JIAIC[S

COMMUNICATIONS

Published on Web 08/03/2006

Structural —Mechanical Phase Diagram of Isotactic Polypropylene
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Isotactic polypropylene (iPP) is one of the most used thermo- Chart 1. Structure of Zirconocene Catalysts
plastic materials and has bigger growth inside commaodity polymers

because of a combination of outstanding properties, such as good =

rigidity, high thermal resistance with limited impact resistance at u JA < M%]j /M%ID ol

low temperature, low density, good environmental resistance, ease \ ‘S . l ZS . ZS

of processability, and recycling at a moderate cost. The wide appli- ‘% A 2 q 2 N 2
cation range of iPP results from its versatility and the variety of 1 2

possible modifications of the basic material, which already starts
in the polymerization reactor. The main structural factors affecting

the physical properties are stereoregularity, molecular mass, and

polydispersity, mostly through their influence on crystallinity.

Tailoring polymer properties in the polymerization stage re- Mea§{ Z1Cly Mex§i £iCly HGQ il
quires a profound insight into the relationships between catalyst, /@\ /&;\ \%@
chain microstructure, crystallization properties, and final product 5 6 8

properties.

The discovery and development of metallocene catalysts have
allowed an increase in our control over the chain microstructure,
with relevant impact on the final material properti€sA major
evolution has been achieved in the field of poly(propylene) that
can now be produced with any type and degree of stereoregélarity
and physical properties that range between those of stiff materials
and elastomers.

The mechanical properties of iPP are largely related to the crystal
structure and morphology, which in turn depend on the chain
microstructure generated by the specific used catélykireover,
the possible occurrence of polymorphic transformations during
plastic deformation induced by application of uniaxial stretching,
plays a fundamental role. In particular, it has been reported that
the possible formation of the disordered mesomorphic form during - ; .
solid-state drawing of iPP yields to a different mechanical behdvior, the crystallinity decreases with decreasing stereoregufdity.the

b th h facilitates th b t def i ore isotactic samples, tleeform partially transforms by stretching
ecause the mesopnase faciitales he subsequent deformation Qg e mesomorphic form already at low deformation (Figure 2A).
the sample, so that the material behaves as a highly flexible

| P The formation of the mesomorphic form is indicated by the presence
P aStome ) L of a broad halo in the range 062= 14—18° (Figure 2A). A fraction
In this communication we show that the use of metallocene

| I ; full und di fth . of crystals ofa form is still present even at the maximum possible
catalysts allows for a full understanding of the structupeoperties deformation (Figure 2B). These crystals have high plastic resistance

relationships of iPP through the precise control of stereoregularity and do not allow further deformation. These samples behave as

and d_eformation behav_ior, which in tur_n affords a unique op- stiff materials, but they can be easily stretched up to-ZZD%
portunity for a construction of a phase diagram of iPP, where the

conditions of formation of the mesophase during deformation and

The stressstrain curves of compression-molded films of some
iPP samples are reported in Figure 1. Depending on the concentra-
tion of rr defects, iPPs behave as stiff or highly flexible or elas-
tomeric materiaf. Poorly stereoregular samples show remarkable
strain hardening due to low plastic resistance of crystals and by
straightening of the entangled network.

The different mechanical behavior is also related to the structural
transformations that occur during stretching. The polymorphic
transitions associated with the plastic deformation have been studied
as a function of stereoregularity by recording the X-ray diffraction
patterns during stretching (Figure 2).

Compression-molded unstretched films are crystallized as mix-
tures ofa. andy forms of iPP, the amount gf form increases and

of development of high flexibility and elastomeric properties can 30- i ot
be eXtraCted. elastic iPP (4)
We have studied the polymorphic transitions occurring during 5 e
tensile deformation of iPP samples of different stereoregularity EZO- .
prepared with the metallocene catalysts of Chart 1. These catalytic © V bibie v (5
systems are able to produce iPP samples characterized by chains 10-( r17.1%
containing largely one type of stereoirregularity tfiad defectsy;> 1 el](;\:g?irl%rll’g(ﬂs-l)
whose amount depends on the catalyst structure. Samples with a PO 2 e B S S
concentration ofrr defects varying between 0.5 and 17% and 500 1000 (g4 1300 2000

melting temperatures in the range 1665 °C have been analyzed. Figure 1. Stress-strain curves of iPP samples of different stereoregularity

Melting temperatures and stereoregularity of the samples are prepared with the catalysts of Chart 1. The numbers in parentheses indicate
reported in the Supporting Information. the catalyst.
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Figure 2. X-ray fiber diffraction patterns of fibers of iPP samples of different stereoregularity stretched at the indicated values of defermation

strain, because the fraction of crystals that undergoes plastic defor- (7] (%)

mation without sample breaking transforms into the mesomorphic o020 %7 39 77 10 17.1

form that, in turn, facilitates successive deformation (Figure 1). ! mesophase wform
For more flexible samples witit contents in the range-411% 1000 Breaking ! —A A

(Figure 1), they form present in compression-molded films
gradually transforms into the mesomorphic form by stretching. For
high rr concentration, in the range—241%, they form first
transforms into theo. form, which, in turn, transforms into the
mesomorphic form at very high deformations (Figure 2C,D). In
these samples, the low crystallinity and the presence of highdegrees ~ 1-/1° e
of structural disordéreduce the stress level necessary for inducing
plastic deformation of crystals. The formation of the mesomorphic |
form after yielding, which is consequent to the easy plastic 1000 9% 8 70 60 S0 40 30
deformation (Figure 2D), facilitates successive further deformation {mmmm] (%)

up to very high strains (Figure 1). The presenceraftereodefects ~ Figure 3. Phase diagram of iPP showing the region of stability of the
included in crystals of form and the formation of the mesophase different polymorphic forms as a function of strain and stereoregularity.
produce the development of outstanding properties of high flexibility
and elasticity, which are unusual for polypropyléne.

For a very high concentration of defects (17 mol %), the
sample is basically amorphous but still presents high flexibility and
elastomeric behavior (Figure &) his nearly atactic sample slowly
crystallizes upon aging at room temperature or by stretching in a
disordered modification intermediate betweeandy forms, with
a maximum degree of crystallinity of only 16%d.he stretching of
this sample, even at high deformation, does not produce formation
of the mesomorphic form, probably due to the breaking of the
sample prior to the transition, but ordyy disordered modifications,
more similar to thex form, are obtained (Figure 2E,F). Acknowledgment. Financial support from Basell Polyolefins
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The phase diagram of Figure 3 provides for the first time an easy
picture of the conditions of formation of the mesomorphic form,
in term of microstructure and processing, which is the basis for
the development of the unusual mechanical properties of metal-
locene-made iPP.

In conclusion, we have demonstrated the novel utility of single-
center metallocene catalysts in that a phase diagram of iPP can
be constructed through the integration of catalyst design, stereo-
selective polymerization, structural characterization, and analysis
of mechanical properties.
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