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Semicrystalline polypropylene (PP) containing both
stereoregular isotactic and random atactic sequences
belongs to an important class of thermoplastic elas-
tomers. The isotactic segments in this polymer can
crystallize forming physical cross-links while the atactic
segments serve as a continuous amorphous phase.!?2
Various synthetic methods have been developed for the
preparation of this material using both heterogeneous
Ziegler—Natta (ZN)1~* and homogeneous metallocene®—8
catalysts. Polymers produced with heterogeneous cata-
lysts tend to have broad molecular weight and tacticity
distributions,®* while those generated with homoge-
neous bridged metallocenes are much more uniform.62
Elastomeric polypropylenes derived from the unbridged
bis(2-arylindenyl) metallocenes”1° are intermediate be-
tween the other two types: they can be separated into
several fractions of different tacticity and crystallin-
ity,11713 but in contrast to polymers produced with
heterogeneous ZN catalysts,®* these fractions do not
vary strongly in their molecular weight. The proposed
“oscillating” mechanism for the stereoblock formation
with bis(2-arylindenyl) metallocenes involves catalyst
isomerization between an isospecific and an aspecific
conformation during the growth of a single polymer
chain resulting into isotactic and atactic sequences,
respectively.” The presence of at least two types of active
species during polymerization may account for the
heterogeneity of produced polymers.1? Studies of polypro-
pylenes generated with the “oscillating” catalysts by
differential scanning calorimetry (DSC) and optical
depolarization techniques reveal broad melting transi-
tions and the presence of fast and slow crystallization
regimes possibly related to the coexistence of crystalli-
zable sequences of different lengths.1112 However, no
experimental measurements of the hard segment block
lengths have been attempted so far. To better under-
stand the domain structure of elastomeric polypropy-
lenes derived from bis(2-arylindenyl) metallocenes, we
have investigated the thermal properties and morphol-
ogy of the crystalline domains of these materials using
thermal fractionation DSC, atomic force microscopy
(AFM), and nitric acid digestion in combination with
analysis by gel permeation chromatography (GPC).

Polymerizations were conducted following a literature
procedure at 23—25 °C in liquid propylene with bis(2-
phenylindenyl)zirconium dichloride/methylaluminoxane
as catalyst.* The resulting polypropylene samples had
isotactic pentad contents % mmmm = 25—-30% (13C
NMR),1516 M, = 240 000—260 000, and molecular weight
distributions ranging from 2.7 to 4.4 (determined by
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Figure 1. Thermal fractionation DSC curves for two elasto-
meric polypropylene samples with % mmmm = 25 and 30. The
polymers were annealed in a DSC cell in a stepwise manner
between 160 and 50 °C with 10 °C intervals and then reheated
to obtain the melting profiles.

GPC). Polymers used in acid digestion studies were
purified from alumina by extraction with refluxing
xylenes.

Several DSC techniques were used for thermal char-
acterization of the polymers. Melting temperatures and
enthalpies of fusion were determined by heating samples
from —50 to 200 °C at 10 °C/min. In agreement with
the previously reported results,2 broad melting endo-
therms with two melting peaks at 48 and 150 °C were
observed for the samples aged at room temperature for
at least 20 h. The low melting peaks were absent in melt
guenched samples. Temperature-modulated DSC curves!’
exhibited an exotherm at 130 °C preceding the final
melting endotherm at 150 °C, which suggested that the
higher melting peak was at least partially due to
recrystallization of lower melting crystallites into more
perfect crystals during the scan.

To further characterize the crystallite size distribution
and possibly the relationship to chain architecture and
block lengths, we used the thermal fractionation DSC
technique for two elastomeric polypropylene samples
with slightly different isotacticities (% mmmm = 25 and
30). The polymers were crystallized in a DSC cell
between 160 and 50 °C in a stepwise manner with 10
°C intervals. Samples were held for 12 h at each
crystallization temperature to allow for equilibration
and segregation of polymer fractions with similar
crystallinities.’®21 The curves shown in Figure 1 were
obtained by reheating the stepwise annealed (thermally
fractionated) samples. The melting profiles of the two
samples were similar and showed the presence of many
melting fractions. Sample with % mmmm = 30 con-
tained a high melting fraction (T, = 154 °C), absent in
the sample with % mmmm = 25, which was possibly
related to the presence of longer isotactic sequences in
the former polymer.2! However, in addition to the
influence of the block length of hard isotactic sequences,
diffusion and kinetic limitations can restrict lamellar
perfection, which prohibits one from quantitatively
relating melting to chain structure only.

To characterize the domain structure of elastomeric
polypropylene and its response to stress, we obtained
AFM data in tapping mode (Nanoscope 3A, Digital
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Figure 2. Atomic force microscopy phase data for a melt cast elastomer film. The scan boxes are all 1000 nm x 1000 nm, and
the z-scale for the AFM phase lag is 0—20°: (a) an undeformed (1x) melt cast film annealed for 10 s at 80 °C and then cooled to
room temperature for analysis; (b) a different region of the film after stretching to 8x; (c) the film relaxed to 4x (a very low state

of stress due to strain softening) after 8x elongation.?”

Instruments, Santa Barbara, CA) in air, using previ-
ously described methods.?223 Samples for AFM were
prepared by casting films from a hot dichlorobenzene
solution or melt pressing. Tapping mode is a contact
technique, but the intermittent contact allows one to
control the forces to very low levels and significantly
reduce the lateral drag forces and surface damage
compared to scanning “contact” AFM.?223 Here we
present “phase lag” data which are sensitive to local
stiffness differences of species or domains at or near the
surface. Under our operating conditions,?223 hard do-
mains have a larger phase lag and are plotted as the
light regions. The AFM images of melt pressed and
solution cast films appear similar and show dispersed
anisotropic but discontinuous hard domains consisting
of ribbonlike crystals immersed in a continuous softer
amorphous phase (Figure 2a). The crystals are thin in
two dimensions which is likely caused by the finite
isotactic block lengths and the low crystalline segment
fraction.?* Infrared dichroism studies?* of related aro-
matic polyester segmented elastomers have shown that
the hard chain is oriented perpendicular to the length
of the crystals. Since the morphology of our elastomeric
polypropylene is similar for comparable hard segment
fractions, we assume that the crystalline segment chains
also traverse the crystal perpendicular to its long
direction. The crystallite thickness measured normal to
the long direction (Figure 2a) is 12 + 4 nm, which
corresponds to about 54 propylene repeat units (M, =
2270)_23,25,26

Typically these polypropylene elastomers have about
1000% elongation at break and tensile strength of up
to 15 MPa.1214 This is a reasonably high tensile strength
for such a high elongation material, but the stress—
strain hysteresis is also large especially at deformations
above 3x.121427 To understand this, we obtained AFM
data for films at a high strain. We found that almost
all of the original crystallites were destroyed at high
elongations (Figure 2b). The stress was sufficient to
break up the initial ribbonlike crystals into small blocks
contained mostly in fibrils. The mechanism of the
crystallite breakup and orientation into fibrils may be
similar to that of other segmented elastomers such as
those with aromatic polyester?é and polyamide?® hard
segments. The oriented nanofibrils in Figure 2b consist
of an alternating structure of hard crystallites and
possibly stress crystallized originally amorphous se-
guences with chains oriented in the strain direction in

both types of segments. Since AFM data are sensitive
only to local stiffness contrast, lamellar crystals as well
as stress crystallized or oriented soft segment could both
be “stiff” enough to provide contrast. The hard crystal-
lites in the fibrils are detected as the slightly wider
regions and are better resolved in some fibrils than
others possibly because of their different proximity to
the surface which can influence AFM resolution. The
hard domain physical cross-links support the amor-
phous orientation in these nanofibrils which are seen
to span more than a few hundred nanometers in Figure
2b. The fibrils have a width in the narrow direction
about half of the original lamellar thickness of 12 nm.
Upon relaxation of stress, there is no re-formation of
the initial morphology (Figure 2c). The oriented fibrils
persist but with less directionality. For materials that
exhibit high elongation and tensile strength, the load-
bearing nanofibrils are important in structural rein-
forcement. The breakup of crystallites contributes to the
large degree of strain hysteresis since this is essentially
irreversible plastic deformation. At strains up to 3x no
substantial domain breakup has been detected by AFM,
and strain hysteresis is also low.1?

To further characterize the ELPP isotactic blocks, we
attempted to isolate the crystalline segment by digesting
the amorphous region in hot concentrated HNOs. As the
acid is not able to penetrate tightly packed crystalline
domains, it selectively digests the amorphous phase of
the polymer.28 Within 24 h at 80 °C, nearly 90% of the
oriented film dissolved into nitric acid. The presence of
10% indigestible material is in good agreement with
10% crystallinity at 80 °C reported for this type of
material in the literature.’® After water and methanol
washing of the undigested fraction, a powdery white
precipitate soluble in THF was obtained. Analysis by
GPC with light scattering detection showed that the
powder had M, = 4950, corresponding to degree of
polymerization DP = 118, and narrow polydispersity
Mw/M, = 1.061. The thermal profile of the isolated
fraction revealed a narrow melting transition at 131 °C
and high enthalpy of melting (70 J/g). The difference in
the crystallizable sequence lengths (118 repeat units)
determined by this method and the one obtained from
the AFM studies (54 repeat units) may be related to the
unintentional digestion of smaller crystallites at 80 °C,
leaving higher melting and thicker crystallites for GPC
analysis. Possible chain folding of longer blocks com-
bined with Kinetic limitations of lamellar formation
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would also explain the differences between the digestion
and AFM determinations.

In conclusion, application of novel techniques to the
study of thermoplastic elastomeric polypropylene de-
rived from “oscillating” bis(2-phenylindenyl)zirconocene
provided new information on the morphology of this
material. Multiple melting fractions in the DSC scans
of thermally fractionated samples characterized the
polydispersity of the crystallizable block lengths. For the
first time, we were able to observe crystal morphologies
of these materials and their change during and after
tensile extension using AFM. In addition, AFM and acid
digestion studies provided the first experimental esti-
mates of the crystallizable sequence lengths in these
elastomers.
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