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Abstract—C,-symmetric catalysts of the type [(RPh),C(Cp)(2,7-t-Bu,Flu)]ZrCl, are investigated in the syn-
diospecific polymerization of propene under four sets of conditions: in toluene solution, bulk, toluene slurry,
and gas phase. Generally, highly syndiotactic polypropene (rrrr > 99%) with high molar masses (Mmn >
109 g/mol ™) and high melting temperatures (T,, up to 153°C) are produced. The highest activities are obtained
in the solution process (11000 kgpp/(molz, h mol,;,peqe/D), since physical and kinetic limitations such as diffu-
sion and sorption occur when the heterogeneous systems are applied. Comparisons between relevant polymer
properties show that the polymerization performance is only slightly influenced by the support. In gas phase
polymerizations, the observed activities are about 20 times lower than in solution. The molar masses of the pro-
duced polymers are mainly influenced by the monomer concentration and not by the support.

DOI: 10.1134/S0023158406020108

Polypropene (PP) is one of the most important plas-
tics nowadays. Its properties depend largely on its
microstructure, molecular weight, and molecular
weight distribution and can be tuned over a wide range.
The most common commercial form of PP is isotactic
PP, which features good stiffness, high melting temper-
ature and tensile strength, good chemical resistance,
and excellent moisture barrier properties [1]. Polypro-
pene and its copolymers are, for example, used in pack-
aging (films, containers, etc.), domestic appliances, and
automotive applications [2, 3]. Syndiotactic polypro-
pene is now also available by metallocene catalysts.

The first suitable sPP catalyst was synthesized by
Ewen and Razavi in 1988 [3]. The two coordination
sites are enantiotropic, resulting in alternating enantio-
facial orientations of the successive olefin insertions.
Several modifications of the original catalyst design
have been reported in the literature [4]. By modifying
the bridge (e.g., Ph,C), researchers have obtained
higher molar masses of the produced polymers [5],
whereas the syndiotacticity has been increased by
expansion of the fluorenyl ligand framework [6]. A sub-
stitution in the 2 and 7 positions with tertbutyl groups
has turned out to be very promising [7, 8]. The influ-
ence of a modified Ph,C bridge, which is substituted
with electron withdrawing alkyl or alkoxy groups, on
syndiotacticity, catalyst activity, and molar mass will be
investigated in the present study.

Due to a totally new quality profile with some inter-
esting features such as high transparency, high y-resis-
tance, high impact resistance, and a silky touch, sPP
opens up niche markets, e.g., in the area of medical and

! The text was submitted by the author in English.

221

cosmetic applications [9]. However, for an efficient
application of metallocene catalysts in modern poly-
merization processes (drop-in technology) they have to
be supported on carrier materials [10-12]. By applying
these particle-forming processes, it is possible to pre-
vent the polymer particles from sticking together and to
the walls of the reactor (reactor fouling), because the
catalyst serves as a template for polymer particle
growth [13, 14]. Among the variety of carriers, silica
appeared to be a reasonable support because it pos-
sesses high surface area and porosity, has good
mechanical properties, and is stable and inert.

The most common method of applying metal-
locenes to heterogeneous polymerizations is to support
the complexes on solids such as silica, alumina, magne-
sium dichloride, or other supports [15—18]. There are
different routes to immobilize catalysts, for example
(Fig. 1).

(A) Initial adsorption of MAO to the support fol-
lowed by adsorption of the metallocene.

(B) Direct adsorption of the metallocene/MAO
adduct on the support.

(C) Direct adsorption of the metallocene on the car-
rier surface leasing to physisorption or chemisorption
of the metallocene (direct heterogenization).

(D) Covalent bonding of the metallocene by its
ligand environment to the carrier followed by activation
with external MAO.

The supporting procedures can have different
effects of varying severity on the polymerization char-
acteristics of the metallocenes. Method C can afford
polymers with higher molecular masses than those pro-
duced with the corresponding homogeneous counter-
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Fig. 1. Different methods to support. metallocene/MAO catalysts on silica support.

parts [19], but can also (which is likely also true of
method B) change the metallocene structure and, there-
fore, its stereospecificity due to interaction with surface
electron donor groups, such as silanol groups [20, 21].
So the nature of the tacticity changes if the syndiotactic
working metallocene [Me,C(Cp)(Flu)]ZrCl, is hetero-
genized first on a support in the described way. The
mmmm pentads, measured by '*C NMR, increase from
0.4 to 96%, representing an isotactic polymer.

Difficulties can also arise with method D: a variant
of this procedure is the synthesis of the covalently
attached metallocene directly on the surface of the sup-
port [22]. However, the anchor groups on which the
synthesis takes place are not always chemically uni-
form (vicinal and geminal silanol groups).

Indirect heterogenization (method A) is the most
promising procedure, as the single-site character, the
stereospecificity, and many other polymerization char-
acteristics of metallocenes are only, if at all, slightly
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M=Zr (1)
M = Hf (1a)

M=7r(2)
M = Hf (2a)

M=7Zr(3)
M = Hf (3a)

M =Zr (4)
M = Hf (4a)

Fig. 2. Structures of synthesized Ci-symmetric zirconocenes and hafnocenes for the syndiospecific polymerization of propene.

altered by the support process [23]. It is thought that the
MADO on the silica is bound by reactions with the OH
group on the surface or by loosed ionic interactions.

By adding the metallocene, a complexation takes
place, forming ionic interactions as well, similar to
those found in the activation of metallocenes with
MAQO in a solvent. It could be shown that the metal-
locene on the silica surface cannot be leached by tri-
isobutylaluminium (TIBA) in high amounts. But if the
supported metallocene is treated with external MAO, a
detachment takes place and great quantities of the acti-
vated metallocene are observed in the solution [24]. In
most cases, the activity of supported metallocene cata-
lysts and the tacticities of the obtained polypropenes
are less, compared with homogeneous catalysts. There-
fore we synthesized new highly syndiotactic working
zirconocenes [25].

EXPERIMENTAL

Material: All procedures were carried out under
argon using Schlenk techniques. MAO and MAO/SiO,
were purchased from Crompton, propene from Messer-
Griesheim, and argon from Gerling, Holz Corp. The
gases, as well as toluene, were purified by passage
through columns filled with Cu catalyst (BASF R3-11)
and a molecular sieve of 10 A. Argon was dried by pas-
sage through columns filled with Al,0; and molecu-
lar sieve of 4 A. The synthesis of the zirconocenes 1-4
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and hafnocenes 1a—4a (Fig. 2) were performed accord-
ing to the general procedure reported in [7-9].

Polymerizations in slurry and solution: The experi-
ments were carried out in 0.5 1 Biichi Type I autoclave
equipped with an additional internal cooling system.
Monomer feed of the gaseous monomers was main-
tained with a Peteric 3002 pressure flow controller. The
reaction was monitored by a Biichi Data System
bds 488. The polymerization conditions with supported
zirconocene catalysts for the syndiospecific polymer-
ization of propene are summarized below:

Reaction volume—100 ml
Solvent—Toluene, hexane
Monomer—Propene

Monomer concentration—0.06—6.2 mol/l
Polymerization temperature—0-60°C
Catalyst concentration—2.85 x 10~ mol/l
Cocatalyst—TIBA

TIBA : Zr ratio—30 : 1000

AI(MAO) : Zr ratio—30 : 1000

For standard experiments, the reactor evacuated at
95°C for 1 h and charged subsequently with 100 ml tol-
uene, 100 mg TIBA. Propene was added afterwards.
Polymerization was started by addition of the metal-
locene catalyst. During the reaction, the total pressure
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Activities and syndiotacticities of polypropenes prepared by
the catalysts 1-4 and the polymerization in solution, slurry,
bulk and gas phase at 30°C

Catalyst | Solution Slurry Bulk Gas phase

1 2800 1800 990 1100
94 (93) (92) (78)

2 5200 3100 1100 940
93) (92) (94) (82)

3 7000 2100 - 830
92) (90) - (82)

4 6900 - 270 -
(84) - (76) -

Note: Activity: kgpp/(molz, h mol,pene/L propene); rrrr pentad
in % (values inparentheses).

was kept constant by supplying propene. Polymeriza-
tion was quenched by injection of 5 ml of ethanol or
5 ml of a saturated solution of 2,6-di-tert-butyl-4-meth-
ylphenol in ethanol and the polymer solution was
stirred overnight with dilute hydrochloric acid followed
by neutralization with NaHCO;, washing with water,
evaporation of toluene, and drying.

Polymerization in gas phase: Polymerizations were
carried out in a 21 Biichi type II autoclave equipped
with a helical stirrer. Monomer feed of propene was
maintained with a Brooks TR 5850 mass flow control-
ler (500 ml/min); the reaction was controlled and mon-
itored using a Simatic S5 from Siemens. The reactor
was filled with 380 g pre-dried NaCl and evacuated at
95°C for 1.5 h with stirring (100 rpm). The reactor bed

Activity, kgpp/(molz,. h moly,pene/)

12000 -
10000 -
solution
8000 -
slurry
6000 -
4000 -
bulk
2000 -
gas phase
0 | | | | |
-30 -10 10 30 50 70
T, °C

Fig. 3. Activity of the syndiotactic propene polymerization
with catalyst 2 by different polymerization temperatures.

medium was treated with a toluenic solution of TIBA
(0.6 mol/I) 30 min prior to introduction of the supported
metallocene. The catalyst was prepared externally: the
required amount of metallocene in toluene was injected
into a toluenic suspension of MAQO/SiO, (0.1 g/ml). The
resulting suspension was allowed to mix for 10 min and
was then introduced into the reactor with a syringe.
After introduction of the catalyst, the reactor was evac-
vated for 10 min with stirring (300 rpm) in order to
evaporate the surplus toluene. The reaction was started
by quick pressurization (ca. 20 s) of the reactor with the
monomer gases and starting the stirrer (200 rpm). Dur-
ing polymerization, the total pressure was kept constant
by supplying propene at fixed flux ratios. The reaction
was terminated by depressurization followed by short
evaluation of the reactor and finally injection of 5 ml of
ethanol or 5 ml of a saturated solution of 2,6-di-tert-
butyl-4-methyl-phenol in ethanol.

RESULTS AND DISCUSSION

The activities of the propene polymerization and the
tacticities of the obtained polypropenes were shown to
dependent on the catalyst structure as well as on the
polymerization process (table).

Generally, the observed activities yielded with these
catalysts are among the highest values ever reported for
the production of syndiotactic polypropene [26]. Par-
ticularly, employing the catalysts in the slurry proce-
dure, excellent activities are yielded compared to other
studies [27] (3100 kgpp/(moly, h mol,,.../1) at 30°C
with catalyst 2). By supporting the metallocene, an
exceptionally small decrease in catalyst activity is
observed.

Figure 3 shows the dependence of the polymeriza-
tion process and polymerization temperature on the cat-
alyst activity for catalyst 2. It is worth mentioning that

In activity, kgpp/(molz, h mol, e/l

10
9 -
E, =16 kJ/mol solution
8r E,=21kJ/mol

A

Tr E, =25 kJ/mol gas phase

. E, =23 kJ/mol
6+
bulk
50 E, =57 kJ/mol ® slurry
4+
3 ! ! ! ! |
0.0028 0.0030 0.0032 0.0034 0.0036 0.0038

|
T, K

Fig. 4. Arrhenius plot for the different propene polymeriza-
tion processes using catalyst 1.
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Fig. 5. rrrr-Pentad for syndiotactic polypropenes synthe-
sized by different polymerization processes with catalyst 2.

due to a better comparison of the processes, the catalyst
activities reported in this paper are related to the mono-
mer concentration. In the case of gas phase polymeriza-
tions, the highest activity was attained at 30°C, decreas-
ing at higher temperatures. On the other hand, employ-
ing the other processes, catalyst activity increases from
—20 to 45°C without showing deactivation of the cata-
lytic species for the bulk process. The slurry process
shows the best activities. Due to avoidance of bimolec-
ular deactivation, higher stability is expected for sup-
ported catalysts. Therefore, the course of catalyst activ-
ity in the gas phase process seems to be surprising at
first sight. Nevertheless, it can be explained by mono-
mer sorption effects. The polymerization of olefins over
solid catalysts is a complex reaction, involving both
physical and kinetic effects [28, 29]. Monomer sorption
plays a key role in determining the local monomer con-
centration at the active site [30]. The extent of sorption
decreases as polymerization temperature increases. For
this reason, decreased activity in gas phase polymeriza-
tions could be traced to the lower monomer concentra-
tion at the active site, recalling that only the bulk con-
centration of propene was kept constant in this proce-
dure. Obviously, methyl substitution in the Ph,C-bridge
(catalyst 2) leads to higher activities. However, the ther-
mal stability of complex 2 is reduced, since the maxi-
mum catalyst activity is observed at 45°C. Activities of
the supported metallocene are approximately constant
for higher temperatures. Complexes 3 and 4 were
shown to behave similar to complex 2.

By plotting the logarithm of the activity versus 1/7,
the activation energies (F,) can be calculated (Fig. 4).

For all catalysts values, about 20-25 kJ/mol were
detected. Catalyst 1 gives similar values for the solu-
tion, bulk and gas phase procedure. Only the calcula-
tion of E, for the slurry process is different. E, was
quantified to be nearly two times as large at tempera-
No. 2 2006
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Fig. 6. Molar masses of syndiotactic polypropenes using
different C-symmetric hafnocenes.

tures between 0 and 30°C. In the range between 30 and
60°C, it was determined to be about 16 kJ/mol. This
behavior is supposed to be traced to diffusion- and pre-
polymerization effects [28].

Highly stereoregular syndiotactic polypropene is
obtained with the catalyst systems used in this study
reaching stereoregularities of rrrr = 99% and melting
temperatures of 153°C (see Fig. 5 and table).

Analysis of the polymers by '3C NMR spectrum of
the polymers produced in the different processes con-
firms the presence of mm stereodefects as the predom-
inant source of stereo irregularity in the polymer micro-
structure. This is in accordance with an enantiomorphic
site control mechanism [31].

The microstructure of the produced polypropenes
strongly depends on the polymerization temperature as
well as on the applied polymerization process as shown
in Fig. 5 for catalyst 2. The highest degree of stereose-
lectivity, i.e., the highest value for the rrrr pentad, is
obtained for the bulk polymerization. At 60°C, the solu-
tion process with the homogeneous catalyst is much
less syndiotactic than the bulk and slurry process with
the supported catalyst. This decline is more distinctive
regarding the gas phase process. For this process, the
syndiotactic pentad content decreases from 88% at a
polymerization temperature of 0°C to 34% at 60°C.
Thus, for each process, the highest stereoregularity is
obtained for polymers produced at low polymerization
temperatures, which is in accordance with an enantio-
morphic site control mechanism. The dependence of
the polymerization process on the stereoregularity can
be interpreted by the role of the monomer concentra-
tion. Polymerizing in liquid propene, the monomer
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concentration is about 9 times higher than in the case of
applying process solutions or slurry. In gas phase poly-
merizations, the monomer concentration constitutes
only 2% of that. This decrease in monomer concentra-
tion results in an increase of stereodefects, leading to a
lower stereoselectivity.

The molar masses, determined by viscosimetry,
cover a wide scope, from 59000 to 1780000 g/mol.
Apparently, the structure of the metallocene has no
great influence on the molar mass of the produced
polypropylenes. For every process, the highest molar
masses are obtained for polymers produced at low
polymerization temperatures. Supported catalysts in
the bulk process give by 0°C about 30% higher molar
masses than the solution process with the homogeneous
catalyst. The monomer concentration plays here again
the main role.

Even higher molecular masses can be obtained
using the analogous hafnium complexes (la—4a)
instead of zirconium. At a polymerization temperature
of 25°C in the solution process, molar masses of
2300000 are reached (Fig. 6).

Hafnocene 2a and 4a give the highest molar masses.
With the increasing polymerization temperature, they
decrease to 500000 by 90°C. The hafnocenes are very
stable even at higher polymerization temperatures.

CONCLUSIONS

Supporting of C-symmetric catalysts in which the
fluorenyl ligand is substituted in 2,7-position, it is pos-
sible to produce highly syndiotactic polypropene. As
the substitution of the bridge for the different metal-
locenes does not significantly influence the polymeriza-
tion performance, the effects observed in propene poly-
merization were found to be strongly dependent on the
applied polymerization process and temperature. The
bulk process in liquid propene with the supported zir-
conocenes offers high activities with very good syndio-
tacticities compared with the homogeneous catalyst in
the solution process.

It could be shown that the polymerization behavior
is not so much the result of the supporting itself, as an
effect of the monomer concentration. Therefore, an effi-
cient application of syndiotactic working catalysts in
liquid propene or suspension is possible in existing
polymerization processes (drop-in technology).
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