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Abstract

The morphologies of low-density (0.86 g/em®), elastomeric polypropylene (ePP) derived from
bis(2-arylindenyl) hafnium dichloride were investigated using a combination of polarized optical
microscopy (OM), differential scanning calorimetry (DSC), wide angle X-ray scattering (WAXS),
Fourier transform infrared (FT-IR) spectroscopy, and tapping mode atomic force microscopy (TM-
AFM). These low-crystallinity polypropylenes, when crystallized isothermally from the melt,
exhibit morphologies reminiscent of classical semi-crystalline polymers. The presence of lamellae,
cross-hatching, hedrites, and spherulites was revealed by high resolution TM-AFM. These
elastomeric polypropylenes can be fractionated into components of different average tacticities and
crystallinities, but similar molecular mass. The analysis of the morphologies of all of the fractions
revealed both large hierarchical structures and cross-hatching typical of the o-modification of
crystalline isotactic polypropylene for all but the lowest crystalline ether soluble fraction. Evidence
for high-melting crystals in all of the fractions are most consistent with a stereoblock microstructure
of atactic and isotactic sequences.
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Introduction

Many recent developments in polymer materials science have been triggered by the development
of improved synthetic methods, including the development of single site catalysts for controlled
polymerizations,* novel polymerization techniques,™” and highly specific polymerizations
using cloning strategies.® As a consequence, a wide variety of polymers with unusual properties
can be designed and synthesized. New synthetic techniques are providing higher levels of control
over composition, molecular mass distributions, branching, and stereoregularity.’ For instance,
thermoplastic elastomers based on polypropylene have been known since the 50’s.” New catalysts
and synthetic strategies have led to new classes of these materials and fresh insights into the

8,9,10

origin of their elastomeric properties. The structure and properties of elastomeric

polypropylenes derived from bis(2-arylindene) metallocenes'® have been the subject of study by a

11,12

variety of techniques. These materials exhibit properties that are both similar to and in some

cases distinct from those prepared by other synthetic methods."'

The elastomeric polypropylenes (ePP) are characterized by a low, but still significant degree of

crystallinity.' "'

The crystalline domains of these low-crystallinity polypropylenes are thought to
serve as physical crosslinks.” The size and distribution of these crystalline regions in the
amorphous matrix should have an important influence on the mechanical properties of these
thermoplastic elastomers. It is therefore of particular interest to analyze and understand (1) how,

and to what extent, these polyolefin elastomers crystallize and (2), how the materials’ properties

are related to and possibly determined by the underlying semi-crystalline morphology.



As previously reported, elastomeric polypropylenes derived from 2-arylindene metallocenes can
be fractionated into different fractions. These fractions differ in tacticity and crystallinity, but do
not differ strongly in molar mass.'" This feature enables one to study crystallinity, as well as
mechanical properties, as a function of stereoregularity. To date, the crystallinity of these
materials has been investigated by DSC and x-ray diffraction.'' The low crystallinity of ePP of
(ca. 10%) is a consequence of the low isotacticity (pentad analysis [mmmm]) of 34% as
determined by '>C NMR. In contrast, the crystallinity of a typical highly isotactic polypropylene is
on the order of 60%, depending on the thermal history. Previous attempts to characterize the
underlying morphology of ePP and its lower molar mass fractions in transmission electron

microscopy investigations have been inconclusive.

Kravchenko and coworkers were recently successful in imaging the morphology of ePP and the
changes in surface morphology resulting from tensile extension experiments by tapping-mode
atomic force microscopy (TM-AFM)."? Based on TM-AFM images these authors showed that the
unstrained ePP crystallizes in the form of individual, short lamellae embedded in an amorphous
matrix. This morphology is markedly different from the morphology found for isotactic
polypropylene (iPP) and was attributed to the much lower crystallinity of the elastomeric
polypropylene. The o and B-modifications of iPP," both of which have been extensively studied

14,15,16

by scanning probe microscopic approaches, are well-understood from the micrometer to the

nanometer level.!”



In this contribution, we show that polypropylenes with densities as low as 0.86 g/cm’ can be
crystallized isothermally to yield crystalline morphologies of higher order, including lamellae and
cross-hatched lamellae, which can organize into hedrites or spherulites, depending on the overall

crystallinity as well as thermal history.

Experimental

Materials. The elastomeric polypropylene (ePP) was synthesized by BP Amoco Chemical
Company (PP-22010) in liquid propylene at 50°C using bis(2-(3,5-di-t-butylphenyl)indenyl)
hafnium dichloride as catalyst.'® Fractionation was carried out by successive solvent extraction of
ePP with boiling diethyl ether and heptane under a nitrogen environment following the procedure
reported previously.!' Three fractions with an increasing isotacticity were obtained: ether soluble
(ES, lowest isotacticity), heptane soluble (HS, medium isotacticity), and heptane insoluble (HI,
highest isotacticity) (see Table 1). A blend material was obtained by blending the lowest
isotacticity (ES) and the highest isotacticity (HI) fractions to match the average isotacticity
([mmmm)]) of the parent ePP sample. Blending was carried out by dissolving the fractions in
boiling xylene followed by precipitation into an excess of methanol and drying in vacuo. Table 1

shows the characterization data of the elastomeric polypropylene ePP together with its fractions."®

Sample preparation. All the samples investigated were initially melt-pressed between
two protective Teflon sheets (Mechanical Grade PTFE, McMaster-CARR) at 180°C under a

pressure of 2500 psi in a hot-press (model C, Carver, Menomonee Falls, WI). The film samples



obtained had a typical thickness of ca. 0.5 mm. Subsequently, samples were melted at 180°C in a
custom built hot-stage (based on a model PC-600, Corning, Acton, MA) equipped with a
temperature controller (CSS-8094 Omega, Stamford, CT) in an argon atmosphere. After melting,
the samples were either cooled down to room temperature with a typical rate of 5°C (non-
isothermal crystallization) or they were crystallized isothermally (e.g. at 120°C) for 6 hours and
quenched with liquid nitrogen."” To ensure a consistent thermal history for both isothermal and
non-isothermal crystallization, all samples of a given thermal history were prepared

simultaneously.

For the AFM and FT-IR experiments, pressed samples were transferred onto pre-cleaned silicon
wafers and melted with uncovered free surfaces at 180°C in argon. A number of thin films of
isotactic polypropylene (Aldrich) were imaged as reference samples. The sample shown in Figure
1 was prepared by spincoating a solution of ePP in xylenes at high temperatures onto a pre-
cleaned silicon wafer followed by exhaustive drying in vacuo for several days.”’ For the optical
microscopy study, samples placed on microscope slides (with cover slides) were melt-pressed to a

thickness of around 50 microns before being thermally treated.

Tapping mode AFM (TM-AFM). The TM-AFM data was acquired in ambient with a
NanoScope III multimode AFM (Digital Instruments (DI), Santa Barbara, CA) using
microfabricated silicon tips / cantilevers (Nanosensors, Wetzlar, Germany).”' Height (constant
amplitude damping), amplitude (error signal), and phase images were recorded simultaneously at

multiple locations on at least two specimens.22 While the height images show the profile of the



sample surface quantitatively (assuming that the oscillation of the cantilever is damped similarly
at all locations), the amplitude and phase images emphasize the features imaged (here the contrast
depends on various imaging conditions, thus no z-scale is provided in the Figure Captions). In the
amplitude images the outlines of topographical features, such as radiating fibrillar structures, are
seen. The adjusted setpoint ratio of ca. 0.7 to 0.8 results in a stiffness-dominated contrast in the
phase images and allowed us to differentiate between stiff crystalline features (i.e. lamellae) and

2% The images shown here were subjected to a first order

the less stiff amorphous phase.
planefitting procedure to compensate for sample tilt. Using the “bearing analysis” (DI NanoScope
software), which is a quantitative analysis of the distribution of depths present in the image, we
assessed the crystallinity in a semi-quantitative manner. The estimate was based on the

assumption that bright contrast in the TM-AFM phase images corresponds exclusively to the

crystalline phase, whereas dark contrast corresponds to the amorphous phase.

Optical microscopy (OM). The optical light microscopy investigations were carried out with an
optical microscope (Axioplan D-7082, Zeiss) in transmission mode with crossed polarizers. A
digital camera (Hamamatsu C4742-95) connected to a personal computer was used to capture the

optical microscopy images.

Differential scanning calorimetry (DSC). Thermal analysis was performed on a Perkin Elmer 7
differential scanning calorimeter using indium as calibration standard. Melt-pressed polymers
with a thickness of about 0.1 mm were frozen in liquid N, and punched-cut with a standard

single-hole paper puncher. Disk-like samples of 5 to 15 mg were weighed and sealed into Perkin



Elmer aluminum DSC pans. The thermal treatment of DSC samples was carried out in the DSC
instrument under N, atmosphere. All samples were initially pre-heated to 200°C with a rate of
40°C/min and held at 200°C for 5 minutes. For non-isothermal thermal history, samples were
cooled from 200°C to room temperature at 20°C/min. The isothermal samples were cooled from
200°C to 120°C at 20°C/min and annealed for 6 hours. After annealing, samples were cooled
down to room temperature using the same cooling rate. All samples were aged for at least 20
hours at room temperature. After aging, samples were cooled to —25°C at 20°C/min and held for 5
minutes before endotherm scans were carried out. Melting points (T;) (peak of endotherm curve)
and heat of fusion (AHy) were measured by heating from —25°C to 200°C with a rate of 20°C/min.
The crystallinity was calculated by normalizing the heat of fusion (AHy) from the endotherm scans

by the theoretical value of a completely crystalline sample of 209 J/g.**

Wide angle X-ray scattering (WAXS). WAXS experiments were performed at the Stanford
Linear Accelerator Center (SLAC) on beamline 1-4 of the Stanford Synchrotron Radiation
Laboratory (SSRL). The X-ray source is focused with a flux ~10" photons and monochromated
by a (111) Si crystal to a wavelength of A =1.488 A. A CCD-based area detector (Photonic
Science) with a 1024x1024 array of 25um square pixels was used to collect the 2-D diffraction
data image. Images were assembled from the summation of 1000 consecutive scans, and the
portion of reciprocal space imaged was calibrated with a Lupolen standard. Data analysis was
performed using 1-D profiles summed radially from the 2-D patterns and corrected for

background scattering and scattering from windows associated with the optics. The scattering



intensities are presented as a function of the scattering vector q, which is defined as q = [4=®

sin(©/2)] / \.

Fourier transform infrared spectroscopy (FT-IR). The FT-IR data were obtained on thin
films on a BIO-RAD FTS-60A FT-IR spectrometer operated in transmission mode. 64 to 128
scans were collected with a resolution of 2 cm™ and ratioed against the previously collected
background spectrum. The absorbances of the bands at ca. 998 cm™ and ca. 975 ecm™ were
integrated using the peak fitting procedures of the BIO-RAD WIN-IR Pro software. The ratio of
these two bands were previously shown to be nearly linearly dependent on the crystallinity of
iPP.?® The IR index Agyg/Agys provides a measure of isotactic helix content; the band at 998 cm’
corresponds to helical conformation of sequence lengths of approximately 10-14 isotactic repeat

units, whereas 975 cm™ band corresponds to head-to-tail sequences of propylene units®’.

Results

The morphology of melt crystallized films of the unfractionated ePP was investigated by tapping-
mode atomic force microscopy (TM-AFM). As shown in Figure 1, a 200 nm thin film of
unfractionated ePP crystallized at 130°C formed giant two-dimensional spherulites. From this low
magnification AFM micrograph, the preferred initial growth direction, the branching and splaying
of stacks of lamellae under small angles, the filling of the space in the eyes or so-called Popoff’s

leaves,”® and the final attainment of the spherical envelope can be clearly seen. This image



corresponds very well to images obtained by various microscopic techniques on classical
semicrystalline polymers and agrees with the established view of how typical polymer spherulites
develop by nucleation and growth.**° It should be mentioned that this first example for the
presence of crystallization and concomitant hierarchical ordering in isothermally crystallized ePP

was obtained in a thin film with a thickness of 200 nm as measured by ellipsometry.*’

Very similar morphologies can be found at the surface of bulk films of unfractionated ePP.
Intermediate stages of development of spherulitic growth, so-called hedrites,’' are depicted in
Figure 2 together with a higher magnification micrograph of regions next to the hedrites, which
shows edge-on lamellae and a dense cross-hatching pattern. The observation of the so-called
cross-hatched morphology with lamellar branching at crystallographically defined angles in these
ePP samples is evidence for the presence of the monoclinic o-modification of iPP.** The angles
measured for the ePP specimens was 80° & 2°, which compares favorably with the theoretically
4o 32

predicted / observed angle of 80. The observation of thick dominant lamellae, branching

with a defined angle of 80°, and thin branches agrees well with the results of previous

morphological studies on iPP.***

The large scale organization in the non-isothermally
crystallized film (Figure 3) is less perfect and the observed features are smaller, however, the

presence of clear cross-hatching can be noted as well.

From cross-sectional plots we estimate a convoluted average lamellar thicknesses of 20 nm * 3
nm, 23 nm * 4 nm, 28 nm * 6 nm for ePP crystallized isothermally at 110°C, 120°C, and 130°C,

respectively. A quantitative determination of lamellar thicknesses of edge-on lamellae from high-



resolution images must be considered inaccurate due to tip convolution. While these values are
likely to be overestimates,’* they are comparable to lamellar thicknesses reported for iPP in the

literature. >

Optical microscopy with crossed polarizers was used to complement the AFM technique for the
characterization of the morphology of ePP. Figure 4 shows a typical OM image of unfractionated
ePP crystallized isothermally at 120°C (left) and crystallized non-isothermally (right). A typical
Maltese cross spherulite extinction pattern is not observed due to the limited size and
imperfection of the hedrites and spherulites. However, the presence of birefringent circular /
elliptical features which radiate from central points is obvious. These OM results indicate that the
morphologies which were observed by TM-AFM at the free surface of the samples are

representative for the whole film.*

The non-isothermally crystallized samples show little
birefringence and no discernible morphological features, which is consistent with small
disordered crystallites seen by TM-AFM. The TM-AFM and OM data clearly show that
unfractionated ePP can crystallize to a certain extent. In order to analyze the crystallization

behavior in more detail, DCS and WAXS studies of ePP and its fractions were performed. These

data will be subsequently compared to the morphology as observed by TM-AFM.

Thermal analysis was carried out for ePP and each fraction with DSC comparing isothermally
(120°C for six hours) and non-isothermally crystallized samples (Figure 5). The non-isothermally
crystallized ePP shows a broad melting transition with two dominant peaks centered at 42°C and

149°C. TIsothermal crystallization results in a shift of the melting peaks to 50°C and 150°C,
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respectively, and the appearance of another melting peak at 135°C. For the HS fraction, there was
only one dominant peak centered at 42°C, which was shifted to 50°C upon isothermal
crystallization. The HI fraction had a broad melting range with the first peak at 47°C extending up
to another peak at 155°C. After isothermal crystallization, the lower temperature melting peak
was shifted to 57°C and the higher temperature melting peak (shifted to 158°C) became more
pronounced with an additional melting shoulder peak at around 142°C. The thermal behavior of
the blend sample was similar to the HI fraction. The ES fraction showed only barely measurable
endotherms in the DSC thermal analysis (endotherm scan not shown). The crystallinities as

determined by DSC and WAXS are summarized in Table 2.

Wide angle x-ray scattering experiments were performed to study the effect of thermal history on
the crystallinity. Isothermal crystallization conditions (120°C for 6 hours) were contrasted with
non-isothermal crystallization conditions (Figure 6). The crystalline peaks in the 20 plots of
unfractionated ePP, HS, HI, and the blend fractions are reflections of the a-phase of iPP."® The
lowest isotacticity fraction (ES) shows a typical smectic phase.''”’ Crystallinity was calculated
from the ratio of the area of the corresponding peaks (after subtraction of the amorphous halo) to
the total area under the curves. As shown in Table 2, isothermal crystallization results in a minute
increase in crystallinity as measured by WAXS. The crystallinity as measured by WAXS for each

fraction is in good agreement with the crystallinity measured by DSC.

Isothermal crystallization also affected the structure of the unit cell of the crystals, as can be seen

from the 20 plots in Figure 6. After isothermal crystallization the crystalline peaks were shifted to

11



higher 20 values, indicative of a decrease in the unit cell dimensions. This is in agreement with
the observation of Cheng et. al on the effect of decreasing supercooling on the unit cell
dimensions of isotactic polypropylenes.”® The shift of the crystalline peaks is larger for the higher
20 value peaks. The isothermal crystallization also resulted in resolving the two peaks around

20.5° of the single peak in the non-isothermal crystallization samples.

In Figure 7, the crystallinity data as determined by WAXS for the various fractions crystallized at
120°C is summarized together with the values derived from DSC, TM-AFM, and FT-IR
spectroscopy data. There is a good qualitative agreement between the results obtained by
conventional techniques and the rough estimate of surface crystallinity based on TM-AFM
images. These results are further supported by the FT-IR data, which deviate not unexpectedly for
the low crystallinity ES fraction due to non-linearities in the ratio of absorbances vs. density

curves.26

Despite its low crystallinity (8-11% as determined by WAXS and DSC), ePP can crystallize to
form large hierarchical morphologies that are reminiscent of classical semi-crystalline polymers.
The nature of these morphologies depends both on the tacticity of the polymer and the thermal
history, as revealed by investigations of the fractions of ePP. The non-isothermally crystallized

ePP specimens also display the hierarchical ordering known from iPp,'*!%!7-28:29:31

including the
presence of cross-hatching of a-iPP. In the following paragraphs we will discuss the differences

in morphology, as visualized by TM-AFM, of the different fractions of ePP which were obtained

by boiling solvent extraction (Table 1). Each fraction shows distinctively different morphological

12



details, but images of the heptane-soluble and heptane-insoluble fractions reveal morphologies
typical for isothermally crystallized films, i.e. lamellae, hedrites, and spherulites.'*'>!"*** In
contrast, the low crystallinity ES fraction displays only individual lamellae or “bundles” of
lamellae in isothermally crystallized samples. In most cases the lamellae were observed in edge-
on orientation. Occasionally we observed individual flat-on lamellae for the ES fraction (vide
infra). Crosshatching,*® which indicates the presence of the a-phase of iPP, is found in the HI and
HS fractions, the blend, and the unfractionated ePP (vide supra), but not in the ES fraction.

Nevertheless, the morphological features observed by TM-AFM provide good evidence for

crystallinity in all fractions, including the lowest-tacticity ES fraction.

Similar morphologies are observed for the HI and HS fractions as shown in Figure 8 and Figure 9,
respectively. In general, we can observe spherulites and hedrites in various stages of development.
However, the nucleation density and perfection of these aggregates differed significantly for the
different fractions. While the HI fraction formed spherulitic entities, the HS fraction formed
isolated large hedrites, very similar to the parent ePP. This qualitative difference in morphology
may be attributed to a smaller fraction of crystallizable material derived from long stereoregular
sequences in the lower crystallinity samples. In addition, the high degree of crystallinity in the HI
fraction is reflected in the almost exclusive presence of bright lamellar features in the phase
image shown in Figure 8 (right). Non-isothermal crystallization of the HI and HS fractions
resulted in much less well defined hedritic or spherulitic features, presumably due to the faster
crystallization kinetics at lower temperatures during cooling. However, it should be noted that

rather well-developed cross-hatching was observed for both samples by TM-AFM.
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The presence of hedrites and spherulites in isothermally crystallized films is further substantiated
by optical microscopy. The isothermally crystallized HS specimen shows the presence of giant
immature spherulites, whereas the non-isothermally crystallized HS sample shows only very
small birefringent features (Figure 10). That these features are due to crystallites was confirmed
by the absence of any transmitted light through the crossed polarizers above the melting

temperature of the sample.

The ES fraction exhibits a markedly different morphology, which reflects the very low degree of
crystallinity in this sample. Lamellae are usually short, often block-like or curved, presumably due
to the frequent imperfections and / or shorter isotactic sequences. More importantly, they do not
show any ordered arrangements of higher hierarchical order, such as hedrites or spherulites. In
addition, the cross-hatched lamellar branching typical for o-phase iPP was absent. In Figure 11,
individual short lamellae in edge-on orientation can be recognized at the surface of the films. The
limited length and the presence of bundling is qualitatively more pronounced in the non-
isothermally crystallized samples. This indicates that the amount of crystallizable material at a
certain isothermal crystallization temperature T, may be limited, and the initially formed lamellae
may serve as nucleation sites for material which crystallizes at lower temperatures. This effect,
which is expected to be most important for the fraction with the lowest tendency to crystallize, i.e.

the ES fraction, is thus in agreement with our observations.
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We have also employed in situ hot stage TM-AFM™ to determine the melting points of the
lamellae seen for ES. It was found that the lamellar features disappeared at temperatures of >
100°C.* Despite the much lower heating rate used in the in situ AFM experiments compared to
the DSC measurements, this temperature is significantly higher than any endotherm detected by

DSC.*!

A blend of the ES fraction and the HI fraction showed a heterogeneous morphology which was in
some areas very similar to the unfractionated ePP polymer. The heterogeneity may indicate that
the ES and HI components are not completely miscible. However, individual hedritic features
with varying degree of perfection were observed for both isothermally and non-isothermally
crystallized specimens. The presence of cross-hatching again indicates the presence of iPP in the

monoclinic a-phase (Figure 12).

Discussion

Thermoplastic elastomers are an intriguing class of materials which possess the physical
properties of elastomers and the processing characteristics of thermoplastics.** Polyolefin
thermoplastic elastomers are known for both polyethylene and polypropylene.**** These materials
are characterized by a low degree of crystallinity, where the crystalline regions dispersed in the
amorphous matrix provide physical crosslinks for the amorphous elastomeric segments of the
chain.” The size and distribution of crystalline domains is an important determinant of the overall

properties of these materials. Whereas the morphologies of for instance triblock copolymer
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elastomers are determined by the thermodynamics of phase separa‘[ion,42 the morphologies of

semi-crystalline polyolefin elastomers are determined by the crystallization kinetics.

In this work, we show for the first time that the crystallization of low-tacticity elastomeric
polypropylenes, when crystallized either by slowly cooling from the melt or isothermally at
various temperatures, yields lamellar, hedritic, and spherulitic morphologies reminiscent of much
more highly crystalline polypropylenes. The beautiful fractal-like spherulitic morphology
observed by TM-AFM for a 200 nm thin film of isothermally crystallized ePP for instance spans
more than 60 um (Figure 1)! A similar hedritic morphology is observed on the surface of thicker
films (0.5 mm) of isothermally crystallized ePP (Figure 2). These morphologies are representative

of the bulk morphology and not just surface phenomena,?’

which is indicated by
complementary studies using polarized optical microscopy.** OM also revealed large birefringent

hedritic and spherulitic features, which are structurally very similar to the features seen on AFM

micrographs (Figures 1 vs. 4, Figures 9 vs. 10).

High-resolution TM-AFM images reveal structures most reasonably ascribed to edge-on lamellae.
Evidence for these lamellae is observed even in the lowest crystallinity ES fraction (Figure 11).
Several lines of evidence support our assignment of these features as lamellae. The first is the
cross-hatched morphologies for several of the samples (Figure 2b). The presence of defined
angles of branching of 80° is, to within the error of the experiment, equal to the expected value
for cross-hatching for lamellae derived from the o-phase of isotactic PP. The size of these

features (approx. 20 — 28 nm) is also consistent with those expected for polypropylene lamellae
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(vide supra). Finally, the similarity of the morphologies observed in these samples to the

spherulitic morphologies of other semi-crystalline polymers,'*!*2!%-31:43

supports our assignment
of these features to lamellae. The branching and splaying,® of chain-folded lamellar crystals leads
to spherulitic morphologies in other semi-crystalline polymers. We may assume that the same
mechanisms and processes occur in the ePP materials. We occasionally observed flat polygonal to
round objects in ES samples, which we tentatively interpret as flat-on lamellae (Figure 13).*%%
The observation that the majority of the lamellae are in an edge-on orientation is consistent with
reports that lamellae in polyolefins, and PP in particular, grow preferentially in edge-on

. . . 14,15,32,33
orientation in thin films.” > >

The compositional heterogeneity of the elastomeric polypropylenes derived from 2-arylindenes
has allowed us to investigate the morphologies of low-crystallinity polypropylenes as a function
of tacticity and crystallinity. The molecular mass of the whole sample as well as the ES and HS
fractions are similar (M, from 87,000 — 95,000) while that of the HI fraction is higher at M,, =
172,000. The tacticities of these samples, as measured by the percentage of isotactic pentads
[mmmm)] ranges from 21% for the ES fraction to 76% for the HI fraction. Investigation of these
samples by TM-AFM has provided clear evidence for crystallinity in all fractions, including the
lowest tacticity ES fraction. That the ES fraction possesses partial crystallinity is evident from the
structures observed in the AFM images in Figure 11 and the fact that these structures disappear as
the sample is heated above 100°C. Evidence for crystallinity in this sample was not conclusive
from DSC or X-ray and estimated to be below 2% (Table 2), but at these very low levels of

crystallinity, neither of these techniques can provide unambiguous evidence for crystallinity.
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Investigations of both ePP and its fractions have revealed several trends: the morphologies of
these samples depend both on the tacticity of the samples as well as the thermal history. For ePP
as well as the HI and HS fraction, isothermal crystallization at elevated temperatures (120°C —
130°C) yields large spherulitic or hedritic morphologies reminiscent of much more highly
isotactic polypropylenes. These structures are less evident in samples that were cooled slowly
(approx. 5°C / min) from the melt (compare Figures 2 and 3b, Figures 4a vs. 4b, Figures 10a vs.
10b), indicating that crystallization kinetics play an important role in the evolution of these large
hierarchical structures. Nevertheless, the high resolution TM-AFM images give clear evidence for
cross-hatched lamellar structures for ePP, the HI fraction and the HS fraction , irrespective of the

crystallization conditions.

The absence of crosshatching for the ES fraction indicates that the polymer chains possess a
significant number of defects. These defects are most likely derived from atactic stereosequences
which would be excluded from the chain folded lamellae, but will be enriched near the interface
between lamellae and amorphous phase. For ES, the density of defects seems to be above a
threshold which would still allow hornoepitaxy48 (i.e. the growth of daughter lamellae on mother
lamellae in crystallographically defined angles resulting in cross-hatching) to occur. On the other
hand, the rather high melting range of the ES lamellae determined by in situ hot stage AFM (>
100°C) suggests that the chain folded lamellae are thermally quite stable and possess a significant
degree of ordering. This observation demonstrates the usefulness of AFM in analyzing phase

transitions in sifu in polymers since DSC showed no clear melting transition for the ES fraction.
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The observation of lamellar morphologies for all of the samples, including the lowest crystallinity
ES fraction, is indicative of long crystallizable isotactic stereosequences that can span a lamellar
crystal. For ePP, these long stereosequences could be reasonably ascribed to either a mixture of
isotactic polypropylene and lower tacticity polypropylenes, or to a stereoblock microstructure
where the long crystallizable sequences coexist with atactic stereosequences in a given chain. The
fractionation results are most consistent with a stereoblock”'"'* microstructure. In particular, the
solubility of the ES and HS fractions implies that these fractions cannot consist of a mixture of
isotactic and atactic polymer chains.” For the formation of lamellae, the length of the
crystallizable segments or blocks must be at least of the order of a couple of fold lengths.
Kravchenko et al. presented an estimate of this block length derived from the classical method of

12,50
Cc'

HNO:; treatment combined with GP and estimated a degree of polymerization of 118 for the

isotactic stereosequences for a similar sample.

The density of the cross-hatching varies systematically from ES (no cross-hatching) to ePP to HS
to HI (very dense cross-hatching). This implies that the length of the stereoregular sequences
increases in the same order, a trend which is fully supported by the isotacticity [mmmm]
estimated from *C NMR data. The data and conclusions support strongly the notion that ePP

polymers possess indeed a stereoblock structure.

Our results on the low-crystallinity polypropylenes can be compared to the elegant work of Baer

and Hiltner on analogous polyethylene elastomers.”’ These authors were able to correlate the
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physical properties of low-density polyethylenes with their morphologies, which were in turn
correlated to the amount of comonomer, density, and crystallinity in the ethylene copolymers.”’
At high crystallinities, spherulitic morphologies were observed, at intermediate crystallinities the
polyethylenes adopted a stacked lamellar morphology. For polyethylenes with densities less than
0.89 g/cm’ a granular morphology was observed and proposed to be made up of bundled crystals
or fringed micelles. The transition from lamellar morphologies to the granular "fringed micelles"

coincided with the onset of elastomeric properties.

The low crystallinity polypropylenes described in this work have similar densities and mechanical
properties to the polyethylenes investigated by Hiltner et al.** Despite the similarity in densities,
degree of crystallinity, and physical properties, the morphology of the polypropylenes is markedly
different. We see no evidence for “fringed-micelle” type structures at lower crystallinities, but
rather observe lamellar morphologies even for the lowest crystallinity ES samples. These
differences might reasonably be ascribed to the different defect distributions for the two polymers.
For the polyethylenes, the defects are provided by the comonomers which, in the polymers
investigated by Hiltner, are distributed randomly along the chain. As the comonomer content
increases and the crystallinity of the polyethylene decreases, the average sequence length of a
crystallizable ethylene sequence decreases accordingly. For the polypropylenes, the lamellar
morphologies observed for the HS and ES fractions indicate that long crystallizable isotactic
sequences remain even in the lowest crystallinity samples. As a consequence of this blocky
microstructure, lamellar crystals can still form even when the overall percentage of crystallizable

material is low.
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The consequences of the morphology as described in this paper are very important to understand
the mechanical behavior of these materials and to develop appropriate models that can describe
this behavior. In uniaxial deformation we would expect, based on the morphological data
presented here, that the ES fraction should behave very differently compared to the other fractions
and the parent ePP. In uniaxial extension the lamellae of the ES can be expected to rotate into the
strain direction. Assuming the chain-folding is perpendicular to the long-axis of the lamella, this
would lead to chains being oriented perpendicular to the strain direction, whereas the other
materials would show an orientation of polymer chains parallel to the strain direction. The latter
situation is anticipated based on classical models of polymer deformation, such as the model by
Peterlin.”? Preliminary data indicate that these orientational effects do occur.” Thus, we may
postulate that the morphology has a dramatic impact on the behavior of the material under strain
and thus also on the mechanical performance. Further studies are underway to assess the changes
in molecular and lamellar orientation, as well as strain-induced crystallization, during tensile
flow. These results will allow us to develop a general model which describes the impact of the

morphology on the corresponding materials’ mechanical properties.
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Conclusions

We have investigated the crystallization behavior of elastomeric polypropylene (ePP) with a
density of 0.86 g/cm’, and showed by a combination of techniques that ePP films, which were
subjected to isothermal or non-isothermal temperature treatments, crystallize. We presented for
the first time solid evidence that this class of materials, when crystallized isothermally from the
melt, exhibits morphologies that are reminiscent of classical semi-crystalline polymers. The
presence of lamellae, cross-hatching, hedrites, and spherulites was revealed by high resolution
tapping mode AFM and optical microscopy. The findings reported in our present paper show that
a correlation between density, melting point, and morphology observed for the low-crystallinity
polyethylenes are not readily extended to ePP. These results clearly indicate that ePP possesses a
block-like structure and that there is a need for a re-evaluation of the previous views on the
morphology of elastomeric stereoblock polypropylene materials. Our findings have direct
consequences for the interpretation of the mechanical behavior of these and very likely for other
low density polyolefin elastomeric materials. Fringed micelles are not necessarily required to
observe elastomeric behavior. Current work in our groups addresses the morphology of other low
density polyolefins, the in situ study of crystallization, and the quantitative assessment of changes
in molecular and lamellar orientation during tensile test experiments. This work will allow us to
develop a general model which describes the impact of the thermal history on morphology and on

the corresponding materials’ mechanical properties.
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Table 1. Polymer Characterization.

Sample %wt My (10°)* PDI* mmmm (%)° m (%)°

ePP 100 201 23 34 73
ES 48 147 2.1 21 67
HS 42 220 23 44 79
HI 10 432 25 76 92
Blend - - - 34 73

Determined by high temperature GPC at BP Amoco Chemical
Company.

Determined by C NMR, the fraction of five contiguous isotactic
stereosequences in the polymer.

Determined by >C NMR, the fraction of isotactic diades in the polymer.
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Table 2. Effect of Isothermal Crystallization.

Sample Tm AHg Crystallinity Crystallinity
(°C)* (J/g)a’b DSC? (%) WAXS (%)

ePP non-isothermal 42-149 22 11 8

ePP isothermal 50-150 22 11 9

ES non-isothermal 41-45 2 1 2

ES isothermal 41-45 2 1 2

HS non-isothermal 42 32 15 11

HS isothermal 50 32 15 14

HI non-isothermal 47-155 82 39 37

HI isothermal 57-158 &3 40 41

Blend non-isothermal 43-153 22 11 9

Blend isothermal 57-153 24 11 9

a Determined by DSC, endotherm scan from -20°C to 200°C at 20°C/min.

b Standard deviation of AH;is + 2 J/g.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure Captions

TM-AFM height image of ePP crystallized isothermally at 130°C in a 200 nm thin

film on oxidized Si (z scale from dark to bright 200 nm).

TM-AFM images of ePP bulk film crystallized isothermally at 120°C (left: height
image, z scale from dark to bright 3.5 um; right: phase image).>*

TM-AFM images of ePP bulk film crystallized non-isothermally (left: amplitude
image, right: phase image)™.

Optical micrographs obtained with crossed polarizers on ePP films crystallized
isothermally at 120°C (left) and non-isothermally (right).

Differential scanning calorimetry (DSC) endotherm scans of isothermally crystallized
(120°C; solid curves) and non-isothermally crystallized samples (dotted curves) of (a)
ePP; (b) HS fraction; (c) HI fraction; (d) blend. Curves are shifted along y-axis for
clarity.

Plot of WAXS intensity profiles comparing isothermally (solid curves) and non-
isothermally crystallized (dotted curves) materials of (a) ePP; (b) HS fraction; (c) HI
fraction; (d) blend. Crystalline peaks, as indicated for the HI fraction,”” are
reflection of o-phase iPP. Curves are shifted along y-axis for clarity.

Crystallinities normalized to the crystallinity of HI for films crystallized isothermally

at 120°C as determined by various methods.*®
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Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

TM-AFM images of HI bulk film crystallized isothermally at 120°C (left: amplitude
image; right: phase image)™*

TM-AFM images of HS bulk film crystallized isothermally at 120°C (left: amplitude
image; right: phase image).>

Optical micrographs obtained with crossed polarizers on HS films crystallized
isothermally at 120°C (left) and non-isothermally (right).

Comparison of TM-AFM phase images of isothermally (120°C; left) and non-
isothermally (right) crystallized ES bulk film.>*

TM-AFM images of bulk film of the blend crystallized non-isothermally (left
amplitude image; right: phase image).”

TM-AFM height image (z = 7 nm) of a flat-on lamella of ES grown isothermally at
120°C for 2 hours before quenching to room temperature. Due to the slow quenching,
additional PP could crystallize which gives rise to the clearly discernible rim around

the lamella.
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