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ABSTRACT: The behavior of specific components of elastomeric polypropylene was directly observed in
situ using a dynamic, infrared polarimetry technique. The elastomeric nature of ePP is presumed to
arise from a multiblock structure of isotactic (iPP) and atactic (aPP) polypropylene blocks. Elastomeric
polypropylene is a heterogeneous material in terms of tacticity that can be separated into fractions differing
in tacticity. A series of samples were prepared in which one fraction was labeled with deuterium. Infrared
dichroism measurements made at the C—2H stretching vibration were used to follow the relaxation
behavior of fractions of various tacticity. The samples were subjected to a series of step shear strain
experiments at a variety of temperatures from the melt and into the crystalline region. By simultaneously
measuring birefringence (which measures the bulk sample’s local orientation) and IR dichroism (which
measures the orientation dynamics of the deuterated fraction), it is possible to isolate the behavior of
specific populations of chains. It was revealed that chains with the highest level of tacticity crystallize
first, as is expected, and strongly influence the subsequent crystallization of the remaining chains. In

addition, evidence of cocrystallization between the solvent fractions was observed.

Introduction

Elastomeric polypropylene belongs to an interesting
class of single monomer thermoplastic elastomers and
displays unique rheological behavior.! The material was
first prepared by Natta, who interpreted its rubbery
nature as the result of a multiblock structure of atactic
strands tethered together by isotactic crystallites.2~*
The level of stereoregularity within the polypropylene
microstructure dictates its macroscopic physical behav-
ior. Atactic polypropylene is stereoirregular and is an
amorphous polymer. Syndiotactic and isotactic polypro-
pylene are rigid materials with highly stereoregular
structures able to form helices and pack into crystals.
The stereoregularity of the polymer microstructures is
generally determined by 13C solution NMR measure-
ments, from which the fraction of isotactic pentads,
[mMmmm], is used as an indicator of a sample’s isotac-
ticity. Elastomeric polypropylenes possess moderate
[mmmm] values, and their behavior falls between the
amorphous, atactic polymer and the rigid, isotactic
polymer.

Elastomeric polypropylenes can be prepared with a
variety of synthesis techniques, and both the micro-
structure and macroscopic behavior of these materials
have been studied.>~12 We have recently investigated
the thermal and rheological behavior of elastomeric
polypropylenes synthesized with metallocene catalysts
derived from bis(2-phenylindenyl)zirconium  di-
chlorides.’~17 These catalysts were designed to produce
blocks of atactic and isotactic stereosequences by having
the ability interconvert between chiral and achiral
coordination geometries.'®720 Polypropylenes produced
from these unbridged metallocene catalysts span a wide
range of tacticities, from highly isotactic samples, to
moderately isotactic, elastomeric samples, to highly
atactic samples.

T Department of Chemical Engineering.
+ Department of Chemistry.
* To whom correspondence should be addressed.

10.1021/ma981236e CCC: $18.00

Recent studies have shown that elastomeric polypro-
pylenes prepared from these unbridged metallocene
catalysts are heterogeneous in terms of tacticity. The
resulting polymer is a mixture of chains with varying
degrees of tacticity. The parent polymer can be fraction-
ated using a series of boiling solvents into components
that differ in their [mmmm] values. Specifically, we
have studied an elastomeric polypropylene (ePP,
[mmmm] = 0.32) that fractionates into an ether-soluble
fraction (ES, 36 wt %, [nmmm] = 0.18), a heptane-
soluble fraction (HS, 43 wt %, [nmmm] = 0.33), and a
heptane-insoluble fraction (HI, 21 wt %, [mmmm] =
0.51).

The role that composition plays in dictating the
physical behavior is complex. Because of large micro-
structural differences between fractions, the individual
fractions possess distinct thermal and rheological be-
havior. Thermal studies on the solvent fractions showed
that the neat ES fraction demonstrated no crystalliza-
tion while the neat HI fraction with its larger [mmmm]
value exhibited a large amount of crystallization.*
Although the HS fraction possesses the same average
microstructure as the parent ePP sample measure-
ments, we have shown that it exhibits significantly
slower crystallization kinetics.1* The fractions are rheo-
logically distinct as well. The use of a dynamic birefrin-
gence experiment has allowed the recent study of the
step shear strain response of these materials.’®17 These
studies showed that physical, crystalline cross-links in
the ePP sample allow only a portion of the material to
relax stress from an applied step shear deformation.
This elastomeric network maintains some degree of
chain orientations, revealed by an incomplete relaxation
of the birefringence signal, until the deformation is
reversed. It was shown that the neat ES fraction did
not form an elastomeric network due to its low isotac-
ticity, accounting for a large part of the relaxation seen
in the parent sample. The neat HS fraction was shown
to form some physical cross-links on its own, but despite
its matching tacticity it was not as elastomeric as the
parent ePP sample. The neat HI fraction was shown to

© 1999 American Chemical Society

Published on Web 11/04/1999



Macromolecules, Vol. 32, No. 24, 1999

behave as an elastic solid. Thus, in the parent sample
the HI fraction is believed to be able to cocrystallize with
fractions of lower isotacticity, providing a larger cross-
link density within the ePP sample.

The current set of experiments seeks to directly
observe the role each solvent fraction plays as it resides
in the parent elastomer. To this end, a hydrogenated
and a deuterated sample of ePP were prepared from an
unbridged metallocene catalyst. After fractionation,
these materials were reblended to create ePP analogue
samples in which only one solvent fraction was labeled
with deuterium. We follow the orientation of labeled
chains with an dynamic infrared (IR) polarimetry
experiment.?1=23 Similar to the dynamic birefringence
experiment previously employed, IR polarimetry also
tracks the orientation of polymer chains. With a laser
tuned to the C—?H stretching vibration, two optical
signals are simultaneously monitored. First, a birefrin-
gence signal gives a measure of anisotropy in the
orientation distribution of the bulk sample. At the same
time a dichroism measurement indicates the amount
of anisotropy in the orientation distribution of the
deuterated fraction. To elucidate the role that each
component plays in the establishment of the elastomeric
network, the step shear strain response of the labeled
elastomers was followed near the onset of crystalliza-
tion.

Experimental Section

Materials. A hydrogenated elastomeric polypropylene sample
(ePP) was prepared at Amoco Chemical Co. using an unbridged
metallocene catalyst derived from bis(2-phenylindenyl)zirco-
nium dichloride. The sample was fractionated by successive
extraction with boiling diethyl ether and heptane under a
nitrogen environment. The ePP system under investigation has
36% of an ether-soluble fraction (ES, [mmmm] = 0.18), 43%
of a heptane-soluble fraction (HS, [mmmm] = 0.33), and 21%
of a heptane-insoluble fraction (HI, [mmmm] = 0.51). An
atactic polypropylene homopolymer was prepared with a
metallocene catalyst to have an [mmmm] = 0.10, a My, =
496 000, and an M,/M, = 2.7. Details of the preparation,
purification, and characterization of all these samples have
been reported previously.'*

A deuterated elastomeric polypropylene for IR polarimetry
experiments (d-ePP) was synthesized from bis(2-phenylinde-
nyl)zirconium dichloride 20 °C and 75 psig. The methylalu-
minoxane (MAO) cocatalyst (Akzo type 4A, dried under
vacuum at 60°) (0.76 g/mL) and bis(2phenylindenyl)zirconium
dichloride catalyst precursor (0.004 g/mL) solutions were
separately prepared in toluene. A 350 mL Parr reactor was
flushed with argon at 20 °C, and 90 mL of toluene was added
to the reactor. The reactor was pressurized to 45 psig with
deuterated propylene and allowed to equilibrate for 30 min.
Protonated propylene was then used to pressurize the reactor
to 70 psig. An additional equilibration time of 30 min was
allowed. The catalyst and catalyst precursor solutions were
premixed and allowed to age for 30 min at room temperature.
The catalyst solution was injected into the reactor with
protonated propylene, and polymerization was conducted at
20 °C and 75 psig. After 45 min, the polymerization was
terminated with the addition of 80 mL of methanol. Unreacted
monomer was vented off, and the polypropylene was precipi-
tated slowly into acidified methanol. Polymer was subse-
quently dried at 50 °C in vacuo. The yield for the polymeri-
zation under these conditions was approximately 7.8 g.
Solution **C NMR measurements revealed that the bulk d-ePP
sample has an [mmmm] = 0.33, and FT-Raman measurements
indicated that the d-ePP sample is approximately 33% deu-
terated.

The d-ePP samples was fractionated in a Soxhlet extractor
by successive extraction with ether and heptane under a
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Figure 1. Isotopically labelled blends of ePP were prepared
from deuterated and protonated solvent fractions. Isotactic
content based on measurements of protonated samples.?

nitrogen blanket at the boiling point of the solvent. Extracted
polymer was recovered by slow precipitation into methanol and
dried at 50 °C in vacuo. The d-ePP system under investigation
has 35% of an ether-soluble fraction (dES), 46% of a heptane-
soluble fraction (dHS), and 19% of a heptane-insoluble fraction
(dHI). Systems of labeled ePPs were formed by blending a
deuterated fraction in with fractions of the hydrogenated ePP
(Figure 1). An ePP—dES blend was created by mixing 360 mg
of the ether-soluble fraction of d-ePP with 430 mg of the
heptane-soluble fraction of ePP and 210 mg of the heptane-
insoluble fraction of ePP. An ePP—dHS blend was created by
mixing 360 mg of the ether-soluble fraction of ePP with 430
mg of the heptane-soluble fraction of d-ePP and 210 mg of the
heptane-insoluble fraction of ePP. An ePP—dHI blend was
created by mixing 240 mg of the ether-soluble fraction of ePP
with 287 mg of the heptane-soluble fraction of ePP and 140
mg of the heptane-insoluble fraction of d-ePP. All fractions
were dissolved in boiling toluene and allowed to dissolve for 1
h. Blends were precipitated slowly into methanol and were
subsequently dried at 50 °C in vacuo.?*

Isotacticity is reported in terms of the fraction of isotactic
pentads [mmmm] as determined by 3C NMR. Molecular
weight characterization were carried out at Amoco Chemical
Co. on a Waters 150C in trichlorobenzene at 145 °C and are
referenced against polypropylene standards.

IR Polarimetry Measurements. The dynamic response
to a large-amplitude step shearing flow was measured via an
IR polarimetry experiment designed to monitor the time-
dependent birefringence and dichroism resulting from polymer
orientation.?'~2% Figure 1 contains the optical train for the IR
polarimetry measurements. Deformation and flow are provided
with a Linkam CSS 450 shearing apparatus; the flow direction
is taken to be 0°. Monochromatic light is provided with an IR
laser tuned to the C—?H stretching vibration (2180—2195
cm™1). The beam passes through a polarizer oriented at 0°
followed by a photoelastic modulator (PEM) oriented at 45°.
The polarization modulated beam then passes at normal
incidence through a sample under parallel plate deformation,
allowing the beam to pass along the shear gradient axis.
Following the flow cell, the light impinges upon a beam
splitter. Part of the light is reflected back through an analyzing
polarizer oriented at 45° and is collected with detector 1. The
rest of the beam passes through the beam splitter and into
detector 2. The intensity observed at either detector is of the
form

I =14 +1,sin(wt) + 1,, coswt) + ... 1)

Lock-in amplifiers are used to demodulate the optical signals.
A birefringence value is found using the intensity ratio from
detector 1:

I(l)w . ,_2nd,
o 231(Apen) Sin(@); & ===An 2
dc

where o' is the retardation, d is the sample thickness, 1 is the
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Figure 2. IR polarimetry optical train. Signal from detector
1 contains the birefringence information about the average
orientation of thew bulk sample. Signal from detector 2 carries
the dichroism data indicating the orientation of the ?H-labeled
fraction.

wavelength of light, and An’ is the birefringence. Similarly, a
dichroism value is found using the intensity ratio from detector
2:

@)
| 2w

_ 2nd
@ =7 A
dc

A

= 2J,(Apgy) tanh(d"); 9" n" 3)

where 9" is the attenuation and An"" is the dichroism. J1(Apem)
and Jx(Arenm) are experimentally determined calibration con-
stants using elements of known retardation and attenuation.

The samples were held in a Linkam shearing apparatus
modified to contain a nitrogen environment. A rotational
displacement voltage transducer was used to measure applied
strains. Samples of thickness 200—500 um were deformed in
a parallel plate geometry with light propagating down the
shear gradient axis; thus, birefringence and dichroism mea-
surements indicate orientations in the 1—3 flow—vorticity
plane. Polypropylene has a positive stress—optical coefficient,
so a positive birefringence signal signifies polymer chains
oriented in the flow direction.?®> Positive shear strain (100%
shear strain at the point of measurement) was applied at time
t; by a clockwise displacement of the bottom window. At time
t, a negative deformation (—100% shear strain at the point of
measurement) was applied by a counterclockwise displacement
of the bottom window. All samples were prepared with the
same thermal history. Samples were heated to 200 °C under
nitrogen in the flow cell and held for 10 min to erase any
thermal or strain history. Samples were then cooled at 20 °C/
min to the experimental temperature of interest and held for
10 min to allow the sample to equilibrate.?®

Results and Discussion

Using the IR polarimetry optical train described in
the Experimental Section (Figure 2), the onset of
network formation was examined by simultaneously
monitoring the response of the average bulk sample and
the response of the deuterated population of polymer
chains to a step shear deformation. The intensity from
detector 1 carries the birefringence information. Bire-
fringence measurements have proven useful to probe
the rheology of bulk elastomeric polypropylene sys-
tems.1617 |n addition, with a laser tuned to the C—2H
stretching vibration, the intensity at detector 2 contains
dichroism information indicating an anisotropy in the
distribution of C—2H bond orientations. To examine the
onset of network formation, samples were cooled to a
variety of temperatures from the melt (200 °C), held for
10 min, and then subjected to a step shear deformation
(100% shear strain). Comparisons are drawn between
samples made to have matching isotactic content. The
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inability to measure the isotactic content of the isolated
deuterated fractions?* combined with the process of
blending and reprecipitation of samples may lead to
some of the differences seen in these measurements
which prohibit us from drawing quantitative comparison
between samples.

Figures 3, 4, and 5 contain respectively the normal-
ized birefringence and dichroism data on the ePP—dHI,
ePP—dHS, and ePP—dES samples collected at a series
of temperatures. Because we are interested in the
amount of relaxation that occurs relative to the maxi-
mum orientation, values were normalized to the maxi-
mum value of the optical anisotropy following deforma-
tion. Each set of stacked graphs in each of the figures
contains data collected at a different temperature. The
top graph in each set displays the birefringence data
which represent the time-dependent, average orienta-
tion of the bulk sample. The bottom graph in each set
contains the dichroism data which show the time-
dependent orientation of the deuterated fraction. Data
are presented from a series of experiments carried out
at progressively lower temperatures.

At 200 °C, both birefringence and dichroism signals
for all three samples were able to relax to zero from a
reversed step strain experiment showing that the bulk
sample and each of the fractions were able to recover
to an isotropic state between deformations at this
temperature. As the temperature was decreased, full
relaxation of both the birefringence and dichroism signal
was observed for experiments carried out at tempera-
tures T > 105 °C. Below 105 °C, the various fractions
show a variety of behavior. Figure 3 shows that at 100
°C the ePP—dHI dichroism signal did not relax to zero
but instead revealed a relaxation plateau following the
initial step deformation. The ratio of the residual
birefringence to the residual dichroism in this sample
is about 1:2. The higher residual dichroism shows that
after deformation there are more semipermanent ori-
entations and stress within the labeled HI fraction than
the bulk sample. In contrast, the dichroism of the dHS
and dES fractions relaxes to essentially zero at 105 °C,
showing that these fractions were not participating in
the network (Figures 4 and 5).

At lower experimental temperatures the birefringence
develops a strong upturn which will be addressed below,
and differences in the dichroism signals of the three
fractions become exaggerated. At 95 °C the data from
the ePP—dHI sample show that neither the birefrin-
gence nor the dichroism relaxed back to zero following
the initial deformation (Figure 3), and the level of the
dHI relaxation plateau continued to increase as the
temperature was decreased. At 84 °C the dHI fraction
essentially responded as an elastic solid, with very little
relaxation on the time scale of the experiment. Data
from the ePP—dHS sample suggest that elastomeric
behavior is established in both the bulk and the dHS
fraction. Figure 4 shows that below 105 °C the there is
a slight residual birefringence and residual dichroism
following the initial deformation; as the temperature
was decreased, both the residual birefringence and the
dichroism signals increase in intensity. The dichroism
data in Figure 5 show that the dES fraction was able
to completely relax its flow-imposed orientation under
the temperature conditions investigated, while the
birefringence indicates the sample established an elas-
tomeric network below 105 °C.
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Figure 3. IR polarimetry results of ePP—dHI subjected to reversed step shear strain. The top graph in each set depicts the
birefringence response as a function of time. The bottom graph in each set depicts the dichroism associated with the ?H-labeled
HI fraction as a function of time.
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Figure 4. IR polarimetry results of ePP—dHS subjected to reversed step shear strain. The top graph in each set depicts the

birefringence response as a function of time. The bottom graph i
HS fraction as a function of time.

Figure 6 plots the level of the relaxation plateau for
the dichroism and birefringence signals of the ePP—dHI
sample against the temperature.?” The data show that
elastomeric behavior is observed in the dHI fraction
prior to the bulk, demonstrating that the HI fraction
crystallizes before most of the bulk sample and is

n each set depicts the dichroism associated with the ?H-labeled

responsible for establishing the elastomeric network.
Data on the ePP—dHS and ePP—dES samples are
consistent with this result, as shown in Figures 7 and
8 which plot the temperature dependence of the plateau
in the birefringence and the dichroism of the ePP—dHS
and ePP—dES samples, respectively. These graphs show
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Figure 5. IR polarimetry results of ePP—dES subjected to reversed step shear strain. The top graph in each set depicts the
birefringence response as a function of time. The bottom graph in each set depicts the dichroism associated with the ?H-labeled

ES fraction as a function of time.
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Figure 6. ePP—dHI elastomeric plateau: relaxation plateau
vs temperature.

that the bulk elastomeric network is established within
the HI and the HS fractions and that the ES fraction
does not contribute to the elastomeric behavior of the
ePP sample under these conditions.

Overall, the birefringence data from the three labeled
samples, ePP—dHI, ePP—dHS, and ePP—dES, show
that these samples behave qualitatively the same, with
elastomeric behavior emerging at experiments con-
ducted between 97 and 105 °C. Differences between the
birefringence data from the three samples are due to
the difficulty in preparing exact replicas through mixing
and precipitation of different samples.2* Thus, while the
bulk responses, denoted by the birefringence data, are
not quantitatively the same from sample to sample, the
trends are consistent, and we are able to draw compari-
son between the behavior of the various solvent frac-
tions. In addition, the birefringence signals at temper-
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Figure 7. ePP—dHS elastomeric plateau: relaxation plateau
Vs temperature.

atures below 105 °C show interesting trends that should
be addressed. Data taken at temperatures below ap-
proximately 95 °C showed a steady increase in the
birefringence signal superimposed over the step relax-
ation response of all three ePP samples. Near 95 °C the
growth in birefringence for all three samples was small
and did not begin until after the reversed step deforma-
tion was applied. This rise in birefringence became
much more prominent at lower temperatures and at 85
°C was apparent even after the initial deformation. We
attribute this increase in the birefringence signal to
crystallization taking place in the bulk in the shear
direction. In the absence of flow, the birefringence
remained zero even after very long times (t > 5000 s)
for all three samples, indicating that a quiescent sample
crystallizes isotropically. These results suggest that the
initial physical crystalline cross-links form semiperma-
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nent orientations in the strained material that are able
to strongly influence subsequent crystallization in the
bulk sample. While these experiments indicate a pre-
ferred orientation of crystallized chains, they do not offer
any evidence for or against enhanced crystallization due
to flow. Prior step deformation experiments on aged
elastomeric polypropylenes at room temperature have
shown that an irreversible anisotropy can be induced
through the application of the large shear (y > 50%).16
Although flow-induced crystallization has been studied
in isotactic polypropylene,?®~31 there has been limited
work on the phenomenon within elastomeric polypro-
pylene.3? Further studies are planned to determine the
effect of flow on the amount of crystallization in these
elastomeric polypropylenes.

Surprisingly, the dichroism measurements were un-
able to capture most of this linear increase in optical
anisotropy. Only the ePP—dHS sample showed any
linear rise in the dichroism signal, and the rise was
significantly smaller than was seen in the birefringence.
While the increase in the ePP—dHS dichroism data does
suggest that the deuterated HS fraction participated in
any oriented crystallization process in these experi-
ments, it is a concern that we were unable to fully
attribute the rise in the birefringence to any of our
labeled fractions through the dichroism measurements.
The disparity between the rise birefringence and dichro-
ism signals may have resulted from several factors.
First, as mentioned above, the difficulty in preparing
replica samples through mixing and precipitation of
different fractions is a likely source of inconsistency.
Variations in the isotactic content will result in different
crystallization kinetics. More deuterated material needs
to be synthesized and fractionated to allow for careful
[mMmmm] measurements on the isolated deuterium-
labeled fractions. Second, the deuterated population of
isotactic chains may represent the portion of isotactic
chains with the slowest crystallization kinetics. A
measurable difference in kinetics due to isotopic labeling
seems unlikely given the degree of isotopic labeling in
these systems (d-ePP was approximately 33% deuter-
ated); however, Mezghani and Phillips have reported
that perdeuterated isotactic polypropylene crystallizes
at a lower temperature than the hydrogenated poly-
mer.33 Further experiments are necessary to rigorously
study the Kinetic effect on crystallization of selective
deuteration. Finally, differences in the measured bire-

Elastomeric Polypropylene 8105

fringence and dichroism can arise from form or scat-
tering effects. Onuki and Doi have shown that the form
dichroism appears at a higher order in wavenumber
than the form birefringence;?® thus, the dichroism
measurement may be much less sensitive to form effects
at the wavelength used in the present study (4600 «m).
However, we have found no independent supporting
evidence of structures that would cause form scattering
in these samples. In the visible spectrum these samples
are not turbid and do not scatter light anisotropically.
Optical microscopy does not reveal any macroscopic
spherulitic structures, TEM has been unable to resolve
any mesoscopic structure on the order of 100—500 nm,
and crystalline lamellar structures are too small (15 nm)
to generate appreciable scattering.

Conclusions

The IR polarimetry data have demonstrated clear
differences between the in situ behavior of various
fractions of elastomeric polypropylene. The parent ePP
system has a Ty of 142 °C as determined by DSC
measurements and exhibits broad melting indicative of
a heterogeneity of crystalline species.?* The IR polarim-
etry results showed that the HI fraction becomes
elastomeric before most of the bulk sample and that the
ES fraction does not crystallize or contribute to the
elastomeric network in these ePP systems. While it has
been shown that for neat fractions the T, increases with
increasing [mmmm],143536 these data offer the first
evidence of a separation in crystallization Kinetics
between elastomeric polymer fractions in situ. In addi-
tion, these data also offer evidence of cocrystallization
within between the HS and the HI fractions. We have
previously shown that the neat HS fraction crystallizes
only at very long times with extremely slow Kkinetics.
When blended in with the other fractions, the HS
fraction is evidently able to crystallize on the time scales
of the IR polarimetry experiments and to participate in
the elastomeric network at these temperatures. This
suggests that isotactic segments within the HS fraction
that are Kinetically unable to crystallize on their own
can cocrystallize with the HI fraction. Cocrystallization
of stereoblock polypropylenes is an idea supported by
others who have studied elastomeric polypropylenes.837:38
These experiments offer no evidence of physical cross-
links formed from the ES fraction of this polymer under
these conditions. However, preliminary results from
current solid-state ?H NMR studies have shown that a
portion of the ES chains are rigid and immobile in room-
temperature aged, elastomeric samples. Thus, the ap-
propriate thermal conditions may allow segments within
the ES fraction to cocrystallize with the higher [mmmm]
species present in the ePP sample.

Finally, these polarimetry data suggest that flow can
affect the orientation of subsequent crystallization. A
growth in overall sample orientation is measured fol-
lowing flow in these ePP samples. Further studies are
planned to pursue the effect of flow on the subsequent
crystallization of elastomeric polypropylene.
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