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Abstract—The results of studies of the synthesis and properties of supported titanium—magnesium catalysts
for propylene polymerization performed at the Boreskov Institute of Catalysis, Siberian Branch, Russian Acad-
emy of Sciences, are considered. The composition of the catalysts is TiCl,/D,/MgCl,—AlEt;/D,, where D; and
D, are stereoregulating donors. With the use of the procedure proposed for the synthesis of titanium—magne-
sium catalysts, the morphology of catalyst particles depends on the stage of the preparation of a Mg-containing
support. The titanium—magnesium catalysts developed afforded polypropylene (PP) in a high yield; this PP was
characterized by high isotacticity and excellent morphology. The controllable fragmentation of the catalyst by
the polymer is of crucial importance for the retention of the morphology of titanium—magnesium catalyst par-
ticles in PP. The fragmentation of catalyst particles to microparticles occurred in the formation of more than
100 g of PP per gram of the catalyst. The surface complexes were studied by DRIFT and MAS NMR spectros-
copy and chemical analysis. It was shown that the role of internal donors is to regulate the distribution of TiCl,
on different MgCl, faces and, thereby, to influence the properties of PP. It was found that chlorine-containing
complexes of aluminum compounds were formed on the catalyst surface by the interaction of the catalyst with
AlEt;; these complexes can block the major portion of titanium chloride. Data on the number of active sites and
the rate constants of polymer chain propagation (k,) at various sites indicate that donor D, increases the ste-
reospecificity of the catalyst because of an increase in the fraction of highly stereospecific active sites, at which
k, is much higher than that at low-stereospecificity active sites. Donor D, enhances the role of D;. Similar val-
ues of k, at sites with the same stereospecificity in titanium—magnesium catalysts and TiCl; suggest that the

role of the support mainly consists in an increase in the dispersity of titanium chloride.

DOI: 10.1134/S0023158408060037

INTRODUCTION

Polypropylene (PP) is a large-scale polymer, and its
production is rapidly developing (by 5—6% annually).
In 2010, the world consumption of PP will be greater
than 50 million tons. Montecatini (Italy) started the
commercial manufacture of PP 50 years ago. Titanium
trichloride of the TiCl;-AA type (violet modification),
which was prepared by the reduction of TiCl, with alu-
minum metal and then activated by dry grinding in a
ball mill, served as a catalyst [1]. The grinding resulted
in an uncontrollable morphology of PP particles.

In 1972, Solvay considerably improved catalysts
based on TiCl;. The brown modification of B-TiCls,
which was prepared by the reduction of TiCl, with
AIEt,Cl, was specially treated with diisoamy] ether fol-
lowed by thermal treatment in the presence of an excess
of TiCl, [2]. The three-step synthesis of this catalyst
was subsequently simplified to a two- or single-step
synthesis. The second generation of TiCl; catalysts
(Solvay type) exhibited a higher (by a factor of 3-5)
activity and higher stereospecificity (96-98 against 90—
92%) and allowed one to control the morphology of PP
particles. One of these second-generation catalysts,
which was developed at the Boreskov Institute of Catal-

ysis, has been successfully used in the manufacture of
PP at OOO Tomskneftekhim [3].

In the manufacture of PP, AIEt,Cl is used as a cocat-
alyst with TiCl;. The replacement of AlEt,CI by AlEt;
improved the activity of the catalyst but decreased its
stereospecificity and dramatically increased the frac-
tion of low-stereoregularity PP. The slurry polymeriza-
tion of propylene in heptane or hexane requires the
washing of PP with alcohols to remove TiCl; and
AlE,Cl residues and the separation of a soluble low-
stereoregularity PP fraction (usually referred to as atac-
tic PP) from a hydrocarbon solvent. Correspondingly,
the stages of solvent regeneration and PP powder dry-
ing for the removal of a hydrocarbon solvent should be
involved in the process. To simplify the PP production
technology, highly active catalysts that do not require
the removal of catalyst residues from the polymer were
necessary. Supported catalysts with a much lower con-
tent (by one order of magnitude) of an active compo-
nent (titanium chloride) could meet these requirements.
A long search resulted in finding MgCl, as the most
efficient support [1, 4]. On the one hand, this support
has a crystal lattice similar to the lattice of TiCl; (this is
important for the formation of active sites with the
required properties). On the other hand, it is not hydro-
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lyzed with the release of corrosive HCI in contact with
the atmosphere. Trialkylaluminum (AIEt; or Al(i-Bu);)
is used as a cocatalyst for these catalysts in place of
AIE,Cl; this allows one to exclude the subsequent
stage of chlorine removal from the polymer.

In this paper, we consider the results of recent stud-
ies performed at the Boreskov Institute of Catalysis
concerning the synthesis of titanium—magnesium cata-
lysts for propylene polymerization, the replication and
fragmentation of the catalyst with the polymer, the
characterization of surface complexes in titanium-—
magnesium catalysts, and the determination of the
number of active sites and the propagation rate con-
stants on sites with different stereospecificity.

Synthesis of Supported Titanium—Magnesium Catalysts

The first TiCl,/MgCl,—AlIR; supported catalysts
were developed in the late 1960s for ethylene polymer-
ization. Note that only the use of “activated” MgCl,
with a minimum crystallite size as a support (for exam-
ple, it was prepared by grinding [5—7]) provided high
activity of supported titanium-magnesium catalysts.
However, they exhibited low stereospecificity in the
process of propylene polymerization. The introduction
of stereoregulating additives into the solid catalyst
composition (internal donor D;) and an organoalumi-
num cocatalyst (external donor D,) made it possible to
develop the TiCl,/D,/MgCl,—AIR;/D, catalytic system
suitable for propylene polymerization in the 1970s [8].
In this system, aromatic acid esters such as ethyl ben-
zoate and ethyl anisate or ethyl toluate are used as
donors D, and D,, respectively. These catalysts, which
are referred to as third-generation catalysts, exhibit
high activity and do not require PP washing with alco-
hols. However, their stereospecificity (92%) is insuffi-
ciently high. More recently, donors that are more effi-
cient were found, namely, 1,2-diesters of aromatic
acids, in particular, phthalates as D, and alkoxysilanes
(phenyltriethoxy-, alkyltrimethoxy-, and dialky-
ldimethoxysilanes) as D, [9]. These fourth-generation
catalysts exhibit high stereospecificity (>96%), and
their activity in the course of polymerization is more
stable. The use of fourth-generation catalysts made it
possible to perform modern efficient PP production
processes in a liquid propylene medium and in a gas
phase without the stages of washing polymer powder to
remove catalyst residues and the atactic PP fraction and
removing the hydrocarbon solvent by drying.

The subsequent studies resulted in the appearance of
internal donors D, that provided high stereospecificity
of titanium—magnesium catalysts without the use of
external donor D,. These are 1,3-diethers (such as 2,2-
diisobutyl-1,3-dimethoxypropane) [10]. Catalysts with
these donors, which exhibit higher activity, are some-
times referred to as fifth-generation catalysts.

The procedures for the synthesis of titanium—mag-
nesium catalysts, which have been described in many
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patents, can be combined into the following three main
groups (D is a donor):

1. MgCl, + nD,
grinding Ticy,
2.MgClL, -mD %P1 2 TiCl/D,/MgCl,.

catalyst

3. Mg(OR), - kD
or
(OR)MgCl - ID

Many catalysts exhibit high activity and stereospec-
ificity; however, in addition to these parameters, the
morphology of catalyst particles is a very important
characteristic of polymerization catalysts. The mor-
phology of catalyst particles is responsible for the mor-
phology of the resulting PP. The first of the above
groups of procedures for the synthesis of titanium-—
magnesium catalysts does not allow one to control the
morphology of catalyst particles. In the second group,
titanium-magnesium catalysts are synthesized from the
solutions of MgCl, complexes (D = alcohols, phos-
phates, etc.). In this case, the morphology of particles
depends on the precipitation conditions of complexes
both as a result of the interaction of MgCl, complexes
with TiCl, (e.g., see [11]) and before the interaction
with TiCl, (e.g., see [12]). In the third group of proce-
dures, catalyst particles are formed simultaneously
with the in situ formation of MgCl,; as a rule, these cat-
alysts exhibit the highest activity. With the use of a solid
magnesium alkoxide, the morphology of catalyst parti-
cles depends on the morphology of parent support par-
ticles (e.g., see [13]), so that special procedures should
be developed for regulating the morphology of the
magnesium alkoxide. In a number of cases, the Mg-
containing support particles with a controlled morphol-
ogy are formed from magnesium alkoxide solutions
(with a titanium alkoxide, alcohols, etc.) before the inter-
action with TiCl, (e.g., see [14]). In the synthesis of cat-
alysts from magnesium alkoxy chlorides, which are pre-
pared, for example, by the interaction of alkyl Grignard
compounds with alcohols or alkoxysilanes [15], the Mg-
containing support particles are usually formed previ-
ously; subsequently, they interact with TiCl,.

The synthesis of a catalyst for propylene polymer-
ization with the use of a soluble organomagnesium
compound as a starting component was developed at
the Boreskov Institute of Catalysis [16]. This synthesis
is performed in the following three steps:

(1) preparation of an organomagnesium compound
Mg + PhCl — Ph, _,MgCl, (n =0.6-0.8);
(2) preparation of the support
Ph, ,MgCl, 2©®s (OEt), ,MgCl,;
(3) preparation of the catalyst

(OEt), _,MgCl, 24 TiC1,/donor/MgCl,.
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Support Catalyst

Fig. 1. SEM micrographs of support, catalyst, and PP particles different in the morphology of particles depending on support syn-
thesis conditions: (a) elongated particles without a pronounced substructure, (b) elongated particles with a pronounced substructure,

and (c) round particles.

The morphology of catalyst particles and, corre-
spondingly, PP particles is determined at the stage of
support synthesis. This is demonstrated in Fig. la,
which shows that an unusual (elongated) shape of sup-

port particles is reproduced in polymer particles. This
can be seen even more clearly in Fig. 1b, where the sub-
structure of support particles is reproduced in polymer
particles. The morphology of catalyst particles can be

KINETICS AND CATALYSIS  Vol. 49 No. 6 2008
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Effect of prepolymerization on the properties of a titanium—magnesium catalyst in propylene polymerization
. Average rate ;
Experiment |Amount of prepolymer, o S| Atactic PPH, % Bulk density SPAN**
no. 2pp/8cat of polymerization, gpp g¢,; h of PP powder, g/l
1 0 7600 6.0 210 1.45
2 1 6100 0.8 470 0.35
3k 200 6500 0.6 490 0.36

Note: The prepolymerization of propylene was performed at 30°C by varying the amount of propylene. The main process was performed in
heptane at 70°C and 7 bar for 1.5-2 h. [AIEt3] = 5 mmol/l; PrSi(OMe),/Al = 20; average size of catalyst particles, 20 um (SPAN < 0.5).
* The fraction of PP soluble in heptane in the course of polymerization.
** SPAN = (dyq — dy()/ds, where d, ds(, and dg are the particle sizes in the integrated distribution curve (Fig. 2) at the points
that correspond to PP fractions of 10, 50, and 90 wt %, respectively.
*#% In experiment 3, the catalyst was introduced into the reaction medium at 30°C and 1 bar (instead of 70°C and 7 bar in experi-
ments 1 and 2); then, the temperature and pressure were increased to 70°C and 7 bar, respectively.

controlled by varying the conditions of support synthe-
sis. Based on a study of the synthesis of a support and a
catalyst, an IK-8-21 catalyst was developed for propy-
lene polymerization. The yield of PP on this catalyst
was higher than 1000 kg/(g Ti), and the isotacticity was
higher than 97%. The product exhibited an excellent
morphology: these were dense spherical PP particles
(the bulk density was higher than 450 g/I) with a narrow
particle-size distribution without a dust fraction
(Fig. 1c). The average particle size of a catalyst for pro-
pylene polymerization can be regulated over the range
of 10-50 wm.

Catalyst Replication and Fragmentation by a Polymer

The control of the morphology of PP particles is
based on the well-known replication phenomenon, that
is, the formation of a polymer particle on a catalyst par-
ticle with the reproduction of its shape [17]. In this
case, not only the shape but also the morphology (sub-
structure) of catalyst particles are reproduced [18]. The
fragmentation of a catalyst particle by the polymer
formed on catalyst microparticles occurs in the course
of polymerization.

To retain the effect of replication, the initial poly-
merization conditions are of considerable importance.
If the catalyst is introduced into a reactor under severe
near-industrial conditions (70°C and 7 bar), catalyst
macroparticles can undergo partial or complete degra-
dation as a result of a dramatic growth of PP particles
with the formation of a loose polymer or a dust fraction,
respectively. This catalyst fragmentation with the loss
of the replication effect is an uncontrollable process. If
polymerization is preliminarily performed on a catalyst
under mild conditions (30°C and 1-2 bar) and then the
catalyst is introduced into a reactor, which operates
under industrial conditions, dense polymer particles are
formed. The morphology of these particles replicates
the morphology of catalyst particles. The fragmentation
of catalyst macroparticles with the retention of the rep-
lication effect can be considered as a controllable pro-
cess.
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These conclusions were supported by data given in
the table and Figs. 2 and 3. Depending on whether the
catalyst particles are immediately introduced into a
reaction medium at 70°C and 7 bar (experiment 1) or
the prepolymerization initially occurs on them under
mild conditions (experiments 2 and 3), PP particles
with dramatically different morphologies are formed. It
is believed that, because of the cocrystallization of
polymer chains and the action of adhesion forces, the
prepolymer (formed at a lower rate at the stage of pre-
polymerization) cements catalyst particles sufficiently
strongly for the particle morphology to remain unaf-
fected in the polymerization zone under severe condi-
tions.

Even small prepolymer amounts retain the mor-
phology of catalyst particles. Thus, even at a prepoly-
mer/catalyst weight ratio of 1 : 1 (table, Fig. 3, exper-
iment 2), PP particles retained the morphology of the
catalyst, just as in the case of higher ratios (experi-
ment 3).

Fraction of PP particles, wt %

100
80 - = Experiment 1
o Experiment 2
o .
60 Experiment 3
40 -
20+
O 1 1 I

Fig. 2. Particle-size distribution of PP (based on sieve anal-
ysis data). See the table for experimental details.
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Experiment 1

Experiment 2

Experiment 3

Fig. 3. Optical photographs of PP particles (see the table for experimental details).

It was of interest to find how rapidly the catalyst
with a particle size of 10-50 wm was fragmented by the
polymer to a microparticle size of several tens of
nanometers. For this estimation, we used data on the
rate of ethylene polymerization. The dense catalyst par-
ticles used in the manufacture of PP exhibited very low
activity in ethylene polymerization [19]. This was
explained by diffusion limitations on ethylene; these
limitations resulted in a very low ethylene concentra-
tion within the catalyst macroparticle because of the
high reactivity of active sites toward ethylene polymer-
ization. As a consequence, ethylene polymerization
occurred mainly on the outer surface of a macroparti-
cle. Therefore, the macroparticle was fragmented by
polyethylene (PE) much more slowly than by PP.

1 1 el
T, 8pE 8Cat N bar

4000
3000
2000
1000 & ’ :
32
T 1 ]I
0 30 60
Time, min

Fig. 4. Dependence of the rate of ethylene polymerization
on the time of reaction on catalysts after propylene prepoly-
merization at C3Hg/catalyst weight ratios of (1) 0, (2) 70,
(3) 140, (4) 280, and (5) 420. The prepolymerization of pro-
pylene was performed at 30°C for 10 min and then at 70°C
for 15 min; thereafter, C3Hg was removed. We assumed that
30% of the introduced propylene was prepolymerized.
Ethylene polymerization conditions: temperature, 70°C;
C,H, pressure, 2 bar; catalyst, TiCly/dibutyl phtha-
late/MgCl, (2 wt % Ti); [AlEt3] = 5 mmol/l.

The catalyst prefragmentation by PP has a strong
effect on the rate of ethylene polymerization (Fig. 4).
The rate of ethylene polymerization considerably
increased with the propylene/catalyst ratio at the stage
of prepolymerization. The maximum rate of ethylene
polymerization at the beginning of polymerization
increased by a factor of ~30, as compared with the
polymerization rate on the initial catalyst (without pro-
pylene prepolymerization). We believe that this effect
was due to the decrease in the diffusion limitations on
ethylene as a result of the controlled fragmentation of a
catalyst particle by PP. Our previous data [20] indicate
that the considerable increase in the overall rate of eth-
ylene polymerization (rpg) was due to the increase (by
a factor of 2) in the number of active sites (C,) and the
significant increase (by a factor of 10) in the rate of
polymerization on single active sites (rpg/C,, value). The
rpe/ C, ratio is determined by the rate constant of poly-
mer chain propagation (k,) and the concentration of
ethylene near the active site. Because k, is a constant, it
is reasonable to assume that the concentration of ethyl-
ene near the active site increases dramatically with an
increasing prePP/catalyst ratio.

Note that the rate of ethylene polymerization notice-
ably decreased in the course of the reaction (Fig. 4). It
was likely due to the deactivation of active sites and/or
a decrease in the concentration of ethylene within a
macroparticle as the PE/prePP ratio increased because
of differences in the solubility and the rate constants of
diffusion of ethylene in PE and PP.

Thus, the controllable fragmentation of the catalyst
by PP was much more effective than by PE. The maxi-
mum effect of catalyst fragmentation was reached upon
the formation of more than 100 gpp/gc,.. The controlla-
ble fragmentation dramatically increased the activity of
catalysts in the reaction of ethylene polymerization
because of a considerable decrease in diffusion limita-
tions on ethylene.

KINETICS AND CATALYSIS  Vol. 49 No. 6 2008
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Composition of the Surface Compounds
in Supported Titanium—Magnesium Catalysts

In the course of catalyst synthesis, TiCl, and elec-
tron-donating compounds (internal donors), which are
responsible for the high stereospecificity of catalysts,
interact with the surface reaction sites of activated
MgCl,. In this case, TiCl, and the donor interact with
MgCl, independently of one another to form stable sur-
face complexes, which cannot be removed by catalyst
washing with hydrocarbon solvents [21-23]. These sur-
face compounds are formed in the interaction with
coordinatively unsaturated magnesium ions in MgCl,
at the lateral faces (100) and (110) of magnesium chlo-
ride [24]. To understand the mechanism of stereoregu-
lation and to control the catalytic properties of these
systems, it is very important to find the manner in
which TiCl, and the donor are distributed over the sup-
port surface and the active sites are constructed.

To study surface compounds formed in titanium—
magnesium catalysts, we used model catalysts prepared
by the adsorption of stereoregulating electron-donating
compounds and TiCl, on a support of finely divided
MgCl, [25, 26]. We measured the adsorption capacities
of this support for TiCl, and a donor (ethyl benzoate,
dialkyl phthalate, or succinate), which were supported
either individually or in combination. We used diffuse
reflectance IR spectroscopy to study the distribution of
a donor over the surface of MgCl,. The donor forms
three main complexes A, B, and C on the surface of
MgCl,; the stretching frequencies of the carbonyl group
at 1650-1652, 1669-1675, and 1695-1699 cm™! corre-
spond to these complexes, respectively (Fig. 5a). It is
most likely that these complexes are formed by the
interaction of the donor with the surface ions of Mg in
various chlorine environments at the magnesium chlo-
ride faces (100) (complex C) and (110) (complexes A
and B). The major portion of ethyl benzoate occurred as
a constituent of complex B (vVe_g = 1675 cm™). If the
donors were phthalates (diethyl phthalate, dibutyl
phthalate, and diisobutyl phthalate) or succinate, carbo-
nyl groups were distributed between complexes of dif-
ferent types in approximately the same manner: 45—
50% of the donors were a constituent of complex C,
and complexes A and B contained 10-20% each.

We studied the donor distribution over the surface of
MgCl, using diffuse reflectance IR spectroscopy in
both the absence and the presence of TiCl,. This study
allowed us to estimate the distribution of TiCl, on the
support surface. TiCl, partially replaced donors in com-
plexes A—C and converted a portion of them into acid
chlorides (Fig. 5b). We measured the amounts of
adsorbed TiCl, on the support surface (based on the
replaced donor amount) and the donor/TiCl, ratio for
each particular site A, B, and C. In a catalyst with ethyl
benzoate, the major portion of TiCl, occurred at sites B
and C [25, 26]. As for ethyl benzoate, more than 70%
of this compound occurred in complexes B, whereas it
was practically absent from complexes C. For sites A
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Fig. 5. Diffuse reflectance IR spectra of diethyl phthalate
adsorbed on MgCl, in the region of the stretching vibrations

of carbonyl groups (a) in the absence and (b) in the presence
of TiCly.

and B, the ethyl benzoate/TiCl, molar ratio was (1.2—
1.8) : 1. This means that ethyl benzoate molecules were
adsorbed on the surface of MgCl, near the molecules of
TiCl,, and they could affect the properties of active
sites. In catalysts with phthalates, the concentrations of
TiCl, and the donor/TiCl, ratios on sites A, B, and C
were similar [25, 26]. With the use of succinate, which
has two carbonyl groups (as well as phthalate), as a
donor, a dramatically different distribution of TiCl, was
observed: as compared with phthalate catalysts, the
amount of TiCl, on sites C increased, whereas the
amounts on sites A and B somewhat decreased [26].
The succinate/TiCl, ratios on different sites were also
dramatically different from the phthalate/TiCl, ratios.
This ratio in complexes A and C was much lower,
whereas it reached a maximum in complexes B. Note
that such a low donor/TiCl, ratio in complexes C and a
maximum value in complex B were also observed in a
study of a catalyst containing ethyl benzoate.

It is well known that PPs prepared on titanium—mag-
nesium catalysts with various internal donors are char-
acterized by different molecular-weight distributions.
In particular, the molecular-weight distribution of PP
prepared on titanium—magnesium catalysts containing
ethyl benzoate or succinate was broader than that of PP
prepared on catalysts containing dialkyl phthalates.
Our experimental data suggest that the effect of an
internal donor on the distribution of TiCl, is responsible
for the formation of PP with a broadened molecular-
weight distribution on titanium—magnesium catalysts
containing ethyl benzoate and succinate.

The active sites of titanium—magnesium catalysts
were formed by the interaction of the catalyst with an
organoaluminum cocatalyst (usually, AlEt;). The cocat-



788

BUKATOV et al.

ky 1mol ™! 57! (a) ky» 1 mol ™ 57! (b)
3000 F TiCl/MgClL-AIEt o 3000f TiCl;-AlEt;
2000 |- 30%2 00 )
1580
1230 1120
1000 1000 F — =
250 270
L L V777727777 . .
0 20 40 60 80 100 0 20 40 60 80 100
Cp % Cp» %
11
kp, 1 mol™" s © ke, 1 mol ! 71 (d)
. - TiCl,/DIBDMP/MgCl,-AlEt;
2480
2000 F 2000 F
— 000
1000 - 1000 F
660 000 90%
280 170 300
7 | ; 727 . : :
0 20 40 60 80 100 0 20 40 60 80 100
Cpr % Cp» %
ky, 1 mol~! s7! (e)
3000 TIC/DBP/MgCL-AIEL/DCPDMS
2560
2000 ) ) =
e, PP5  PP7 IPP
1000 -
220 190
/R
0 20 40 60 80 100
Cpr %

Fig. 6. Proportions of PP fractions obtained on active sites possessing different stereospecificities and characterized by different k.
values for different catalytic systems: (a) catalyst without a stereoregulating donor, (b) conventional TiClj catalyst, (c, d) catalysts
with internal stereoregulating donors, and (e) catalyst with internal and external stereoregulating donor. DBP = dibutyl phthalate;
DIBDMP = 2,2-diisobutyl-1,3-dimethoxypropane; DCPDMS = dicyclopentyldimethoxysilane; PP5 and PP7 are the polypropylene
fractions successively soluble in boiling pentane and boiling heptane, respectively; IPP = fraction insoluble in boiling heptane.

alyst alkylated and reduced supported TiCl, and
removed a considerable portion of an internal donor
from the catalyst, whereas aluminum compounds were
strongly adsorbed on the surface [4, 27]. To maintain
the high stereospecificity of a catalyst, an external
donor (such as alkoxysilane) was used with the cocata-
lyst; this external donor occupied surface sites that

became free after the removal of the internal donor. As
we found previously using MAS 3C NMR spectros-
copy [28], aluminum mainly occurred as dialkylalumi-
num chloride on the catalyst surface; dialkylaluminum
chloride formed several complexes with various coor-
dination environments of aluminum atoms. The relative
fraction of these complexes depended on the conditions

KINETICS AND CATALYSIS  Vol. 49
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of the interaction of the catalyst and the cocatalyst. In
the presence of an external donor, the concentration of
aluminum compounds on the catalyst surface decreased
because of competition between AIEt,Cl and this exter-
nal donor for surface sites released after the removal of
the internal donor by the cocatalyst [29]. In this case,
the external donor had no effect on the ratio between
different complexes with the participation of aluminum
compounds. Only a fraction of chlorine-containing alu-
minum compounds was removed under the action of
trialkylaluminum. Therefore, the fraction of titanium
ions in the active state depended on the adsorption and
desorption of chlorine-containing aluminum com-
pounds, which blocked active sites. This fact can
explain the necessity of the use of an excess of trialkyl-
aluminum in polymerization and the low efficiency of
AlEt,Cl as a cocatalyst.

Effect of Donors on the Activity and Stereospecificity
of Supported Catalysts

We obtained data on the number of active sites and
the propagation rate constants at sites with different ste-
reospecificity using the *CO inhibition of propylene
polymerization on various titanium—magnesium cata-
lysts with and without internal and external donors [19,
20]. Figure 6 shows data on k, and the fraction of active
sites with different stereospecificity for various cata-
lysts. The active sites were subdivided into nonste-
reospecific sites, which formed an atactic PP fraction
(fraction PP5); low-stereospecificity sites, which
formed a stereoblock fraction (fraction PP7); and ste-
reospecific sites, which formed an isotactic PP fraction
(fraction IPP). The ratio between various PP fractions
depended on both the fraction of corresponding active
sites in the total number of active sites and the value of
k,, which characterizes sites with a particular ste-
reospecificity. In a supported catalyst containing no ste-
reoregulating donors, the fraction of stereospecific
active sites was very low (~16%, Fig. 6a). The introduc-
tion of an internal donor considerably decreased the
value of k, on nonstereospecific active sites and notice-
ably increased the fraction of stereospecific active sites
(to 34% with the use of dibutyl phthalate (Fig. 6¢) and
to 43% with the use of diisobutyldimethoxypropane
(Fig. 6d)). The introduction of an external donor
resulted in a further increase in the fraction of ste-
reospecific active sites (to 63%, Fig. 6e). In all cases,
the value of k, on stereospecific active sites remained

P .
almost constant and much higher than k, on nonste-

reospecific and low-stereospecificity acti\% sites. The
total number of active sites remained almost unchanged
upon the introduction of an external donor
(~23 mmol/(mol Ti), Figs. 6¢, 6e). An increase in the cat-
alyst activity upon the introduction of an external donor
was due to an increase in the fraction of stereospecific
active sites at which k, was much higher than that on
No. 6 2008
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nonstereospecific active sites. The experimental data
suggest that the introduction of an external donor
resulted in the formation of stereospecific active sites in
place of a portion of nonstereospecific active sites.

It was of interest to compare these results with data
on a traditional TiCl; catalyst (Fig. 6b). In terms of the
values of C, and k;,, which correspond to different PP
fractions, TiCl; was most similar to the
TiCl,/DBP/MgCl, catalyst (Fig. 6¢). In both cases, the
constants k, on stereospecific sites were much higher
(by a factor of 6-9) than those on nonstereospecific
active sites. At the same time, the corresponding values
of k, on these two catalysts differed by no more than a
factor of 2. This fact suggests a similarity between the
compositions and structures of corresponding active
sites, as well as that the MgCl, support affected the
number of active sites (increased the dispersity of tita-
nium chloride) with no changes in the reactivity of
these sites.
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