
proportional. In fact, from the literature data, the variation in propylene fugacit
coefficient, in the range of our kinetic tests, is small (about 0.97 at 30° and 2700 mr
Hg; about 0.99 at 70° and 450 mm. Hg of propylene partial pressure).
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3 4 g TiCl;
Fic. 16. Dependency of propylene polymerization rate in steady-state conditions

on the amount of «-TiCls (sample A) in the catalytic system.

r pc3H6=21.50mmHg -

NN

pC3H6=1450 mmHg

—h =k
3 T

(3]
"

gC;He/ h 9TiCl;

0 1 2 3 4 E 6 h

Fic. 17. Propylene polymerization rate at constant temperaiure (70°) and at
different pressures as function of polymerization time (a-TiCl;: sample A: 3.60
g./1.; [AN(C:H3)sl: 5.88 X 1072 mol./L.).

to a given amount of «-TiCl; and to a given partial pressure of propylene,
are reported versus polymerization time in Fig. 19.

The diagram shown in Fig. 20, which gives the log of the polymerization
rate under steady-state conditions, plotted vs. the reciproeal of the absolute
temperature, was drawn from the above data. The activation energy calcu-
lated from the data reported in Fig. 20 is about 10,000 cal./mol.

The activation energy referred to the concentration of the olefin in the
liquid phase can be deduced from the one referred to the pressure in the
gaseous phase, by adding the solution heat of the propylene in n-heptane
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Fic. 18. Dependency of propylene polymerization rate in steady-state conditions
on the propylene partial pressure (a-TiCl;: sample A).

t=70°C
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Fic. 19. Propylene polymerization rate at constant pressure (pciBs = 1,500 mm.
‘Hg) at different temperature, as function of polymerization time.
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«TiCl Gample ), WG AL/, mol.

1 3.80 2.95 X 107 1.18
‘ 2 0.80 4.45 X 107 8.50
3 7.60 7.36 X 107 1.50
: 4 1.60 5.90 X i07? 5.60
b 5 7.60 17.70 X 107 3.60
R 6 10.80 7.36 X 107 1.05
| = 7 20.20 7.36 X 107 0.52
[ 4 8 12.16 17.70 X 107* 2.20

9 12.10 7.36 X 107 0.94
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Fic. 20. Log of propylene polymerization rate in steady-state conditions a= fune-
tion of 1/T (pcuus = 1,500 mm. Hg, a-TiCl; : sample 4).

equal to about 4000 cal./ mol. Consequently, the activation energy meas-
ured from the steady-state rate and referred to the olefin concentration in
the liquid phase corresponds to 14,000 cal./mol. (30, 31).

If we consider the results reported so far, the polymerization rate of
propylene under steady-state conditions, catalyzed by the catalytie system
Al(CsHj)3-a-TiClg-n-heptane, shows the following relation: |

4 —10,000/
r = Ae ! ‘ RTGTip03H6 7 (1) ’
For the sample of a-TiCls to which the above data are referred

r=2 X 107" Grpeyn, (2)

where r = polymerization rate under steady-state conditions (g. C;He/h)
Pc,u, = partial pressure of propylene (utm.)
Gri = ¢. o-TiCly in the catalytic system.

Equntion (1) is applicable to other samples of a-TiCly by varying the
value of 4. For instance, the sample (B) shown in Iig. 7 shows a value
4 =34 %10

lil. Chain Transfer, Termination Processes, and Molecular
Weight of the Polymers

The chain transfer and termination processes have been studied by the
following methods:
Intrinsic viscosity measurements on the resulting polymer.
~ Analysis of end groups of polymeric chains by chemical, radiochemical
and physical methods (IR examination). .
By operating particularly at 70° it has been observed that every transfer
and termination process of polymeric chains involves in the same way

A .
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(from a qualitative point of view) the growing macromolecules, independ-
ently of their steric structure. We must, however, notice that the molecular
weight of the atactic polymers which are always present in small amount
in the crude polymer, is generally much lower than that of the isotactic
polymer. In fact, while the intrinsic viscosity of the isotactic polymer gen-
erally ranges from 2 to 5, we found correspondingly 0.5-1 for the atactic
polymer.

We shall examine in detail the influence of the different factors controlling
the intrinsic viscosity of the isotactic polymers during the polymerization.

A. Cararysts UseEp AND THEIR STEREOSPECIFICITY

The steric composition of the polypropylenes depend= on the degree
of purity of a-TiCls used in the polymerization. It has been observed,
for instance, that the so-called isotacticity index of polypropylene (polynier
residue after extraction in boiling n-heptane) can attain values ranging
from 75 to 90%, depending on the catalytic properties of the samples of
«-TiCl; . Also the average molecular weight depends on the purity of the
«-TiCl, samples used. For instance, the same sample of a type of a-TiCls
which, in the raw state, during a 2-hr. polymerization test of propylene,
gives polymers having an intrinsic viscosity equal to 1.5 after a series of
washings with anhydrous hydroearbons (before the polymerization tests)
leads to polymers having intrinsic viscosities which inerease with the num-
ber of washings, until they reach an asymptotic value of about 3.3. For
that reason, the study of chain transfer and termination processes in propyl-
ene polymerization has been performed by using a standard type of a-TiCl;
{(sample A) which 1s the same as that used in the previously performed

~ kinetic tests, but treated as follows (31):

Grinding in a stainless steel bottle, containing spheres of stainless steel
(the dimensions of «-TiCl; after grinding are <2 p).

Washing with anhydrous n-heptane several times. v ,

‘The «-TiCl; treated in this way gives reproducible results for the kinetic
behavior, the molecular weights, and the sterie composition of the polymer.

The atactic amorphous portion (9-16% of the total) contained in the
obiained polypropylene has been separated by treating the raw polymer
with n-heptane at room temperature. When operating in such a way, we
have not separated the stereoblock fraction (extractable In boiling n-hep-
tane) from the isotactic (not extractable in boiling n-heptane) fraction of’
poiymer. The results reported in this paper are generally referred to the
erystalline fraction, named non-atactic, which contains also some stereo-
block polymers (at the considered polymerization temperatures, the latter
generally correspond only to 5-7 % of the total) (9).
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B. INDEPENDENCE OF THE MOLECULAR WEIGHT AND SterIc COoMPOSI-
110N oF THE PoLyMER oF REAcTioN TiME, FOR LoxG RREACTION Times

Many polymerization tests have been carried out under different condi-
tions (temperature from 30 to 70° and propylene partial pressure from 450
to 1,450 mm. Hg). When operating under such conditions, we never ob-

served any effeet, of polymerization time, on the molecular weight and

steric composition of the polymer, either after a few minutes of polymeriza-
tion (c.g., in the interval in which the reaction rate with ground «-TiCly
shows a maximum) or after many hours (when a small deecrease in the
over-all polymerization rate occurs) (Table iI). This means that, uuder
the tested conditions, the growing time of each polymeric chuin is not =low
enough to be measured, on the basis of the above reported kinetic datu.
For this reason, by operating particularly at 70° and with a propylene
partial pressure of about 1 atm. and assuming that all active centers which
are present on the surface of «-TiCl; have the same activity, the average

TABLE II

Polymerization of Propylene to Isotactic Polymer. Independence of the Molecular Weight
and of the Steric Composition from the Polymerization Time

‘ LTI Pol . Non- _In(rirt\siki
.- PeaHe - [AMCaHeal, 9L . olymeri- tactic VIsCosiLy Of.
v e Ul (el AVTLmol - atton  olymer, LR
100 ¢m.3 g
31 700 S 2.¢4 X 1072 1.0 = 23 14 a1 4.40
: i 31 38.5 .34
3L 1450 2.94 X 107 3.00 1.5 1 83 . 1.66
| | : 1. s6 1.65
31 M0 2.4 X 1072 1.50 3 S 86 1.70
: 17 84 1.90
531 11_10 C 1147 X 107 0.30 7.9 8 87 1.50
5 7 ’: 24 N 1.45
0 . 430 236 X 10 1.20 3 10 90 3.56
; 15 90 3.47
0 4350 " 2.94 X 1072 1.50 3 4 91 3.28
‘ : B a1 3.14
0 430 7.36 X 107 11.30 1 Iq 91 218
§ . 1 9% 2.1
70 030 204X 10 130 3 1, 88.5 3.8
| | | : 2 $8.5 3.7S
] | : 6 88 3.84
700 0 19T X -2t 0.91 l 3 4 38 1.16
| : | | 7 87 1.20

% The data are related to the polyvmers izsoluble in n-heptane at room temperﬁture and include the
stereoblock polymers soluble in boiling n-heptane (5-77; of the whole polymert and the isotactic polymer.
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: growing time of each maecromolecule must not be longer than a few minutes
(39, 40).

C. Cuarx TRANSFER ProCcESS DEPENDING ON ALKYLALUMINUM
CONCENTRATION

We have separately studied the nature of end groups and the dependence

of the molecular weight of the polymeric chaius, on the alkylaluminurn
conceniration in the catalytic sysiem. ‘ '

1. Intrinsic Viscosties
The measurements of intrinsic viscosity [q] Eave been carried out at 135°

in tetralin. Under these conditions, the relationship between [n] and vis-
cosimetric molecular weight M, for isotactic polvpropylene is (.j1 ):

| | | [ = KM°™

In fig. 21, the values of 1;[7;]"9'" = 1.[q] % (this factor can he assumad
as being proportional to the reciprocal of the degree of polymerization r.)
of the considered polypropylene fraction, are plotted vs. the squafe root of
alkylaluminum concentration. -

The data plotted in ¥ig. 21, corresponding to constant quantities of a-ti-
tanium trichloride, can be assumed to give straight lines and the straight
lines obtained for several values of Cr: caii be assumed to be parallel.

; The limiting line for Cri = 0 has been caweulated from the data plotted
: in Fig. 22. The dependexce of the intrinsic viscosity of the polymer (and

consequently of its molecular weight i on the alkylaluminum concentration
a 02‘ s :1‘041“‘
i iz o0t A7
E (=] » } 0.1 »
~ as! -
E » » Vel
Q - _/*
=] we & 7
R 01 “m.‘c >
i /./'
L
- -~
w2
: C
Al
0 o1 02 03

(mots Al [C2Hgla /! n—heptane)'/’

Fig. 21. Dependency of the reciprocal of the polymerization degreé (proportional
to 1/[n]t%*) of the non-atactic polypropylene fraction, on the square root of the alumi
pum alkyl concentration {{ = 70°, pcEe = 950 mm. Hg, ground «-TiCl;: sample A)
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Fic. 22. Specific radioactivity (and corresponding values of —C.H; mol. per mol.
of polymerized C;He) of the non-atactic polypropylene fraction, as function of the
square root of the alkyluluminum concentration. (Tests performed with "C-labeled
AL(C.H )5 at t = 70°, peng = 50 mm. Hg, ground «-TiCl;: sample ).

shows that this compound takes part (directly or indirectly) in a transfer

~

9. Rediochemical Determination of End Groups

An attempt was made to determine whether the variations of the molecu-
lar weight with the alkylaluminum coneentration are due to a chain trans-
fer, with participation of the alkyl groups of alkylaluminum. Polymeriza-
tion tests were performed, using C-labeled ethylaluminum and detect-

ing the radioactivity of the polymer.

Careful preliminary tests were necessary to demonstrate the suita-
bility of these methods for the present study. In particular, it was neces-
sary to verify that the radioactivity detectable in the polymer may not be
caused by contamination or other processes different from the ones taken
into consideration. It was then found that it is possible to remove throughly
from the polymer the Jast traces of unreacted ethylaluminum or of its solu-
ble complexes with titanium compounds by washing with anhydrous hydro-
carbon. No alkylation of the preformed polymer caused by triethylalu-
minum or its derivatives has been observed (}2).

There is evidence that sometimes a permanent radioactive contamination
of the polymer appears when one adds to a suspension of the polymer

‘in n-heptane "“C-labeled triethylaluminum and certain samples of- a-ti-

tanium trichloride (particularly when the a-TiCl; contains TiCly or other
compounds of Ti(IV), as irapurities ).
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Fia. 23. Specific radioactivity (and corresponding values of —C,H; mol. per mol.
of polymerized C,H,) of the atactic polypropylene fraction, as function of the square
root of the alkylaluminum concentration. (Tests performed with 11C-labeled
Al(C.H )5 at { = 70°, pcane = 450 mm. Hg, ground «-TiCl;: sample A).

This contamination remains after purification of the polymer from alkyl-
aluminum by washing. Other samples (such as that shown in Fig. 7) are
ot contaminated. The amount of this contamination is in any case limited.

This point will be discussed in one of the next paragraphs.

All the reported data relating to radioactivity measurements have been
corrected for radioactive contamination. : '

The use of (- labeled triethylaluminum allowed us to demonstrate that
the quantity of —C.Hs groups [deriving from Al(C:Hj)s] which is bound to
the non-atactic polymer at the end of the polymerization, when operating
with a constant amount of titanium trichloride, is a linear function of the
square root of the alkylaluminum concentration (Fig. 22), in the considered
range of experimental conditions (42). Similar results have been obtained
by analyzing the fraction of amorphous polymer (Fig. 23) (38).

3. Polymeric Isotactic Chains Bound lo the Aluminum

Determinations of aluminum have been carried out on fractions of
polymerie product containing isotactic chains deriving from the polymeriza-
tion. These measurements were performed in an attempt to establish

“whether the chain transfer process, depending o the alkylaluminum con-

centration, leads to the formation of macromolecules which remain bound
to the aluminum. The polymer has ieen therifore purified by physical
methods from the unreacted ethylal uainum and from the heterogeneous
catalyst. _ .

The above determinations were carried out by taking into ccnsideration
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a fraction of the pelymeric product containing isotactic chains that may
be casily separated from the catalyst in the following way ( 43

The unreacted alkylaluminum and the atactic polymer were removed
from the vessel in which the polymerization was carried out, by means of
decantation and repeated washings with anhydrous n-heptave at 50%; the
separation of most ¢f the polymer from the a-TiCl; was then made by
washing at 100° with anhydrous xylene. ;

The polymer contained in the xylene solutiou was further purified by
repeated precipitations and washings of the polymer precipitated with an-
hydrous xylene at —70°.

The aluminum was determined spectrophotometrically using 8-hydroxy-
quinoline in a known quantity of polymer obtained from the xylene =olution
and previously purified. The absence of titanium from the polymeric prod-
uct, icolated in this fashien, was checked by conventional anulyticul
methods.

The results obtained are plotted in Table III. In the same table, for
purposes of comparison, are recorded the amounts of ethyl groups derived
from the Al(C.Hs)s, as found in certain fractions of the polymer bv the
radiochemical methods. The amount of aluminum bound in the polymer 1s
higher in the test performed with higher triethvlaluminunrconcentrations.
A comparison with the tests performed with the =ame alkylaluminum con-
centrations, but with different amount of «-TiCls, shows, on the contrary,
that the amount of aluminum bound to the polymer decreases remarkably

TABLE III

End Groups in the Isotactic Polypropylene, Deriving from the Chain Transfer Processcs
Depending on the Catalyst Concentration (Catalytic System:
a-TiCl;-Al(C.H;)-n-Heptane) '

—CeHs end | —C:Hs end
Polymerization conditions Al atoms, C;He gfc“l’%ggéﬁ mol.;'~ g:r?(\:lplsnct})lc{&
: mol. in p()lymer fraction ' isotactis
I, ___ polymer fraction, . insoluble in | _ polymer
3 ‘ . soluble in xylene n-heptane at | fraction not
a-TiCls ' . Solvent . at 100° ' room temper- extractable in:
tsample | AHCeHs)a, mol. | 550 3 7 [ S i ature” i boiling
A), g T B 3 ' n-heptane”
0.11 9.9 X 107 Heptane 70 0.5 X 107 2.3 X 107 1.4 X 1073
0.15 . 9.9 X 1073 Heptane 0 0.6 X 1073 2.3 X 107% . 1.4 X 1073
0.50 : 9.9 X 1073 Heptane , 70 0 1.35 X 1073 2.7 X 1073 iil.?' X 1073
- 0.50 139.6 X 10‘3% Heptane ;- 70 ¢ 2.7 X 107* 4.9 X 103 1 3.0 X 107°
| N ' 1 lx
0.50 { 9.0 X 1073 Xvlene @ 100 = 2.2 X 107 — : —
13 i i .
a Average of the values (which lay in the range 1.3-1.4) obtained in four nolymerization tests.
b This fraction contains the isotactic and stereoblock polymets. -

¢ These data were calculated from the preceding ones, taking into zecount the percentagze and the molecu-

lar weight of the stereoblock polymers contained in the fraction extractable in boiling n-heptane.
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decreasing the amount of a-TiCls. Probably some soluble titanium com-

~ pounds act catelytically in the transfer of alkyls from the aluminum to the

polymeric chains.

4. Mechanism of the Chain Transjer Process Depending on the
Triethylaluminum Concentration

The results reported in the preceding paragraphs indicate that the tri-
ethylaluminum m:olecules present in solution take part in a chemical process
which affects the molecular weight of the polymers. In polymerization tests
carried out in a relatively short time, the amount of reacted ethylaluminum
is very small; this 1s proved also by the fact that the results obtained in
these tests are not dependent on the reaction time. Furthermore, it has al-
ready been found that in the considered range, the over-all reaction rates
do not seem to be affected by the concentration of ethylaluminum.

It may be pointed out, therefore, that the cthylaluminum takes part in a
chain transfer process. An almost linear dependence of 1 /m"® and of the
number of —C.Hs groups found in the polymer was found on the square
root of the ethylaluminum concentration. The number of aluminum atoms
chemically bound to the unpurified polymer decreases with the ethylalumi-
num concentration in the catalytic system. h
- These resuls make us believe that the rate of the chain transfer process
under examination is given by the relation:

ry = ks C*Chy - (3)

where Cai = molecular concentration of triethylaluminum
C* = number of active centers

This dependence on the square root of the ethylaluminum concentration
may be interpreted by assuming that the triethylaluminum acts in dissoci-
ated form in the chain transfer process. It is in agreement with the well-
known dimeric structure of triethylaluminum which is dissociated as fol-
lows:

Alg(CgHs [ '(':)- 2A1(02H5)3 . (4J

It has been also related by Bonitz (44) that besides the homopolar dis-
sociation, Aly(C.Hs)s may be partially dissociated in a heteropolar way:

AL(CoHo) s =2 [AHCH) + [AN(C:H )] 6

To explain the results obtained in our researches, we could take int:
consideration a chain transfer mechanism, such as the following one (a
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where P = polymeric chain

KINETICS OF POLYMERIZATION CF a-OLEFINS 31

least in initial stage):
[Cat]™ ""CH:CH(CHz(I)H),.R + [AHC:H:L —
CH; CH,

6

[Cat]* + (C:Hs)zAlCHch(Cﬁz(I}H).LR )
CH. CH;

(Cat]® + [Al(CaHs)(™ — [Cat]OCH,CH; + AUC:H:)s (7)

It is possible that in the later stages of polymerization there may occur
transfer processes involving more than one ethyl group per aluminum
atom.

In this way, the catalyst will be regenerated while the monomer alkyl-
aluminum takes part in the equilibrium of association with other alkyls in
solution.

Another interpretation that may be taken into consideration, kinetically

~equivalent to the former one, is 2 total substitution of the polymeric alky!-

aluminum compound which is bound to a catalytically active complex con-
taining the transition metal, as follows:

TiClLA1Y.P + Al(C:H;); — TiCLANC-H;)s + AlYLr ®

~

Y = alkyl group (e.g., ethyl or polymeric chain—one of the two Y
can be substituted by a chlorine atom).

It has been observed that other metallorganic compounds (e.g.,
Zn(C.Hs)2 , which is not associated as Al(C.Hs)3) can be involved in chain
transfer processes (45). In this case presumably alkyl groups are exchanged
as follows: : '

[Cat}P + Zn(C.H;): — [Cat} C:H; + C:H:ZnP 9)

The rate of this chain transfer process is of first-order with regard to the
7n(C.Hjg): concentration (38). ‘

The kineatics of the above reported chain transfer reactior.s seem to be
also catalytically affected by the titanium compound present in the reac-
tion system. In fact we have observed (Table I1I) that both the numbers
of ethyl groups and aluminum atoms bound to the polymeric chains de-
crease with decreasing amount of titanium compound in the catalytic sys-
tem.

The above-recorded chain transfer processes and the processes of ex-
change between alkylaluminum in solution and alkylaluminum bound tq the
catalytic complex could also be effected by soluble polymeric alkylaluminum
of the type (CeHs)AlP; or (CoHs)2ALP (where P = polymeric chain). This
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will involve more than one ethyl group per atom of aluminum brought nto
the polvmerie chains.

In any case, such chain transfer processes lead to a continuous imncrease
of the molecular weight of the alkyliluminum compounds during the
polymerization. It is, however, possible that alkylaluminum molecules
having a low molecular weight are regeaciated by a mechanism similar to
those reported in the study of the kinetic behavior of ethylene polyvmeriza-
tion, in the presence of trialkylaluminum (35) or through a dissociation
to a hydride:

(C;’H:.)2:\1CH2CH(CH-:CH),1R —  (C:H;):AIH + CH:=C(CH:——CH),.R

l | (10)
CH; CH; CH; CH;
or through a transfer reaction with the monomer:
| (C:’Hﬁ)‘_’AlCH?FH(CH:’CH)nR + CH,=CHCH; —
CH, CH, | an
(C:H3):AICH.CH.CH; + CH.=C{(CH:CH).R

| |
CH; CH;

In the case of ethylene polymerization with AlR; alone, however, the
transfer reaction with the monomer which is thermodynamically displaced
tfowards the right, depends on the temperature (35) and, practically, does
not oceur any more at low temperature ( <80°) if specific catalysts are not
involved. Also in the propylene polymerization the corresponding reaction
ix strongly dependent on the temperature.

D. Cusrx TRANSFER PROCESS DEPENDING ON THE AMOUNT
ofF Titaxitm CoMPOUND

As described in the previous paragraph, we investigated the influence of
increasing amounts of titanium compounds on the molecular weight, and
other characteristics of the polymer.

1. Intrinsic Viscosities

In Fig. 24 the values of 1/[n]'* for the non-atactic polypropyiene ob-
tained at 70° and 950 mm. Hg of partial pressure of propylene are plotted
rs. the square root of the amount of titanium trichloride introduced in the
unit volume of tbe catalytic system for different values of the trialkyl-
aluminum concentration in solution (39, 40).

9. Radiochemical Determination of End Groups

The radioactivity (and consequently the amount of —C:Hj groups) ob-
served in the considered polypropylene fraction obtained in polymerization
tests carried out with constant concentrations of labeled triethylaluminum
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Fig. 24. Dependency of the reciprocal of the polymerization degree (pro
to 1/[n]t-38) of the non-atactic polypropylene fraction on the square root of the
of «-TiCl; in the catalytic system (t = 70°, pcils = 950 mm. Hg, ground «-TiCls:
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Fic. 25. Specific radioactivity (and corresponding values of —C,H; mol. per mol.
of polymerized C,Hg) of the non-atactic polypropylene fraction, as function of the
square root of the a-TiCl; amount in the catalytic system. (Tests periormed witk
11C-labeled Al(CsHj)s at b = 70°, pcsHs = 450 mm. Hg, ground «-TiCl;: sample A)

and with different amounts of titanium trichloride is approximately :

linear function of the square root of the amount of titanium trichlorid
introduced in unit volume of the catalytic system (Fig. 25) (42). Simila

é : results have been obtained by analyzing the amorphous fractions of poly
propylene (Fig. 26) (38). :
T 3. Dependence of the Considered Chain Transfer Process on the Pressure

The use of radioactive triethylaluminum enabled us to prove that t!
rate of the considered chain transfer process depends also on the propyle
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Fic. 26. Specific radioactivity (and corresponding values of —(C.H; mol. per mol.
of polymerized CiHs) of the atactic polypropylene fraction, as function of the square
root of the a-TiCl; amount in the catalytic system. (Tests performed with 1C-labeled
AI(C.H;)5 at t = 70°, peans = 450 mm. Hg, ground «-TiCl;: sample .1.)
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Fig. 27. Specific radioactivity (and corresponding values of —C.H; mol. per mol
of polymerized C,Hs) of the non-atactic polypropylene fraction, plotted vs. 1/pen
(t = 70°, ground «-TiCl,: sample 4: 1.5 X 1072 mol./}., 1*C-labeled AI(C:H;)a: 3 X
10~2 moi./L.}.

partial pressure. I'rom the diagrams plotted in Figs. 22, 25, 27, and 28 it
appears, in fact, that the number of ethyl groups contained in the polymer
(referred to the polymerized molecules of propylene) is given by the rela-
tionship: . .

Et = KChi/peyu, + "Chi (12)

'This equation may be applied only in the range of experimental condi-
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Fic. 28. Total number of —C.H; niwi. found 1n the non-atactic polypropylene frac-
tion, as function of pcime ({ = 70°C, ground -TiCl;: sample 4: 1.5 X 10-3 mol., HC-
labeled Al(CsH3);: 3 X 1073 mol., solvent: 100 cm.3 n-heptane, polymerization time:
114 hr.). k

tions considered. In particular, it is not applicabie to the linit conditions

C,u = 0, or ) C'ri =0

The above reiation may be transformed as follows: ~
Wai A :
g = KCACt + kChipe,n* (13)
I“PpcsﬂsC*

I we assume a priort, as will be proved in a further paragraph, that each
simple chain transfer process whose rute depends on the catalyst concen-
tration is followed by the insertion in the polymeric chains of —C,H; groups

(deriving from triethylaluminum), the rate of the chain transfer process,

depending on the amount of Ti, then would be
ry = I\'4C'¥r‘-.pcm§('*

It is also in agreement with the data obtained from the determination of
intrinsic viscosities of the polymers (46). In Fig 29 the reciprocals of the
intrinsic viscosities (raised to 1.33) of the polymers cbtained by operating
at different pressures and with the same Al/Ti ratio, are plotted vs. the
square root of the alkylaluminum concentration in the catalytic system.
For a given Al/Ti ratio, the lines which correspond to different pressures
are almost parallel between themselves; according to the fact that 1.[n}'*®
can be represented by the relationship

/[ = 1/ + @ Zr/kppesn ) {14)

where Zr, = sum of the rates of chain transfer processes, depending on the
catalyst concentration
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k,po,n,C* = over-all polymerization rate
[7]e = limit value of the polymer intrinsic viscosity obtained extra-
polating the data up to the catalyst concentration equal to
zZero.
It follows that the function ® is not strongly influenced by the pressure;
i.e., =r, shouid also be a function of the partial pressure of propylene. |

C ek

‘ 4. Interpretation of the Chain Transfer Process Depending on the Amount
1  of Titanium Compound Introduced inlo the Catalytic System

It follows from the above reported results that an agent whose concen-
_ tration depends upon the amount of titanium compound introduced into
i the reagent system takes part directly or indirectly in a chain transfer
] process.

: It must be remembered that several compounds or solubie complexes of
titanium which, alone, and also in the presence of AlR;, do not polymerize
the propylene, can effect the polymerization rate of the catalytic systems
containing a-TiCl; 2nd the molecular weight of the polymers obtained (10,

11).

; The analogy bitiveen this last process and the one whose raie depends on
1. the triethylaluminum concentration (like, for instance, its influence on the
0.3,
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. Fic. 29. Dependency of the reciprocal of the polymerization degree {proportional

to 1/[n]'-%) of the non-atactic polypropylene fraction on the square root of [Al{C.H s)3)-
Comparison between tests performed for few pressure values (¢ = 70°, ground a-TiCls:
sample 4).
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number of aluminum atoms and of —C.H; groups bound to the polymeric
chains) enables us to state that in both cases an exchange occurs between
alk+l groups deiving from alkylaluminum compounds and growing poly-
meric chains or between metallorganic compounds containing, respectively,
alkyl groups and polymeric chains.

It may be that these compounds act eatalytically on the chain transfer
processes which depend on the alkylalumimim concentration. We can also
consider that non-catalytic complexes containing alkylaluminum, exchange
their metallorganic component with the catalytic complexes bound to the

“qetive centers of the crystalline substrate.

[T1,Cla]ALY 2P + TiX.AlR; — [Ti.Cla]AlR: + TiX.AlY,P (15)
TiX,AlY.P + AlR; — TiX.AlR; + AlY.P - (16)

where [Ti.Cl.] means the active center (of the crystalline substrate) to
which a metallorganic compound of the aluminum is bound, and TiX.AlR;
means & generic complex of titanium which acts catalytically as an inter-
mediate compound 1n the exchange of organoaluminum groups among
complexes in solution and solid catalyst. V 7 /

The dependence of the rate of the considered chain transfer process on
the olefin pressure may be justified if we assume that such a process requires
an activation state of the solid catalyst. Such an activation state would
correspond to the activated_intermediate complex which is formed during
the polymerization process at the particular stage in which a monomerie
unit bounds itself to the catalytic complex. AS a result, the rate of the trans-
fer process would depend on the rate of the chain-growing process, since
the two processes (growing and chain transfer) would be considered as
parallel and deriving from the same activated complex.

The chain transfer process whose rate depends only upon the alkylalu-
minum concentration (or upon the zinc-diethyl concentration) 1s, on the
contrary, independent of the partial pressure of the olefin and may occur
even if the polymerization stops for lack of monomer.

E. CHalN TRANSFER Process DEPENDING ON THE
PROPYLENE PARTIAL PRESSURE

A study of the intrinsic viscosities of the polymers and of the chain-enc
groups enabled us to establish that there are processes affecting the molecu
lar weight which are independent of the catalyst concentration. They are
now discussed on the basis of experimental data obtained by different tests

1. Intrinsic Viscosilies
Taking into consideration the results so far observed (see also Fig. 30
it may be assumed that the reciprocal of the degree of polymerization
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F16. 30. Dependency of the reciprocal of the polymerization degree (proportional to
1/[n]t-3%) of the non-atactic polypropylene fraction on the Square root of [A(C.H3)s).
(Tests performed for few values of Al/Ti ratio, { = 70°, pce = 950 mm. Hg, ground

«-TiCl;: sample A).

propylene is given by the expression

1_ 1 kChC kiCripc,nC* a7)
In Tny kaC:;HsC* )

For the term 1/z,, it may be assumed:
1/27"0 = ngo/kppcsnsc* (18

where Zr,, = sum of the rates of chain transier and termination processe

independent of the catalyst concentration. Tests performed at differen

pressures (see Fig. 29) have proved that 1/[nlo, and consequently 1/Za,

in the considered range of pressure, is only slightly affected by the parti

pressure of olefin. This means that the term Zrq is a function of the pre

sure. We assumed that Zr¢, consists of two terms, one being of first ord:
* with regard to the pressure and the other one independent.:

.._1_ A-_-_- ___k‘C* kﬂpC:HsC* (1!
Tng kppcxﬂcC* kpﬁCzﬂsC* 7

The term kspc,n,C* represents the rate of a process of first order with 1
gard to the partial pressure of the monomer, and k,C* the rate of a proct
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independent of the olefin pressure. The first of these two processes can
be equivalent to a chain transfer with the monomer. ,

Under the polymerization couditions previously described, (temperature
below 80°) the term k; seems to be very small with respect to KaPogn, 5 10
fact, at low pressure (450 mm. Hg) the valce of 1/[n]s"*® may appear some-
what higher than the corresponding value obtained at 950 mm. Hg or-
higher pressures (3ee Fig.29). The values of 1/[nls"* obtained, respectively,
at 950 mm. Hg and 1,450 mm. Hg of propylene partial pressure are almost
coincident (40, 46). ,

The numerical value of 1 /xn, , in the considered field, is then mainly
determined by the term ko/k, , e.g., depending on the chain transfer with
the monomer.

2. Infrared Specira Analysis

The infrared spectra of the obtained polymers have shown that they
contain vinylidenic end groups (22). Quantitative data for the amorphous
fraction of polypropylene are reported in Table IV (38). ‘

3. Mechanism of the Chain Transfer Process with the M onom\ér and of the
o Spontaneous Termination Process

From the results reported in the preceding paragraphs, the mechanism
of the chain transfer process with the monomer may be as follows:

(Cat|CH:CH(CH:CH).R + CH—=CHCH: —
CH,  CH,
(Cat]CH:CH,CH; + CHs—C(CH:CH).R
CH, S,

(20)

It may be that another process (whose rate is independent of the mono-
mer and catalyst concentrations and can be detected at the considered

TABLE IV

End Groups in the Small Alactic Fraction (Eztractdble in Boiling Ether) Obtained by
Polym:rization of Propylene with the Catalytic System: «-TiCl;-Al(C.H;);-n-Heplane

B | |
i ! )
| —(CHz) C=CH: | —Cabs end Ratio

Polymerizatina conditions .
i ] ‘
i end groups/Calls | groups/Cd{. ‘ CaHs

«-TiCls ‘ k ) ! mol. in atactic mol. in atactic | "— = F—cH.
’ {A1{C:Hs) ] PC3H, o i * P — -=CH:
As’a,':(ﬁ‘_%. mof./l. : \‘ g t, °C. potymer “ polymer } (CHs3) C=CH
1.5 X 107 3 X 107 450 ‘ 70 2.5 X 1073 \103)( 10‘3\ 4.15 -
1.5 X 107213 X 10*” 950 70 23 % 107% (4.7 X 1073 2.05
1.8 X 1072 ‘ 3 X 10‘2’\ 1,450 70 26 X 1073 |5.5 X 10731 2.10

* | R measurements were carried out by Dr. M. Peraldo.
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temperature 70°" only at Jow partial pressure of propylene) affects the
molecular weight of the polymeric chains. This process could be a process
of spontaneous dissociation which leads to the formation of an active
hydride: '
(Cat|CH:CH(CH;CH).R — [CatlH + CH,=C(CH:CH),R

: l

v . 21
CH: CHs CH; CH;

The _complex [Cat]H could initiate a new polymeric chain as follows:
(Cat]H + CHy—~CHCH, — [Cat]CH.CH,CH: 22)

and therefore the spontaneous dissociation of the polymerie chain should
not be considered a prior: a real termination of the reaction chain.
At high temperature there exists an equilibrium between

Al (CHani)s Aly(CoHiny1) sH + CuHan

nevertheless, it is most likely that the addition reaction of the monomer
to the hydride, requires a greater energy of activation than the one cor-
responding to the addition of a monomeric unit to a growing chain, so
that we may admit that complexes containing hydride cannot be al-
kylated immediately by the olefin. Hence, we may consider the reaction
(22) as the first stage not only of a new polymeric chain but also of a new
chain of reactions. In this case, the spontaneous dissociation could be
considered as a real termination process of the chain reaction.

Indeed, reaction (20) can be considered as a real chain transfer with the
monomer. In fact, by making a comparison between the reactions (20) and
(6) and (7), it can be\observed that, after these reactions, the catalytic com-
plexes [Cﬁ.t]CHzCHzCHa and [Cat]CH.CH; are respectively formed and
both these complexes can add monomeric units in the polymerization
process. The reactions (6) and (7) are equivalent to a real chain transfer be-
cause the over-all polymerization rate appears to be independent of the
triethylaluminum concentration. Considering the chemical analogies of the
catalytic complexes, resulting from the reactions (20) and (7), it may also be
assumed that the transfer reaction whose rate is of first order with regard
to the monomer may be considered a real chain transfer (from a kinetic

point of view).

F. INFLUENCE OF THE TEMPERATURE ON THE SINGLE-CHAIN TRANSFEF
AND TERMINATION PROCESSES

As the temperature decreases from 70 to 30°, either for limited or higl
concentrations of catalyst, it may be observed that the molecular weigh
of the obtained polymer, somewhat increases (Fig. 31). The fact that th
value of the slope of the lines obtained by plotting 1 /1o vs. C}l, slightl
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Fic. 31. Effect of temperature upon the polymerization degree of the non-atactic
polypropylene fraction (ground «-TiCl;: sample A).

t, PcCsHq [C 3H5], Al/Tl ’
°C mm. Hg mol./l. mol.
1 31 1,450 1.18 3
2 31 700 0.57 3
3 51 1,110 0.63 3
4 70 1,450 0.62 3
5 3

70 950 0.41

varic : with the temperature shows that the activation energy of the chain
transfer processes, depending on the catalyst concentrations, are little
different from the activation energy of the chain propagation process.

In order to define the value of the activation energy of the chain transfer
process with the monomer, it would be necessary to know quite exactly the
values of 1/,[11](1).35 at different temperatures. From the data plotted in Fig.
31, it may be observed, therefore, that also the activation energy of this
process is just slightly greater than the activation energy of the chain

propagation process.

G. COMPARISON BETWEEN INTRINSIC ViscosITYy AND SpeciFic Rapio-
ACTIVITY OF THE POLYMER OBTAINED IN THE PRESENCE
oF HC-LABELED TRIALKYLALUMINUM

In this paragraph we intend to confirm the hypothesis that each proe-
ess of chain transfer, depending on the concentration of Al(C.Hjs)s and
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: on the amount of a-titanium trichloride present in the catalytic system, is
followed by the introduction into the polymeric chain, of group. —C:Hj; de-
riving from the ethylaluminum.

According to the results acquired through the study of the intrinsic vis-
cosities of the polymer, we have assumed that the reciprocal of the number
average degree of polymerization is represented by the relationship:

1. kiC* + kapeyn €™ + kaCiiC* + ”»‘40—*ripcmeC* (23)

Tn . kppC:lHaC*

The terms of the numerator indicate the rates of chain transfer and
termination processes depending, respectively, on the concentration of the
"growing chains, on the partial pressure of olefin, on the concentration of
alkylaluminum, and on the amount of tltamum compounds.

Let us consider now the equation

k3CAlC + /‘—74C'§1‘iPCgHGC*
kppCaHeC*

Et = (24)
which gives the amount of ethyl groups found in the polymer after poly-
merization. The terms on the numerator show the rate of the processes
which lead to the introduction of ethyl groups in the polymer.

The relation (24) can be substituted in Equation (23) if 13 and ks
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Fic. 32. Relation between the reciprocal of the intrinsic viscosity raised to 1.35
. (proportional to the reciprocal of polymerization degree) of the non-atactic polypro-

pylene fraction and the number of mol. of —C;H; groups found in the polymer.
(Tests performed with *C-labeled Al1(C;H;); at 70° and 950 mm. Hg pc,n, , ground a-
TiCl;: sample A.) ‘
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have, respectively, the same aumerical value as &; and £y . In this case, we

shall find ,
1/2, = 1/%a, + Et (25)

The reciprocal of the intrinsic viscosities of the polymer would be a
unique and linear function of the amount of ethyl groups (deriving from -
ethylaluminum found in the polymer.

This appears to be confirmed (except for some small irregularities, for
high concentrations of ethylaluminum) by the data plotted in Iig. 32,
where the values of 1/{n]*'* for polypropylene, obtained by operating with
ceveral titanium trichloride and trialkylaluminum concentrations are
plotted vs. the amount of ethyl groups found iu the polymer.

H. RELATIVE IMPORTANCE OF THE DIFFERENT
CHaIlN TRANSFER PROCESSES

In an attempt to calculate approximately the relative importance of the

* different chain transfer processes, we can put (41)

(n] = K'zu™ , . (26)
and taking into account Equations (26) and (23), we obtain
K . _ ky + kspesu, + k:iC%Al + k4C§I'ipCaﬂs (27)
—15 —_ = &l
(n] Ty kppcyus,

- »71.35
where K = K and

K - _}_ _ k1 + kapcius (98)
["7]%‘.da Lny kaCaﬁe

Iet us consider the ratio

1,/{77]1'35 - 1/{77](1)'35 — rs + T4 - ka(jil + k«tC%*iPc,HG
1,/[71](1)'30 r o+ T ki 4+ kePe;n,

The numerator includes the rates of the chain transfer processes which
depend on the catalyst concentration; the denominator includes the rates
of the processes which do not depend on the catalyst concentration.

Operating at low temperature ( <80°), ky can be neglected with respect to
kspe,us - Therefore, the relationship (29) is equal to the ratio between the
number of polymeric chains interrupted by the chain transfer processes,
depending on the catalyst concentration, and the number of polymeric
chains interrupted by the chain transfer with monomer.

The values of

(29)

1/[n}"* ~ 1 /Il ®
1/[nlo ™
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Fia. 33. Values of the ratio between the rate of the chain-transfer processes de-
pending on the catalyst concentration and the rate of the chain-transfer process with
the monomer (plus the rate of the spontaneous termination proces=) ({ = 70°%, peyns =

950 mm. Hg. ground «-TiCls: sample 4). The values were calculated assuming for
. . . . . - .12 :
the isotactic polymeric fraction r, = Ki[n]'-3 = K.(a) .

have been computed from the diagrams of Iig. 30, concerning polvmeriza-
tion experiments carried out at 70° and 930 mm. Hg partiul pressure of
propylene. The data so obtained are summarized in Fig. 33. We observe
that the caleulated values are strongly dependent on the vulue of 1 (9]
On the other hand, the latter value cannot be exaetly determined with the
reported data (see, for instance, Iig. 30). Therefore, the data plotted in
Fig. 33 are largely approximate.

" The importance of the chain transfer process depending on the concen-
tration of alkylaluminum, when compared with the cne depending on the
amount of a-titanium trichloride present in the catalytie system, may be
easily deduced from the diagrams plotted in figures 22 and 25. I'rom such
diagrams it follows for the eatalytic system considered:

I&'g/l\] = 127 (‘30)
[. RELATION BETWEEN INTRINSIC VISCOSITY AND NUMBER AVERAGE
PoLYMERIZATION DEGREE FOR POLYPROPYLENE

If the amount of polymeric chains containing an end group —C,H; and
the fraction of such chains compared with the total number of them are
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knowr, it should be possible to caleulate the number average degree x, of
polymerization and corapare this latter w ith the intrinsie viscosity.
1f the value of v, ix ealeulated in such a way it will hecessarily ditfer from
the viscosimetric molecular weight {zince the polypropylene 1= a polvdis-
persed polymer) as may be caleulated by already known relations (771,
Combining Ecuations (23), (24), and (26), we obtain '

] p—rt
U m‘

Drawing a straight line through the experimental points plotted in Fig. 32,
ve approximately obtain

+ KLt (31

-t 1.33 - .
= 959 ™ (32)

where [7], measured at 135° in tetralin, is expressed in 100 em’ g

This relation gives likely approximate values for the limired range of
polvmeh obtained under the conditions previously «\dmuwd namely,
t = 70° pe.ug = 950 mm. Hg; Criand Cx = 1 to 1. 107 mol. 1. n-hep-
tane.

The number average degree of polymerization of non-atactic poivpropyi-
ene, as evalueted from this relation, is much lower than the vViscosunetric
molecular weight resulting from the suggested relation=hip becanze the
abhovo-considered fraction of polypropylene contains izotactic and =terco-
block macromolecules which h:ave low molecular weight. O the other hand,
that fraction is strongly dizpersed (7) and, as it is usual in these cases, the
number average molecular weight is lower than the viscozimetric one.

Moreover, we confirmed the results previously - ascertained through
radiochemical measurements=. In fact, ‘the comparizon between =uch data
and those obtained by /R mea=urements on the atactic polymer fraction
(Table 1V) shows that the ratio between the number of pulymerie < chuns
with a —C.H; end group (('()lrc\puudmg to a chain transier process de-
pending on the eatalyst concentration» and the number of polymerie chains
with ¢ vinylidenic end group of polymeric chains tcorresponding to the
chain transfer process with the monomer i is closely in accordance with the
data reported in Fig. 33. ‘

J. ResaRES ON THE CATALYTIC NATURE OF THE
COORDINATED ANIONIC CATALYSIS

From the above summarized data, it follows that, during the polymeriza-
tion, in the presence of triethylaluminum, there is & consumption of Al
atoms and ethyl groups bound to the aluminum, because the triethyvlalu-
minum is involved in chain transier processes without being regenerated.
Therefore, the polymerization process is now thoroughly catalytic only w 1th

R ol o
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respect to titanium trichloride. It must be noticed, however, that not all
chain transfer processes lead to a consumption of alkylaluminum. If we
take into consideration the chain transter processes with the monomer, we
can consider the coordinated anionic catalysis as thoroughly catalytic mn -
the strictest sense. In practice, an excoss of alkylaluminum is necessary if
the polymerization is to be of long duration. Infact, the catalyst obtained
by treating a-titanium trichloride with trialkylaluminum and sitecessively

~ washed so as to eliminate the excess of chemisorbed alkylaluminum, makes

only a very small amount of polymer (unless a further amount of alkvl-
aluminum is added). It is most likely that the polymerization stops beciuse

of the presence of impurities (traces of 0. , moisture) which act as poisons
of the catalyst when alkylaluminum 1s absent.

IV. Steric Composition of Polymers

The amount of amorphous polymer, whicb is generally produced in small
percentage (9-16%) contemporaneously with the non-atactic polymer, is
independent of reaction time (sce Table IIj. It is on the contrary closely
conneeted with the nature of the catalytic system employved and changes,
for instance, when the triethylaluminumn is substituted by other metal
alkyls (beryllium alkyls, propylaluminum, isobutylaluminum, ete.) (3,28).
It also depends on the purity of the a-titanium trichloride. in particular
increasing in the presence of other crystalline modifieations oi titanium
trichloride [i.e. 8-TiCls (27} and of titanium compounds obtained by re-
duction of titanium tetrachloride at low temperature with aluminum alkyls.

In the Tables V-IX we reported the percentages of the fraction of n-hep-
tane insoluble polymer at room temperature and the respective intrinsic
viscosities. The data concern the polymers obtaincd from porymerization

tests carried out with triethylaluminum concentrations varying from

1.18 X 10-2 to 14.75 X 107 mol. l., with ratios Al'Ti between 1 and 10,
with propylene concentrations included between 0.19 and 0.63 mol. ‘1. at
temperatures of 31°, 51° and 70°C.

In a recent work (48), the influence of the variation of some factors, con-
cerning the polymerization, on the steric composition of the polymer has.
been studied subjecting the obtained raw polymer to subsequent extractions
with the following series of solvents eraploved at their boiling point: ether,
n-heptane and n-octane. «

We have examined polymers obtained in polymerization tests carried
out at 70°C, with the following catalytic systems:

(X-TiClsl‘;:\l(Cszh Cl &Ild a~TlC13.{1(C1H 5\)3 R

We have observed that with the decrease of the propvlene partial pres-
sure at which the polymerization is carried out, from 1600 mm. Hg to 250
mm. Hg, the percentage of each fraction of polymer extracted with the
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TABLE V

Polymerization of Propylene to Isotactic Polymer with «-TiCl;-Al(C,;) ;-n-Heptane
Catalytic System. Tests Performed at 70°, 950 mm. Hg pene , [CsHel = 0.41 mol./1.

1 | \ Polvmeri ‘l Intrinsic
a-TiCls, Al ) Olymerl- |non-atactic | viscosity of
[AI(C.Hj{)al, ; zation .| "
moL /1. (sample A), Ti time, polyf}xer, ! non-atactic
g./1. mol. hr | % | polymer?:
) ‘ i [n] 100 cmd./g.

1.47 X 1072 0.75 3 2 89 4.52
1.47 X 1072 1.50 1.5 2 89 @ 3.92
1.47 X 1072 1.50 1.5 2 '88.5 ‘\ 1.06
1.62 X 1072 0.83 3 2 88.5 4.00
1.77 X 107 0.91 3 9 88.5 | 4.30
2.36 X 107? 1.20 3 2 89 = 1.00
2,22 X 1072 0.3% 10 10 89 ; 1.16
2.65 X 1072 272 | 1.5 14 | 89 ‘ 3.60
580 X 10| 08 | 5 7 | s | 392
2.94 X 1072 300 | 1.5 2 L 89 | 3.43
2.94 X 1072 300 | 1.5 2 89 3.51
2.94 X 107? 1.50 3 14 88.5 | 3.84
2.94 X 107 1.50 3 2 88.5 | ~ 3.78
2.94 X 1072 1.50 3 6 88 | 3.84
291 X 1072 | 0.45 10 4 89 | 408
1.42 X 1073 4.52 1.5 2 89 | 3.07
4.42 X 1072 4.52. 1.5 2 8.5 | 3.12
4.42 ¥ 1072 1.36 5 2 90 i 3.84
5.88 X 107 3.02 3 2 90 \ 3.12
5.88 X 107* 3.02 3 2 90.5 3.18
5.88 X 1072 1.82 5 2 88.5 3.47
5.88 X 1072 1.82 5 ) 89 3.51
8.82 X 1072 9.05 1.5 1 9% | . 238
'8.82 X 107? 905 | 1.5 1 ' 895 | 2.42
8.82 X 107 1.52 \ 3 L1 | % | 2.76
8.82 X 107 152 | 3 | 1 9.5 | 2.86
10.30 X 1072 | 158 | 10 2 L 90 . 3.28
11.75 X 107 \ 6.05 | 3 | 2 905 | 2.44
11.75 X 100* | 6.0 3 ‘. 2 L 90 1 2.50
1175 x 10 | 605 | 3 L2 .90 | 2.60
11.75 X 107 3.62 \ 5 P2 {905 2.86
11.75 X 107 1.82 10 .2 \ 9.5 | 3.08
14.75 X 1072 | 2.2 \ 10 L2 o 2.8
14.75 X 10 2271 10 2 ' 905 3.03
' W w0t | 22 |0 2 | o | 38

|
a The data are related to the polymers insoluble in n-heptane at room temperature and include also the
stereoblock polymers soluble in boiling n-heptane (5-7% of the whole polymer). '




TABLE VI
Polymerization of Propylene to Isotactic Polymer with the a-TiCl;- Al(C:H;i;-n-Heptane
Catalytic System. Tests Performmed at t = 51°, 1,110 mm. Hg pcirs »
1C3Hs] = 0.63 mol./l. n-Heptane

; E Intrinsie
(AL(C.Hy) 4] a-TiCl; Al | Polymeri- l‘\on atactxci viscosity
mol /l' i(sample 4), Ti’ zation ' poI\ mer, + | of non-atactic
) g/l. mol. time, hr. ; ‘ polymer?:
| [n], 100 cm.¥/g.
1.47 X 102 1.13 2 8 83 ‘ 1.20
1.47 X 1072 0.75 3 9 &3 | 1.38
1.47 X 1072 0.75 3 9 86 I 4.35
1.47 X 1072 0.30 7.5 8 87 § 1.50
1.47 X 1072 0.30 7.5 24 87 ! 145
0 2.36 X 1077 0.60 6 9 85 | 1.00
2.04 X 1072 - 1.50 3 5 Y | 4.16
1.42 X 102 2.26 3 114 88.5 | 3.60
11.75 X 102 6.05 3 - 214 89 i 2.92

@ The data are related to the polymers insoluble in n-heptane at room temperature and include also the
stereoblock polymers soluble in boiling n-heptane (5-7% of the whole polymer).

TABLE VIl

Polymerization of Propylene to Isotactic Polymers with the a-TiCl;- AI(COHJ'} n- Heptane
Catalytic System. Tests Performed at t = 70°, 450 mm. Hg pcin, ,
[C3He] = 0.19 mol./l.

|
l ’ l i Intrinsic
(AL(C.H3)s] \ a-TiCl; Al Polymeri- . \on atactlc‘l viscosity
S ' > i(sample 4),] Ti zation | polymer,” | of non- -atactic
mol. /1. g./1. | mol. time, br. ! % ] polymere:
| | lal, 100 em./g.
l

1.18 X 107 0.62 \ 3 30 8 . 410
1.18 X 1072 062 | 3 | 30 89 | 3.70
1.77 X 102 | 1.82 i 1.5 | 11 90 : 3.52
2.06 X 102 | 3.8 | 1 o L9055 1 3.2
2.36 X 107 120 |3 10 90 3.56
2.36 X 1072 120 | 3 15 .90 3.47
2.94 X 1072 |  3.00 1.5 214 1 90 3.14
2.94 X 102 | 3.00 1.5 9ty 1 90 3.22
2.94 X 107 1.50 3 1 )1 3.28
2.94 X 1072 1.50 3 7 ) 3.14
3.24 X 1072 5.00 1 ¥ | % 2.86
$.42 X 1072 6.80 1 5 ) 2.63
1.42 X 1072 4.54 1.5 | 3 | 90.5 2.74
7.36 X 1072 11.30 1 ! o 9 7.18
7.36 X 107 11.30 1 1 .90 2.13

8 The data are related to the polymers insoluble in n-heptane at room temperature and include also the
s.ereoblock polymers soluble in boiling n- heptare (5-7% of the whole poly mer).

48
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TABLE VII1
Polymer:zation of Propylene to Isotactic Polymer with the o TiCl;-Al(C.H3),
n-Heptane Catalytic System. Tests Performed at t = 70°, 1450 mm. Hg
PcsHs ; [C3Hs] = 0.62 mol./1.

Intrinsic
: a-TiCl; Al ' Polymeri- | Non-atactic'  viscosity
lAléS);ij)z]’ (sample A4) Ti’ ' zation ' polymers, of non-atactic
A g/l mol. time, hr. | Ce . polymer-: [r]
{ 100 em .3/g.
i
1.47 X 1072 0.75 3 8 87 ; 4.16
1.77 X 1072 0.91 3 4 88 $.16
1.77 X 1072 0.91 3 7 87 ! 4.20
2.06 X 1072 2.10 1.5 2 87 f 3.87
2.36 X 1072 1.20 3 2 87 ; 4.04
2.36 X 1072 1.20° 3 2 87 ; 1.12
2.94 X 1072 3.00 1.5 1 86 ( 3.57
2.94 X 102 1.50 3 6 89 ; 3.83
2.94 X 1072 1.50 3 6 9 z 3.88
142 X 1072 1.52 1.5 115 %0 ! 3.12
5.30 X 102 5.45 1.5 2 88 3.03
8.84 X 1072 4.54 3 34 88 P 2,92

® The duta are related to the polymers insoluble in n-heptane at room temperature and include also the
stereoblock polyiners soluble in boiling n-heptaune (5-7% of the whole polymer).

TABLE IX
Polymerization of Propylene to Isotactic Polymer with the a-TiCl;-A1(C.H,) ;3
n-Heptane Catalytic System. Tests Performed at t = 31°,
700 mm. Hg. pc;us, [C3He] = 0.57 mol./1.

o : ; . Intrinsic
(AL(C.HYAl, 1 a-TiCl; . ﬂ’ f Polyr.neri- 'Non-ataetic viscosity-
moi./l: ;(sumple 4),. Ti . zation . polymer,< of non-atactie
f g./1. ; mol. ¢ time, hr. Ce - polymer*: [5]
f | ’ ; ; . 100 em /g
L% 10t | 075 3 10 805 | 5.85
294 X 1077 1.50 3 4 89 § 4.40
294 X 107 . 1.50 | 3 31 . 88.5 | 4.34
5.8 < 1077 | 3.00 | 3 ;‘ 2 ' 89.5 | 1.00

3 The datu are related to the polymers insoluble in n-heptane at room temperature and include also the
stereoblock polymers soluble in boiling n-heptane (5-7% of the whole polymer).

above-mentioned solvents increases. This phenomenon can be easily ob-
served working at the lowest pressures; it was not observed in previous
works in which generally we worked at partial pressures of propylene
superior to 1 atm.
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We have also cbserved an increase of the percentage of polymer extract-
able ia n-octane when varying the concentration of the triethylaluminum
from 1.5 X 102 to 12 X 1072 mol./L.

These results made us conclude that the inversions of steric configura-
tion of the monomeric units which happen during the growing of the atactic
or stereoblock polymeric chains is determined by several different processes.
The rate of one of these is independent of the pressure of the olefin, and
therefore, being the growing rate of the polymeric chain of first order with
regard to the olefin pressure, the frequency of the inversions along the chain
increases when the olefin pressure decreases. The inversion phenomena dur-
ing the growing of the polymeric chains are also connected with the chain
transfer phenomena, whose rates depend on the concentration of the com-
ponents of the catalytic system. :

V. Determination of the Number of Active Centers

The coordinated anionic catalysis is one of the few examples of hetero-
geneous catalysis In which it is possible to estimate the actual number of
active centers, present on the cataiyst surface, which directly take part n
the chemical catalytic process. ~ ‘

In the stereospecific polymerization of propylene, such active centers,
which are formed by treating -TiCl; with alkylaluminum, have been de-
termined by using “C-labeled alkylaluminum. The two systems studied
were

Al (CzH 5) 3/01 -TiCl;
Al (CzH 5) zcl/’d -TlCl3

In both cases the determination of active centers has been performed by

means of absorption tests of “(labeled alkylaluminum on samples of

ground a-titanium trichloride. In the first case, two «-TiCl: samples were
used, one of them (sample A) having low catalytic activity, the other one
(sample B) high activity. In the second case, only the sample A was used,
and the determination of active centers was also made by a kinetic
method, still using labeled alkylaluminum.

A. ADSORPTION OF 14C-LABELED ALKYLALUMINUMS ON
a-TiraxiuMm TRICHLORIDE

The following determinations have been performed: -

Direct determination of 4(_labeled ethyl groups bound on the surface of
titanium trichloride samples, treated either with triethylaluminum or di-
ethylaluminum monochloride solutions, at differert temperatures.

Determination of active centers by the number of 4C.labeled —-C.H

T o e =2 -
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groups found in a polymer;, obtained using, as catalyst, o-titanium tri-
chloride pretreated with labeled alkylaluminums.

Before carrying out such determinations in an attempt to estimate the
number of active ecenters correctly, it has been necessary to define the
magnitude of the eventuul radioactive contaminations of the polymers,
- caused by phenomena extraneous to the polymerization process.

1. Measurements of Casual Radioactive Contaminalions

It has been pointed out that the product obtained by treating certain
samples of ground a-titanium trichloride (particularly those which contain
traces of TiCl, or other Ti(IV) compounds) with radioactive alkylalu-
minum, shows a certain degree of radioactivity also after submitting
it to the action of an acid or an alcohol in an attempt to decompose the
metal-carbon bonds. Such radioactivity is due to a contaminant, the nature
of which depends on the degree of purity and the amount of crude a-ti-
tanium trichloride employed. It generally decreases, eventually attaining
very low values if the crude a-titanium trichloride is repeatedly washed
with anhydrous benzene before its use.

We have observed that the radioactive contamination is practically inde-
pendent of the temperature (49). We believe that this racioactive con-
tamination is due to the presence of traces of radioactive polyethylene re-
sulting from ethylece polymerization. Ethylene can result, in fact, from
the disproportionation of C:Hs radicals released by decomposition of ethyl
titanium compounds, which derive from the reaction between ethylalu-
minum and traces of titanium tetrachloride or other tetravalent titanium
compounds that are sometimes present as impurities in the a-titanium
trichloride.

This assumption is confirmed by the fact that adding titanium tetra-
chloride to a-titanium trichloride catalysts a greater contamination in the
reaction products with labeled ethylaluminum is obtained (42).

When other samples of a-titanium trichloride are used, for instance,
unground o-titanium trichloride (sample B, see Fig. 7), having a high
catalytic activity, we do not observe radioactive contamination. Other
types of contamination due, for instance, to the incomplete removal of
alkylaluminum from the polymer or to secondary reactions of its alkylation,
are not present in the reported tests.

2. Adsorption Tests with W0 Labeled Triethylaluminum and Diethylaluminum
Monochloride on a-Titarsum Trichloride

The following method was applied in an attempt to evaluate the amount
of ethyl groups fixed on the o-titanium trichloride surface by treating it
with ethylaluminum solutions: '
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Treatment of a given amount of titanium trichloride, at a given tempera-
ture, with a solution of radioactive ethylaluminum.

Filtering and washing of the solid phase at a given temperature, under
nitrogen, with carefully purified anhydrous benzene (or other hydrocarbon
solvent) until any radioactivity disappears from the washing solvent.

Subsequent addition to the solid phase of an amount of inactive alkyl-
aluminum in solution and decomposition of all alkyl-metal bonds with 10 %
H.S0, . ,

Purification of the gas released at high temperature, by washing at
—178° in order to separate the solvent and other hydrocarbons having an
high molecular weight, which are entrained by the gas.

Combustion of the gas released.

Absorption of the CO. on Ba(OH): .

Determ:nation of the *C/”C ratio in the BaCO;.

The radioactivity measurements of BaCO; allowed us to calculate, ac-
cording to the law of the isotope dilution, the amount of ethyl groups,
fixed on the a-titanium trichloride surface. ‘

The results obtained in such tests, in the interval —18—+100°, for the
considered system a-titanium trichloride-triethylaluminum and at 70° for
the considered system a-titanium trichloride-diethylaluminum monochlo-
ride, are tabulated in Table X (49).

In all tests, the initial treatment of a-titanium trichloride, with the ethyl-
aluminum solution, was carried out under conditions suitable for the prac-
tically complete saturation of the a-titanium trichloride surface at the
temperature considered by the metallorganic compound. ’

" The above conditions were found by varying, in preliminary test:. the

concentration of the alkylaluminum solution and the contact time.

From the results obtained, one may conclude that:

Metallorganic complexes containing ethyl groups are present on the
a-titanium trichloride surface.

Within the temperature range +20 to —18°C, after raising the equilib--
rium conditions, the amount of ethyl groups strongly fixed on the a-ti-
tanium trichloride surface, seems to be almost independent of the tem-
perature.

For the considered sample of «-TiCl;, above 20° approximately, the
amount of the fixed ethyl groups decreased with increasing temperature and
depends on the temperature at which, after treatment with alkylaluminum

- solution, the washings of the a-titanium trichloride are carried out.

At the lowest temperatures considered ( — 18°), it has been observed that
the adsorption process is relatively slow. .

The adsorption process is partially reversible. However, we can suppose
that almost a portion of the ethyl groups (probably bound to a metallor-




KINETICS OF POLYMERIZATION OF «-OLEFINS 53

TABLE X

Number of Conventional Active Centers in a Sample of Ground a-TiCl; ,
Determined by Adsorption Tests of *C-Labeled Alkylaluminum
Compounds, Followed by Polymerization of Propylene.
(-TiCl3-Ground: Sample A: 0.5 g.; Alkylaluminum

Compound: 0.5 cm.?; Solvent: 30 cm.3). '

—C:H; meol. adsorbed per mol. of
a-TiCls
. Temperature ;".\'umber of alkyl
: . Ad tio . ! -
Mlylalaninum | (emperacure, (PR solvent  |TRUDETAY | Toulatisl | ERUROS
: solvent, °C !BTOUPS IEMAINING | , iive centers
onee after | (preadsorbed
et | oo
polymer)
Al(C,H;) —18 13 n-heptane —18 17.0 X 1073 nd.
AK{C-H;); —18 3 ¢ —18 45.0 X 10"3!' 9.3 X 1073
AI(C.H;); 20 is benzene 20 48.2 X 107310.1 X 1073
Al(C.H3); 46 1g ¢ 46 17.7 X 1073,10.5 X 1073
Al(C.H;); 70 13 ‘e 20 110.5 X 1073:10.8 X 1073
Al(C-H3); 70 1g ¢ 70 6.2 X 103! 6.7 X 107?
ANC.H3); | 100 15 toluene 100 3.0 X 1073] 3.0 X 1078
Al(C:H;).Cl 70 14 }n-heptane 20 3.0 X 1073 3.1 X 1073
Al(C.H;) e 70 1 n-heptane 20 5.0 X 107%{<0.2 X 107

@ This test was performed with unground @-TiCls: sample B (See fig. 7).

ganic complex) is strengly fixed to the crystalline substrate (a-titanium
trichloride); actually repeated washings with anhydrous solvent are not
sufficient to give a complete desorption of the alkyl compounds.

The amount of ethyl groups bound to the a-titanium trichloride surface,
treated with diethylaluminum monochloride, is somewhat smaller than the
one observed by the treatment with triethy laluminum (49).

It has been observed by many authors that the catalytic activity of
several crystals is related to some particular faces of the crystal (50).

In the case of a-titanium trichloride, microscopic examination reveals
that the widest faces are those (001). Owing to the sandwich structure of
the a-titanium trichloride, such faces are constituted by Cl atoms only.

There is some evidence that the faces on which titanium atoms may
exist, e.g., lateral faces (thus, not the 001 faces supposed free from fault),
show a greater catalytic activity. From adsorption measurements of radio-
active triethylaluminum on an a-titanium trichloride sample having well
developed crystals (sarple B, see Fig. 7), one may observe that the total
amount of alkylaluminum which can be adsorbed (Table X, last line) is
remarkably greater than the one sufficient to form a monomolecular
layer on the lateral faces of the crystals (38). It is most likely that the alkyl-
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aluminum adsorbed on that a-titanium trichloride sample is mostly ad-
sorbed along the 001 faces of the crystals. In the following paragraph it will
be, however, demonstrated that, as for the sample here considered, the whole
amount of alkvlaluminum adsorbed does not correspond to the active cen-
ters (see Table X, last line).

3. Evaluation of the Active Centers

a-Titanium trichloride, on whose surface a given amount of ethyl groups
was previously bound, was employed in the propylene (or ethylene) poly-
merization, generally after a further addition of non-radioactive alkyl-
aluminum. The ethyl groups were bound on a-titanium trichloride surface
by treating titanium trichloride with a radioactive alkylaluminum com-
pound, followed or not by repeated washings with anhydrous n-heptane.

Further addition of alkylaluminum is not, in any case, indispensable for
the formation ef the catalyst, given the fact that an olefin polymerization
occurs also without it although for a short time.

In tests carried out with further addition of non-radioactive alkylalu-
minum, we obtained 0.5 to 2 g. of isotactic polypropylene per 0.5 g. of a-ti-
tanium trichloride, according to the polymerization time.

The polymer obtained in these tests was found to be always radioactive.
It is most likely that the radioactive carbon found in the polymer comes
from the ethyl groups initially contained in the catalytic complexes bound
to the active centers of the a-titanium trichloride surface. The results ob-
tained in such measurements are summarized in Table X (49).

It has Yeen assumed that all radioactive carbon found in the polymer is
contained in it as —C,Hs groups.

In the interval 70-100°, by using the sample A of a-titanium trichloride,
all ethyl groups, initially bound to the a-titanium trichloride surface, were
later found in the obtained polymer.

Within the range —18 to 50° the amount of ethyl groups found in the
polymer is smaller than the total amount, initially bound to the a-titanium
trichloride surface. In other tests, carried out with other samples of a-ti-
tanium trichloride, the same behavior was also observed when operating at
70° (see Table X, last line).

If the temperature of washing of the a-TiCl;, after being treated with
radioactive ethylaluin‘num, is kept below about 50°, the number of ethyl
groups found in the polymer remains practically independent of the tem-
perature at which the adsorption of the triethylaluminum was made and
of the amount and kind of polymer (polypropylene or polyethylene) ob-
tained in each experiment. )

If the washing-temperature is higher (e.g., 70°), the number of ethyl
groups found in the polymer is lower.
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TABLE XI
Propylene Polymerization with the «-TiCl;-Al(C:H;) ;-n-Heptane Catalytic System.
Comparison between Two Samples of «-TiCl,

Sample A4 : Ti/Cl = 2.96 (Initial Sizes of the Crystals <2 u. Sample B: Ti/Cl =
3.00 (Initial Sizes of the Crystals: within 1 to 200 u—See 2. 7).

«-TiCl; sample. A B B/A ratio

Catalytic activity at 70°C 8 13 1.63
expressed as: g. C;H, pol-
ymerized in steady-state
conditions/hr. g. TiCls.
atm. pc,u,
Conventional active centers 1 X 10 1.7 X 102 1.7
(number of —C:H; groups -
initially fixed on the ac-
tive centers) mol./mol. of
ground «-TiCl.

The number of ethyl groups, and, therefore, the number of the cor-
responding active centers found in the catalytic system diethylaluminum
monochloride-a-titanium trichloride, is smaller than the one found in the
system triethylaluminum—a-titanium trichloride. It is interesting to notice
that for the two samples of a-TiCl; (A and B), the activity ratio in the
propylene polymerization is almost equal to the ratio (determined from
ethyl groups) between the number of active centers (Table XI) (38).

4. Discussion of the Resulls

The results summarized in the previous sections show that, for the con-
sidered sample of a-TiCl; , there are two types of adsorption of the triethyl-
aluminum on a-titanium tnchloride, one of them is connected with active
centers which are directly active in the stereospecific polymerization of
propylene. '

Moreover, it has been possible t¢ confirm that the formation of isotactic
macromolecules occurs through a process of polymerization of the mono-
meric units on a metal-carbon bond. The actual structure of the complex
containing ethyl groups bound to the a-titanium trichloride surface is not
completely known. For this reason, it is not possible to say whether the
number of ethyl groups found in the polymer may be corsidered equal to the
number of active centers, which are expected to exist on the a-titanium
trichloride surface, where the growing process of macromolecules occurs.
The number of ethyl groups found in the polymer may be a multiple of the
molecules of the chemisorbed complex, and therefore a multiple of the actual
active centers, considered as sites of the a-titanium trichloride surface, on
which that complex is chemisorbed. This factor will be the larger the larger
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the number of ethyl groups present in the complex adsorbed on a-titanium
trichloride.

For the above reasons, we have named the active centers so determined
“conventional active centers.”

It was observed that, during the treatment with radioactive alkylalu-
minum of some samples of a-titanium trichloride containing small amounts
of Ti(IV) compounds, traces of ethylene may be released which may
polymerize to give traces of polymer that could be considered as the cause
of radioactive contamiration. The polymerization of ethylene would occur
on active centers that, at least partly, may be also active for propylene
polymerization. For that reason, one can suppose that, after having pre-
pared the catalyst, more or less long polyethylenic chains, instead of the
—C,Hj; groups only, are fixed on some active centers. |

However, we think that, such an occurrence does not substantially alter
the value detérmined for the —C:Hj groups, which correspond to the active
centers. In fact, the radioactive contamination, expressed in terms of num-
bers of carbon atoms, is cixly a small fraction of the carbon atoms cor-
responding to the active centers. In some tests, moreover, it has been
possible to observe that the product which may be considered the cause of
the radicactive contamination is not soluble in builing €ther and is, only
partly soluble in heptane; it contains, therefore, long chains of ethylene
groups. This assumption was confirmed by some adsorption tests of tri-
ethylaluminum carried out at 70° on a-titanium trichloride (sample 1)
(Table X). In these tests the number of ethyl groups fixed on a-titanium
trichloride, measured from gas evolution, by decomposing the catalyst, was
found to be practically equal to the corresponding number of ethyl groups
found in the polymer after polymerization, corrected for the radioactive
contamination. One must concider also that the determination of the radio-
activity of the evolved gas was carried out after cooling the gas at —78°,

50 as to separate the hydrocarbons higher than ethylene (49).

B. DETERMINATION OF THE NUMBER OF ACTIVE CENTERS
BY A KiNETIC METHOD

In the above paragraph the number of conventional active centers,
initially present on the surface of the catalyst, have been evaluated.

Tt has already been noticed that the number of active centers, which the
monomer can directly reach, on the surface of the catalyst, may vary after
the start of the polymerization, until it assumes to a constant value.

The previously described method for the determination of the nuraber of
active centers gives, therefore, a value that may not correspond to the num-
ber of active centers found in steady-state conditions.
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In the present section, there will be summarized the measurement
ployed for the determination of the whole number of centers which p:
pate in the polymerization until it reaches the steady-state condition

1. Iniroduction

The method employed to calculate the total number of active ¢
relies upon the determination of the variation occurring in the ratio be
ethyl groups (deriving from the alkylaluminum) which are present
polymer and the whole amount of polymerized propylene, on increasi|
time of polymerization.

‘Such a ratio can be directly determined on the polymet free of ca’
provided that the polymerization of propylene is carried out in the pr
of *C-labeled alkylaluminum.

The processes leading to the entry of ethyl groups into the polym:

Formation of the catalyst, followed by the start of the polymerizat
carbon-metal bonds, present in the catalyst,

Chain transfer between the ethyl groups contained in the metallc
compounds (ethylaluminum in particular) and the growing pol
chains. Since the catalyst is formed by the reaction of alkylaluminui
-titanium trichloride, each active center is of the type [Cat]C.Hs , a
first polymeric chain originated by each active center has a te
—C,H; group. During the polymerization, many different chain t
processes are involved, some of them not involving a transfer o
groups. Therefore, only a portion of the chains ends with a —C.Hs

We shall indicate by (rs + r4) the sum of the entry rates of ethyl
into the polymeric chains, during the polymerization, and by C* the ¢
of conventional active centers (in mols), involved in the polymei
within the interval of time O, L.

Since at the end of the reaction the catalyst is decomposed and t
polymeric chains, which were growing at the moment when the p
ization was interrupted, were separated from the catalyst, the whole
of ethyl groups that may be found in the polymer is as a result (we:
that at the beginning of the reaction, one —C,H; groups corresp
each active center):

¢
C* + f (T3 + T4) dt
v 0
and, with respect to the amount of polymer obtained at the time

t
c* + f (rs + 7o) dt
0

E, =
4 Q‘
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where E, = —C,H; mol./mol. of polymerized propylene at the time ¢
Q. = mols of propylene polymerized at the time ¢
By assuming 7; + r(independent of the time and

, ¢
Q: = jo rdt = 7,4,

then (34) becomes

_ C* + (r3 + rot
Tl

Such a relationship should allow the determination of C*, provided that
a regular variation of ethyl is detectable experimentally, on varying the
polymerization time. This will occur only when (73 + r4) is small enough
to make possible the evaluation of C*. (r; + r4) can be deduced from experi-
mental data. In fact, for large enough polymerization times, we get

E, (35)

E,=E = 13 :F T — constant ~ (36)
P

where E,, = the asymptotic value to which E, tends with the increasing
of polymerization time.
Thus, it follows

C* = (Ei — E..)Q: (37)

It is necessary to notice that Equation (37) can give reliable results only
if (rs + r.)/rp remains practically invariable during the whole polymeriza-
tion, so that its value can be calculated after large polymerization times.

Furthermore, this method enabled us to evaluate separately the number
of the conventional active centers from which, respectively, each of two
particular fractions of polymer, having different steric composition, is orig-
inated: an amorphous one, ether soluble, and another one (ether extraction
residue) containing stereoblock and isotactic chains.

2. Total Number of Active Centers

In Fig. 34 has been plotted the specific radioactivity (corrected for the
radioactive contamination) and the corresponding number of —CiHs
groups found in the polymer against the polymerized propylene mols.

The evaluated number of active centers C* does not depend in practice
on the polymerization time. In fact, the curve of Fig. 34, drawn by assum-
ing C* = 0.6 X 107 mol. of —C,Hj per mol. of a-titanium trichloride and




KINETICS OF POLYMERIZATION OF a-OLEFINS 59

Et cc::ounn/min.
T 300
N
i
S :
s |
E ol
F10 106 ¢
o P s o
2 : : ; 1 )
E : E E E ~ polymerization time !
2h 1hh 3h sh  7lhh 1hh

T2 5 4 5 & 7 8 § o n o7

0
mols C;Hg polymerized

Fic. 34. Specific radioactivity of the polymer (and corresponding values of —C:Hj
‘mol. per mol. of polymerized C;H,) plotted vs. the amount of polymer obtained at
different polymerization times (¢t = 70°, pcas = 450 mm. Hg, 14C-labeled Al(C.H;).Cl.
4.88 % 10~2 mol./1., ground «-TiCl;: sample A:1.95 X 1072 mol./1.).

E., = 0.5 X 107 C;H; mol. per mol. of polymerized —C,Hj; , agrees with
the values deduced from the experimental tests quite well (32).

Therefore, with the catalyst under consideration, ground e-titanium tri-
chloride~AICl(C:H;): , the totality of active centers is involved in the
catalytic process, once the polymerization starts. We may deduce from the
time constancy of the polymerization rate from the very beginning of the
reaction that, in this case, the number of active centers is invariable and
that the calculated value corresponds to the number of conventional active
centers involved in the polymerization, in steady-state conditions.

3. Active Centers Generaling Non-Atactic Polymers

The same methods employed with raw polymers were used for fractions
of isotactic polypropylene (ether extraction residue), containing also some
stereoblock polymers (32).

The results obtained are plotted in Fig. 35.

In this case, the value 0.4 X 10~ mol. of CsHg mol. of a-titanium tri-
chloride was found for C*. Such active centers, although they represent
only 24 of the whole amount of centers present in the polymerization, gen-
erate nearly 93 % of the whole amount of polymer. Such a result may be
interpreted by the assumption that the growth rate of the amorphous
polymeric chains (having a molecular weight which is lower than that of
the isotactic chains) is about 1§ of the growth rate of isotactic chains.

These data must be considered as being largely approximate.
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Fic. 35. Specific radioactivity of the non-atactic polymeric fraction (and corres-

ponding values of —CsH; mol. per mol. of polymerized C;Hs) plotted vs. the amount

of polymers obtained at different polymerization times. (Tests performed in the con-
ditions reported in Fig. 34.)

4. Discussion of the Results

By comparing the above reported data with the ones of Table X, it
becomes evident that the amount of —C,Hs groups corresponding to the
active centers, which were determined by the kinetic method for the system
o-titanium trichloride-diethyl monochloride aluminum, are of the same
order of magnitude as those determined by adsorption, although the former
results are somewhat higher (0.6 instead of 0.3% C.H; mol./TiCl; mol.).

Such a discrepancy of values may be ascribed to many reasons:

1. The dats obtained through adsorption measurements may be defec-
tive because, by this method, only the ethyl groups, which are present on
the surface of a-titanium trichloride since the start of the polymerization,
have been determined. , |

2. The reported data were corrected for radioactive contamination; such
contamination was measured before polymerization, in conditions that
could not be strictly related to the ones occurring during the polymerization.

Vi. Mean Lifetime of the Growing Polymeric Chains

A. DETERMINATION OF THE MEAN LIFETIME FROM.
THE NUMBER OF AcTIVE CENTERS

The data summarized in the previous paragraphs (namely, over-ail poly-
merization rate, average polymerization degree fcr isotactic polymer, and
number of active centers) enabled us to evaluate the mean lifetime of the
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F1G. 36. Approximate values of the mean lifetime of the chains of polypropylene
growing on the active centers of a catalytic system: a-TiCl;-Al(C.H;);-n-heptane at
70° and 950 mm. Hg pc,n, . (The calculations were performed assuming the number
of conventional active centers: C = 1 mol. per 100 mol. of ground «-TiCl;: sample
A and z, = 95[n]'-%%.)

growing macromolecules of polypropylene, in the a-titanium trichloride-
triethylaluminum catalytic system.

The assumption was made that the growth life 1s related td the time dur-
ing which the polymeric chain remains bound to the active center.

The determination of the mean lifetime of the growing macromolecules
was made under the following conditions: ¢ = 70°, po,a, = 950 mm. Hg.
We have considered that polymeric fraction for which the relationship be-
tween intrinsic viscosity and average numerical polymerization degree is
known (see Sec. III, I). |

The number of isotactic chains growing at the same time, was assumed
as being equal to the number of conventional active centers: 1 X 107" mol./
mol. of a-TiCl; . The results obtained are plotted in Fig. 36.

The value so calculated is approximate and conventional and could not
be otherwise because of the data assumed for its determination. On the
other hand, the life of a single macromolecule may differ remarkably from
the average value, since the catalytic system under consideration gives rise
to largely polydispersed polymers. Furthermore, the growth rate of a single
macromolecule may be far away from the average value; actually, we
believe that the more crystalline fractions which generally correspond to
higher molecular weight, have a higher growth rate.

B. VARIATION OF THE MOLECULAR WEIGHT DURING
THE POLYMERIZATION

In a polymerization process the number average degree of polymerization
(z.) at a given instant, is given by the relationship
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_ monomer polymerized at time ¢
macromolecules present in the system at time ¢

z = | Crydt / (c,* + “zr, dt) (39)

where r, = polymerization rate
Zr, = sum of the rates of chains transfer and termination processes
C* = number of growing chains at time ¢

(38)

Tn

Hence,

If r,, Zr., and C* are independent of the time,

1/z, = C*/rgt + Zr./ry (40)
By substituting the intrinsic viscosity and considering that [q] = Kz°,
1/((/K)'® = C*/rst + Zri/r (41)

A variation of [n] against polymerization time is observed when the ratio

C*/Zr, is not too small. In Figs. 37 and 38 are plotted the values of the

intrinsic viscosity and its reciprocal raised to 1.35 for the isotactic polymer
fraction, obtained with two catalytic systems: a-TiCl)/ Al(GC.Hjy)s .
These data enable us to determine the mean lifetime (L) of the growing
macromolecules (38), with the result that . ’
| | L = C*z./rs (42)
It follows from the relationship (41) assuming 8 = 1/a,
a(1/la)® _ c*
d(1/t) r K

(43)
and consequently

_ d(1/la)*
L="gam ¥

From Figs. 37 or 38 we obtain for the asymptotic value of [9], respectively,
L, = 16 min. and L, = 10 min. for the two considered catalytic systems.
We have assumed 8 = 1.35. ,

These values are smaller than the ones which may be found from the
data tabulated in the above section, but as previously noticed, this dis-
crepancy might be justified by the fact that the value assumed for the
conventional active centers, which give rise to isotactic chains, is undoubt-
edly higher than the real ones. We have also observed that the polymerisa-
tion rate obtained in the considered conditions is higher than the one cal-
culated with the relationship (2). It really occurs at the beginning of the

(44)
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F1c. 37. Intrinsic viscosity raised to 1.35 (proportional to polymerization degree)
of the non-atactic polypropylene fraction, plotted vs. the polymerization time. (The
tests were performed with 4 g./1. of two samples (4 and D) of ground «-TiCl; , 2.35 X
1072 mol. AI(C2H5)3/1, { = 15°, PcHy = 200 mm. Hg) :
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Fic. 38. Reciprocal of the intrinsic viscosity (raised to1.35) plotted vs. the recipro-
cal of the polymerization time. (The experimental points are those reported in Fig.
37.) : ,

polymerization process by employing ground «-TiCl; (see, for instance,
Fig. 11).

On the other hand, the slope of the lines plotted in Fig. 38, from the value
of which the mean life of the chains is calculated, may be greatly effected
even by small errors in the determination of the intrinsic viscosity of
polymers obtained by shorter time tests. The resulting data are mostly
concerned by eventual errors. '

Finally, we believe that the growth rate of the longest and sterically pur-
est polymeric chains is higher than that for the shortest chains.
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C. Brocx CoOPOLYMERS (HETEROBLOCK PoLYMERs)*

From the data summarized in the above sections, it follows that

The mean lifetime of polypropylene chains growing on each active center
can reach several minutes.

The catalytic complexes can “be alive” for a long time in the absence of
monomer.
~ The active centers of the catalytic system a-TiCl;/Al(C,H;), may poly-
merize either propylene or ethylene. ‘

Such findings allow us to foresee the possibility of synthesizing block
copolymers formed alternately by sequences of monomeric units having
different natures. | :

To attempt this polymerization, experiments have been performed by
feeding a catalytic system, kept at 15°, alternately during a few minutes:
with propylene at low pressure (<1 atm.), with nitrogen in order to strip

-the propylene, with ethylene at low pressure (<1 atm.), with nitrogen,

and so on.-

The presence of block copolymers has been established by submitting
the polymer obtained to extractions with various solvents by examination
of each fraction by X-rays, by measurements of its melting point, and by
resilience measurements (52, 10). ~

VIil. Conclusions

The data here related on the kinetics of the propylene polymerization
and of the transfer processes and the studies of the catalysts carried out
with “C-labelled alkylaluminums, derive from a series of researches mostly
carrted out some time ago, when the knowledge of the mechanism of the
considered catalytic processes was still rather limited. Nevertheless, it

’

which, actually, are not catalytic. They substantially contributed to dem-
onstrate that the anionic coordinated polymerization is g step-wise addition
process in which each monomeric unit inserts itself into g metal carbon
bond of the catalytic complex.

We think that the reported studies, in spite of thejr preliminary charae-
ter, can contribute not only to open new fields of investigation in the
branch of macromolecular researches and to know the nature of a particular
kind of catalytic complexes, but also to deepen the knowledges in the field
of the heterogeneous catalysis. '

We wish to thank Miss Mirella Bersani for translating this wo.rk.

* The denomination ‘“‘heteroblock polymers’ Was suggested in order to differentj-

ate these polymers from the stereoblock ones which contain only one type of monomer
(61).
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