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The polymerization of propylene using a mix-
ture of racemic metallocenes and Ziegler–Natta
catalysts was investigated. The polypropylene
was obtained as a mixture of a fine powder and
beads, with the powder being absorbed partially
on the beads. The relative amount of the powder
can be controlled by the concentration of the
metallocene. The compatibility between the
components of the mixed catalytic systems and
the effect of the components on the rate of
polymerization and on the properties of the new
polymers were studied. The metallocene system
dramatically affects the melt viscosity, isotacti-
city and molecular weight of the polymers. The
two catalytic systems are able to act jointly,
producing different polymers, for which sep-
arate melting and crystallization temperatures
are obtained.# 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Since the landmark discoveries by K. Ziegler’s
group in 1953 and by G. Natta’s group in 1954, the
Ziegler–Natta polymerization process for olefins
and diolefins has come to be recognized as one of
the most important and far-reaching findings ever
made in polymer chemistry.1–8 From the beginning
it was known that the activity of such polymeriza-
tion catalysts depended on the nature of the

catalysts, the Lewis acid strength of the co-catalysts
and the polarity of the solvent for homogeneous
catalysts; or on the nature of the solid support for
heterogeneous catalysts.3–8 It was realized that the
real importance of the acidity of the Lewis co-
catalysts, and of the solvent polarity in weakly
coordinating media, could be explained in terms of
the formation of intermediate transition metal
cations having an available coordination site for
the olefin monomer.9–14

Besides the discovery of methylalumoxane
(MAO) by Sinn and Kaminsky,15 the major break-
through for metallocene complexes of the early
transition metals was achieved by the synthesis of
stereorigidansa-metallocenes by Brintzinger and
co-workers.16 The complexes have been used as
stereoselective catalytic precursors for the produc-
tion of isotactic polypropylene, reported by Ewen
and Kaminsky in the mid-1980s.17,18

Over the last 17 years, in both academic and
industrial laboratories major efforts have been
devoted to developing these promising catalysts.3–8

Recent scientific advances now allow a better
understanding of the polymerization mechanism
and the close relationship between polymer proper-
ties and metallocene structure. A clear correlation
has been established between the geometry of the
metallocene and polymer tacticity, molecular
weight, etc.19–24It has also been demonstrated that
the metallocenes, as olefin polymerization cata-
lysts, are not only matching their heterogeneous
counterparts in every point of producing a variety
of comparable olefinic homo- and co-polymers, but
they can also produce polymers that could not have
been produced by other catalytic systems.

As far as the unique performance of the
metallocene complexes in the polymerization of
-olefins are concerned, some general conclusions
can be stated: (1) metallocenes show the highest
polymerization activities, as compared with MgCl2-
supported titanium catalysts; (2) metallocenes
produce polymers with the highest stereospecificity
as compared with the conventional Ziegler–Natta
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catalysts;(3) being single-sitecatalysts,metallo-
cenesseemto havethehighestability to polymerize
propylene,producing polypropylenechains with
like structures,andof almostequallengths,i.e.with
high compositionaluniformity and very narrow
molecularweightdistribution(MWD). In addition,
metallocenesshowa greatability to copolymerize
various monomers, including polar ones, with
uniform distributionof theco-monomers.3–8,19–25

ThenarrowMWD andlow meltingtemperatures
of themetallocene-basedpolyolefinsmaybeeither
an advantageor a drawback,dependingon the
processingmethod and the end-productapplica-
tions. Thus,commercialgradesof first-generation
metallocene-basedpolypropyleneavailable today
are intendedfor the productionof fibers,biaxially
oriented films and thin-wall injection mold-
ings.26–30

Major drawbacksof the metallocene(Group
IVB)-basedpolypropylenes,arisingfrom low shear
sensitivity of polymerswith a narrow MWD, are
low melt strengths, high die pressure,and a
tendency to melt-fracture.31,32 These drawbacks
limit theareasof applicationof thesematerialsand
inhibit their introductioninto themarket,at present
occupiedby conventionalZiegler–Nattagrades.

The processability of polypropylene can be
improvedby melt-blendingof gradeswith different
molecular weights in an extruder. This process
requiresprolongedmixing to achievefine disper-
sion, is highly energy-consumingand is usually
accompaniedby polymerchainsdestruction.27 An
alternative method is to polymerize propylene
using two successivereactors. In the first, the
polymerizationis carriedout by the conventional
Ziegler–Nattacatalystin the absenceof hydrogen,
in order to obtainhigh-molecular-weight fractions
of polypropylene,while in the secondthe poly-
merization is accomplishedin the presenceof
hydrogen to obtain fraction of lower molecular
weight.33–35A similar optionis polymerizationin a
singlereactor,in thepresenceof differentcatalysts,
underthesameconditions,providingsimultaneous
formation of polymers with different molecular
weights.Thus,hasbeenproposedthe combination
of two or morehomogeneousmetallocenecatalysts
for ethylenepolymerization.35

Herewereportthesynthesisandcharacterization
of isotactic polypropylene obtained in a single
reactor by mixing a conventionalZiegler–Natta
catalyst (commercialTi on MgCl2) with racemic
zirconiummetallocenecomplexes.The interaction
betweenthe componentsof the Ziegler–Nattaand
themetallocenecatalyticsystems,thecompatibility

effectson theactivity of themixedsystemsandthe
propertiesof thepolymersobtainedwerestudied.

EXPERIMENTAL

Materials and general operations

All manipulationswith air-sensitivematerialswere
performedwith rigorousexclusionof oxygenand
moistureusingflamedSchlenk-typeglasswareona
dual-manifold Schlenk line and high-vacuum
(10ÿ5Torr) techniques.For storageof air-sensitive
materialsa nitrogen-filled Vacuum Atmospheres
gloveboxwith a medium-capacityrecirculator(1–
2ppmO2) wasused.Argon,nitrogenandpropylene
gaseswere purified by passagethrough an MnO
oxygen-removalcolumn and a Davison4 Å mol-
ecular sieve column. Analytically pure solvents
(diethyl ether, tetrahydrofuran,hexane, toluene)
weredriedby refluxingoverNa/K alloy or sodium
metalunderargon.

Zirconium metallocenes [C2H4(Ind)2ZrCl2
(Ind = indenyl) and Me2Si(Ind)2ZrCl2] were pre-
paredaccordingto literatureprocedures.36 Methyl-
alumoxane (Witco) was prepared from a 20%
suspensionin tolueneby vacuumevaporationof the
solventat 25°C/10ÿ5Torr. Ziegler–Nattacatalysts
(commercialTi on MgCl2) wereobtainedfrom an
industrialsource.

NMR spectrawererecordedon BrukerAM-200
andBrukerAM-400 spectrometers.Chemicalshifts
for 1H NMR and 13C NMR were referencedto
internalsolventresonanceandarereportedrelative
to tetramethylsilane.The NMR experimentswere
conductedin Teflon valve-sealedtubes(J-Young)
after vacuum transfer of the liquids in a high-
vacuum line. Ether solvents(THF-d8) for NMR
analysiswere distilled under argon from sodium
benzophenoneketyl. Hydrocarbon solvents (to-
luene-d8, benzene-d6) were distilled under argon
from Na/K alloy. All solvents for vacuum-line
manipulationswere storedin vacuumover Na/K
alloy in resealablebulbs.

All the polymerizationexperimentswere per-
formedin a water-cooledjacketed4-litre stainless-
steellaboratoryautoclaveprovidedwith inlets for
each of the gases (hydrogen, propylene and
nitrogen),a mechanicalmixer, thermocoupleand
pressuretransducers.Before any experiment,the
autoclavewaspreparedfor thepolymerizationruns
in the following manner.The reactorwas purged
with N2 (70°C, 1h) followed by repeated(2–3
times) filling and venting at 70°C firstly with
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hydrogenandthenwith propylene.Thereactorwas
then cooled to room temperature before the
catalysts and propylene were introduced. The
Ziegler–Nattaand the metallocenecatalytic sys-
temswere loadedinto the autoclaveundera light
streamof propylene(20–30cm3�minÿ1).

Preparation of the Ziegler±Natta and
metallocene catalytic systems

Preparationof the Ziegler–Nattacatalytic system
wasperformedundera nitrogenstreamasfollows:
80ml of pure dried hexanewas introducedinto a
250-ml dropping funnel; 10ml of a 120glÿ1

solution of the triethylaluminium (TEAL) co-
catalystin hexaneanda certainamount(Table 2,
below) of cyclohexylmethyldimethoxysilane(ex-
ternaldonor)wereaddedfrom thedroppingfunnel.
After 5min precontact,40ml of this solution was
transferredinto atailedflask,into whichaweighted
amount of solid Ziegler–Nattacatalyst was then
added,afterwhichthecatalyticsystemwasreadyto
be introducedinto thepolymerizationautoclave.

The metallocenecatalytic systemwas prepared
asfollows: 40mg of the metalloceneanda certain
amount of toluene (Table 1, below) were intro-
ducedinto a Schlenkflask (glovebox).The mix-
turewasexposedto anultrasonicbathfor 60secin
order to obtain a homogeneoussolution. A
determined amount of the methylalumoxane
[MAO,(CH3ALO)n, n = 19–21] co-catalyst was
introducedinto a secondSchlenkflask, in which
measuredvolumesof themetallocenesolutionand
solvent(tolueneor hexane)werethenadded.After
this mixturehadbeenexposedto anultrasonicbath
to obtainafinedispersion,themetallocenecatalytic
systemwas ready to be insertedinto the polym-
erizationautoclave.

One-step polymerization

The Ziegler–Nattaand metallocenecatalytic sys-
tems were loaded successivelyunder a light
propylene stream. After both catalysts were
chargedandtheinjectionport sealedoff, measured
amounts(seeTables)of H2 (to cut the polypropy-
lenechains)andpropylenewereintroducedinto the
autoclave.Polymerizationreactionswere run for
2h at 30–40°C when the metallocenewas used
alone or at 70°C for either the Ziegler–Natta
catalystaloneor the mixed catalytic systems.The
polymersobtainedweredried in a vacuumovenat
70–100°C for 1–2h beforeanycharacterization.

Two-step polymerization

The Ziegler–Nattacatalyst and half of the total
quantitiesof hydrogenand propylenewere intro-
ducedinto the autoclave.After 1h of polymeriz-
ation at 70°C, the excess of hydrogen and
propylene were discharged.Then, the autoclave
was cooled and the metallocenecatalytic system
and the rest of the propylene(i.e. the other half)
(without H2) were loaded. The polymerization
processwascontinuedat30–40°C for anadditional
hour.

Polypropylene characterization

Thepolymersobtainedwerecharacterizedby melt
flow index (MFI) (230°C; 2.16kg), xylene-insolu-
bles (XI), determinedas the weight percentageof
the polypropylenethat was insoluble in cold o-
xylene,intrinsic viscosity([Z]) in tetralinat 135°C
(for polypropyleneproducedby metallocenecata-
lysts)andzero-shearviscosity([Z0]) (for polymers
producedby themixedZiegler–Natta–metallocene
catalytic systems).Shearviscosity of the polymer
melts was measuredusing an ARES dynamic
rheometer (Rheometric Scientific). A parallel-
plates set-up was used for the tests.Frequency/
temperaturescanexperimentswere conductedin
the temperaturerange180–240°C and frequency
range0.05–15Hz. Mastercurveswereconstructed
basedon the resultsfor a referencetemperatureof
200°C.Theviscositydatawereapproximatedusing
the Carreaumodel.37 Zero shearviscosity deter-
mined from the approximation was used for
estimationof themolecularweightof thepolymers.
Melting temperatureswere measured using a
Perkin-Elmer differential scanning calorimeter
DSC-7.Threeruns(heating–cooling–heating) at a
rate of 10°C minÿ1 in the range30–190°C were
performedfor eachsampleof polymer.Thesecond
heating–meltingpeaktemperaturewasusedasthe
melting temperature.

RESULTS AND DISCUSSION

The catalytic polymerization of propylene to
isotactic polypropyleneby C2H4(Ind)2ZrCl2 (In-
d = indenyl) (1) andMe2Si(Ind)2ZrCl2 (2) with an
excessof theco-catalystMAO (methylalumoxane)
were performedin the sameexperimentalcondi-
tions (pressure,temperature)as for the Ziegler–
Nattapolymerizationof propylenein an autoclave
reactorto obtaincomparabledata.Thepolymeriza-

# 1998JohnWiley & Sons,Ltd. Appl. Organometal.Chem.12, 401–408(1998)

CATALYTIC POLYMERIZATION OF PROPYLENE 403



tion conditions and propertiesof the powdered
isotactic polypropylene obtained are shown in
Table 1. The polymerswere obtainedin the form
of afinepowder,whichadheredto themixerandto
theautoclavewalls, reducingheattransferthrough
thewalls andcausingproblemswith thecoolingof
thereactionmixture.As aresult,abruptincreasesin
the temperatureand pressurein the reactorwere
observed.This effect wasparticularly appreciable
whenrelatively largeamountsof the metallocenes
wereintroducedinto theautoclave(Expts2, 4 and
5). Optimalamountsof metallocenesandmethyla-
lumoxane, allowing production of sufficient
amountsof polymerin controlledconditions,were
foundto bebetween6–7mg for metallocene1 and
3–4mg for metallocene2, with 1000–2000mg of
MAO.

Accurate MFI measurementsof the polymers
obtainedin standardconditions(230°C, 2.16 kg)
couldnot beperformeddueto thehigh flowability
of the melts (>500g minÿ1). Viscosity average
molecular weight (Mv) of the polymers was
estimatedusingthe Mark–Houwinkequation(Eqn
[1]).

��� � KM� �1�
Constantsfor equation[1] for tetralinsolutionsat

135°C, K = 0.917� 10ÿ4 dl gÿ1 and a = 0.8,38,39

were usedfor the characterizationof the metallo-
cene isotactic polypropylenes. The calculated
molecularweightsMv of themetallocene-catalyzed
polypropyleneswere in the range33 000–53000
for 1 and 45 000–65000 for 2, which are much
lowerthanthoseof polypropylenesproducedby the
heterogeneousZiegler–Natta system under the
sameconditions(seebelow).

Interestingly, increasing concentrationof the
metallocenesleads to lower intrinsic viscosities
(Expts 1 and 2; 3 and 4), i.e. to a decreasein
molecularweights.This is theresultof self-heating
of the reaction mixture and an increaseof the
polymerizationtemperature,whichenhancestheb-
hydrogeneliminationpathway(Eqn[2]). Thesame
trend, of decreasingmolecular weight of the
polymers, is observedwhen hydrogen is being
addedto the system(compareExpts 4 and 5 in
Table 1).3–8 Furthermore,increasingthe metallo-
cene concentrationleads to a decreasein the
xylene-insolublefractions.Assumingthe effect is
beingdeterminedmainly by isotacticity,but not by
xylene-soluble low-molecular-weight fractions,
this couldbedueto thehigherZr/Al ratio, arguing
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that the lower the ratio the better are the
isotacticities.19–24

It is noteworthythatmelting temperaturesTm of
themetallocenepolymersarein therangefrom 134
to 147°C, while the Ziegler–Natta catalysts
produce polypropyleneswith Tm in the range
164–167°C (Fig. 1a–d). The polymersproduced
by 2 havehighercrystallinity (asestimatedfrom the
enthalpyof fusion,DHf), andmelting temperatures
thanthoseobtainedwith 1.

Experimentalconditionsfor the polymerization
of propylenepromotedby themixedZiegler–Natta
and metallocenecatalytic systems,and the poly-
mers’ properties, are shown in Table 2. For
comparison,results of propylene polymerization
promotedby the Ziegler–Nattacatalystaloneare
alsogiven (Expt 6).

The polypropylenes prepared by the mixed
catalytic systemswere obtainedas a mixture of
fine powder and beads.Relative amountsof the
powderfraction diminishedwith a decreasein the
metallocene content in the catalytic mixture.
Analysisof Table2 allows us to estimatecompat-
ibility between different components of both
catalytic systems and their influence on the
catalytic polymerizationprocessand the polymer
properties.Interestingly,all thecomponentsof each
catalytic system have to be present.Thus, for
example,methylalumoxane,insteadof TEAL, does
not act as a co-catalystwith the Ziegler–Natta
catalystin theconditionsstudied,andnopolymeris
produced(Expt 7).

It is noteworthythatthemechanical,viscoelastic
and optical propertiesof the polymers obtained
using the mixed catalytic systemin the one-step
process are different from those of polymers
synthesizedseparatelyby each catalytic system
(Ziegler–Natta, metallocene) and then melt-
blended (the differencesamong blend, extruder

Figure 1 DSC heating curves for metallocene-obtained
polypropylenein Expts 1 (a), 2 (b) and 3 (c); polypropylene
obtainedusingZiegler–Nattacatalystin Expt 6 (d).
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andreactormixturesof polymersfor polypropylene
preparedby metalloceneand Ziegler–Nattacata-
lystswill be reportedseparately).

Introduction of the metallocenecatalyst alone
(without MAO) together with the Ziegler–Natta
system hardly changes the properties of the
polymerformed(Expts6 and8).However,addition
of MAO to the Ziegler–Nattasystem(without the
metallocene),or increasingits contentin themixed
catalyticsystem,leadsto anincreasein theMFI and
to adecreasein zero-shearviscosityof thepolymer,
i.e. to a decreasein molecular weight (compare
Expts6 and10 or 11 and12). This effect is dueto
theknownability of theco-catalystMAO to break
down the growing polymerchainsresultingin the
formation of polypropylenewith lower molecular
weight.19–24,40While MAO is not a good starting
co-catalystfor theZiegler–Nattasystem(Expt7), it
is capableof cutting the polymer chainsfrom the
Ziegler–Nattasystemby a chain-transfermechan-
ism, allowing these chains to interact with the
metalloceneandthusproducingaseconddomainin
thepolymer(seebelow).

Also, addition of MAO to the Ziegler–Natta
catalytic system causesa decreasein the XI
(compareExpts6 and10). The effect of MAO on
the isotacticityof thepolypropyleneis presumably
due to the reversiblecomplexationof the methy-
lalumoxane(Lewis acid) with the externaldonor
(Lewis base).3 Becauseof suchcomplexation,the
latter is unableto deactivatethe lessstereospecific
polymerizationcentersof the heterogeneousZieg-
ler–Nattacatalyst,3–8,41,42andtheisotacticityof the
polypropylenedecreases.This effect is corrobo-
rated by the fact that decreasing the MAO
concentration(Expts 11 and 12) in the mixed
Ziegler–Nattaandmetallocenecatalyticsystemsor
increasingthe externaldonorconcentration(Expts
13 and14) resultsin an increasein the isotacticity
of thepolypropylenesobtained.

Zero-shear viscosity of melts was used for
estimationof themolecularweightsof thepolymers
obtainedwith mixed Ziegler–Nattaand metallo-
cene catalytic systems. Values of the Mark–
Houwink constants(Eqn [1]) for the melts at
200°C weredeterminedexperimentallyby testing
three polypropylenegradeswith known average
molecularweights:580000,340000and250000.
Zero-shearviscosityvaluesof 84 500,12 300 and
4500 Pa s respectively, were obtained. The
calculated constantsa = 3.5 (in agreementwith
the theoretical value)43 and K = 10ÿ5 dl�gÿ1,
determinedfor this Ziegler–Nattapolypropylene,
wereusedfor the characterizationof the polymersT
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obtainedusingthe mixed catalyticsystems.Mole-
cularweightsof thepolymerswerecalculatedusing
theseconstantsandarepresentedin Table2.

The results of the DSC measurementsof the
polymersobtained(Fig. 1 andFig. 2) allow us to
estimate the combined action of both catalytic
systems during the propylene polymerization
process.DSC first heating thermogramsof the
polymers produced using the mixed catalytic
systemin the one-stepprocess(Fig. 2 tracesa–d)
show a strongendothermicpeakat about162°C
partiallyoverlappingwith alow-intensityendother-
mic peakat about140°C, which is absentin the
DSC heating thermogramsof polypropyleneob-
tainedusingheterogeneousZiegler–Nattasystems
alone(Fig.1 traced). TheDSCcoolingcurveof the
polymershowstwo exothermicpeaks(Fig. 2 trace
c). Theendothermicandexothermicpeaksindicate
the co-existenceof two domainswith two crystal-
line phases.Thestrongendothermicpeaksathigher
temperaturecanbe attributedto the melting of the
polymer fraction producedby the Ziegler–Natta
catalyst,whereasthelow-temperaturepeakscanbe

attributedto melting of the polymer producedby
themetallocenesystem.

Apparently, the two catalytic systems,when
mixed,areableto act jointly, producingindividual
polymer fractions.Eachfraction melts on heating
andcrystallizeson coolingat specifictemperatures
and snowsits own separatemelting and crystal-
lization peaks.

Theratio of thetwo differentpolymericdomains
(asindicatedby DSC)canbe tailoredby mixing a
large portion of the metallocene (keeping the
metallocene:MAO ratio constant)with the Zieg-
ler–Natta system,producing, as expected,poly-
propylenewith higher MFI and lower molecular
weight (Expt 15; Fig. 2 tracesd ande).

The separationof the melting peaksdiminishes
on the secondheating,while the high-temperature
peak shifts towards lower temperatures.Hence,
there is an interaction and some degree of
miscibility betweenthe crystalline phasesof the
two polymerfractions.Thesefractionsareprobably
being intimately mixed because,while the two
catalyticsystemsact jointly, thepolymerproduced

Figure 2 DSCheatingcurvesfor polypropylenepreparedusingmixedZiegler–Nattaandmetallocenecatalyticsystemsin Expts9
(a), 12 (b), 14 (c) and15 (d). DSCcoolingcurvefor the polymerobtainedin Expt 15 (e).
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by the metallocene catalyst is at least partly
absorbedon thegrowingZiegler–Nattapolypropy-
lenebeds.

The polymerizationof propyleneby the mixed
catalytic systems in a two-step processshows
similar separationof themeltingpeaksandsimilar
polymerpropertiesto thepolymersobtainedin the
one-steppolymerization.

CONCLUSION

Ziegler–Nattaandmetallocenesystemscanjointly
polymerizepropylene,producingintimately mixed
polymerfractions.Theresultsobtainedin thisstudy
indicate that the metallocenecatalyst produces
polymer,partly adsorbedon the growing particles
of the Ziegler–Natta polypropylene, allowing
intimate mixing. Polypropyleneproducedby the
mixedcatalyticsystemcanbe ‘tailored’ by adding
differentcomponents(MAO, externaldonor)to the
Ziegler–Nattasystemsor by changingthe concen-
tration of the metallocenesystem. Mechanical,
viscoelastic,opticalandthermalpropertiesfor each
of the polymersobtainedwill be presentedin a
separatepublication.
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