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ABSTRACT: The isothermal crystallization of the ether-soluble fraction (ES) of elastomeric stereoblock
polypropylene (ePP) was investigated in situ by hot stage atomic force microscopy (AFM) at temperatures
between 30 and 60 °C. Owing to the low average tacticity of 21% ([mmmm]), this material possesses a
very low degree of crystallinity (e1% as determined by differential scanning calorimetry (DSC) and wide-
angle X-ray scattering (WAXS)) in fully crystallized samples. Despite this low degree of crystallinity, hot
stage AFM allowed us to study the nucleation and growth processes of crystallization in thin ES films in
real time with nanometer resolution. The crystallization occurs in the form of lamellar crystals that develop
from stable nuclei. Both metastable and stable primary nuclei have been visualized. Many crystals can
be assigned to the R-phase of isotactic polypropylene (iPP) based on the observation of crosshatching.
The lamellar growth rates are <3 × 10-3 µm/min and show a maximum between 40 °C and 45 °C. These
results form the basis for a better understanding of the crystallization of ultralow crystallinity
polypropylenes and likely other low crystallinity polymers.

Introduction
In recent years, polyolefin-based elastomers have

attracted considerable interest due to their unique
combination of facile synthesis, chemical inertness, and
elastomeric properties.1 Chief among these materials
are copolymers of ethylene with alkenes, such as hexene
or octene,2,3 as well as elastomeric polypropylene (ePP)
synthesized by, e.g., unbridged bis(2-arylindenyl) met-
allocene catalysts.4-6 In general, all these thermoplastic
elastomers1,3,7 are characterized by a low degree of
crystallinity.1,8 The crystalline regions that are dis-
persed in the amorphous matrix have been postulated
to provide physical cross-links for the amorphous elas-
tomeric segments of the chain.9 Hence, the mechanical
properties of these materials are expected to be inti-
mately related to the size and distribution of the
crystalline regions in the amorphous matrix.

ePPs derived from unbridged bis(2-arylindenyl) met-
allocene catalysts and its fractions exhibit a low degree
of crystallinity (1-40%)8,10 but have been shown to
crystallize in lamellar morphologies typical of much
more highly crystalline polypropylenes.13 Even the
ether-soluble (ES) fraction of ePP with its degree of
crystallinity of e1-2%, was found to crystallize with a
lamellar habit.8b,10 Such low degrees of crystallinity are
at the resolution limit of X-ray scattering techniques
such that in situ measurements of crystallization kinet-
ics are practically impossible. Likewise, the traditionally

applied techniques of DSC and polarized optical micros-
copy (POM) cannot be applied due to the lack of any
clear signal. Owing to the important interdependence
of crystallinity (and morphology) and mechanical prop-
erties, this and other low crystallinity materials clearly
require new characterization techniques to thoroughly
study the relevant material properties and to provide
new insight into the crystallization behavior, i.e., crys-
tallization kinetics and morphology development in real
time.

Recent developments in the area of scanning probe
microscopy promise in part to overcome these experi-
mental limitations. Using hot stage atomic force mi-
croscopy, the groups of Vancso and Miles11,12 carried out
pioneering work leading to important new insights on
the growth of lamellar crystals from the melt. Instead
of growing with constant rate, as assumed in the
prominent crystallization theories,13 the lamellae grow
with widely varying rates. A number of follow-up studies
on various aspects of polymer crystallization have been
published by various groups.14-21

In this paper, we focus on the extension of the hot
stage AFM approach mentioned to the study of nucle-
ation and growth processes in the ether-soluble fraction
of elastomeric polypropylene. Our data clearly demon-
strate the potential of AFM approaches at controlled
temperatures in the study of the crystallization of low
crystallinity polymers on the one hand, and provide
novel insights into the hitherto unexplored crystalliza-
tion behavior of a fraction of an important thermoplastic
elastomer on the other hand.

Experimental Section

Materials and Sample Preparation. Elastomeric polypro-
pylene (ePP) was synthesized by BP Amoco Chemical Com-
pany (PP-22010) in liquid propylene at 50 °C using bis(2-(3,5-
di-tert-butylphenyl)indenyl)hafnium dichloride as catalyst.22

Fractionation was carried out by successive solvent extraction
of ePP with boiling diethyl ether under a nitrogen environment
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following the procedure reported previously.8 As determined
by high-temperature GPC, the ether-soluble (ES) fraction had
a Mw of 147 kg/mol and a polydispersity Mw/Mn of 2.1. The
fraction of isotactic dyads [m] in the polymer was 67%, while
the fraction of isotactic pentads [mmmm] was 21% as deter-
mined by 13C NMR. The samples investigated were initially
melt pressed between two protective Teflon sheets (Mechanical
Grade PTFE, McMaster-Carr) at 180 °C under a pressure of
500 psi in a hot press (model C, Carver, Menomonee Falls,
WI). The final film thickness of 70 µm was achieved by manual
pressing the films in the melt. After transfer of a small part
of the film onto a small piece of a precleaned silicon wafer,
the sample was placed on the AFM hot stage. All films were
melted in situ on the hot stage in a gentle flow of preheated
argon gas (T ∼ 80 °C) at temperatures of >120 °C before being
investigated at a preset isothermal crystallization tempera-
ture.23

Tapping Mode Atomic Force Microscopy (TM-AFM).
The hot stage TM-AFM data were acquired in a home-built
glovebox with a NanoScope III multimode AFM operated in
tapping mode (Digital Instruments (DI), Santa Barbara, CA)
using microfabricated silicon tips/cantilevers (Nanosensors,
Wetzlar, Germany). To avoid possible degradation effects of
the material, as well as contamination of the AFM cantilever
by condensation of water or other contaminants that could
affect the cantilever resonance frequency, the hot stage AFM
experiments were carried out in a glovebox containing an
argon gas atmosphere. The phase images shown here were
subjected to a first-order plane-fitting procedure to compensate
for sample tilt.24 Amplitude and set point ratio were chosen
such that the cantilever-tip assembly did not get trapped on
the sample surface and that the imaging conditions warranted
stiffness-dominated contrast in the phase images. Typical
values for the rms amplitude were 3.0-6.0 V, while the set
point amplitude ratio was adjusted to 0.5-0.6. The home-built
hotstage, which is based on a Peltier element (MELCOR
HOT2.0-18-F2A, Melcor, Trenton, NJ) connected to a home-
built DC power supply, has been previously described.20

Samples were attached to the Peltier using a minute amount
of pressure-sensitive adhesive. The surface temperature of the
Peltier element was monitored by a small thermocouple
(IRCO-001 thermocouple J-type, diameter 0.001 in., Omega,
Stamford, CT, connected to a Fluke 51 K/J thermometer, John
Fluke Inc., Everett, WA), which was glued between the surface
and a small piece of silicon wafer. The temperature reading
of the thermocouple and the current applied to the Peltier were
recalibrated by measuring the melting points of a series of
n-alkanoic acids on silicon.20 For the rather thick ES films
studied, heat transfer from the sample through the gas phase
to the cantilever-tip assembly leads to a surface temperature
depression of >10 °C for (true) surface temperatures larger
than 60 °C.20 Since the film thickness (70 µm) and the thermal
conductivities of polypropylene (kPP ) 0.13 W/(K m))25 and
argon (kAr ) 17.7 × 10-3 W/(K m)),26 are known, this effect
can be accounted for assuming steady-state one-dimensional
heat transfer (for details see ref 20).

Results
Following the complete melting of the polypropylene

films on the AFM hot stage, the crystallization of
lamellar crystals was imaged in situ under isothermal
conditions by TM-AFM at temperatures between 30 and
60 °C. For all temperatures, the nucleation and growth
of lamellar crystals was directly observed (Figure 1).
Nucleation refers here to the appearance of ∼10-20 nm-
sized stiff features in the previously homogeneous,
featureless melt. These crystallites develop into indi-
vidual and bundled rodlike features at the surface of
the elastomer films, which slightly elevated in the
height image (no data presented). As shown in Figure
1, TM-AFM phase images provide excellent contrast
between the soft featureless melt and the stiff crystal-
lites embedded in the melt at all temperatures.27,28 Two

different morphologies were observed: (1) a clear cross-
hatched morphology29,30 and a flowerlike bundled mor-
phology. While the crosshatched morphology was de-
tected primarily at the early stage of the crystallization
process, the flowerlike morphology often became preva-
lent at later stages. The angles between crosshatched
lamellae of 80 ( 4° are independent of the crystalliza-
tion temperature and were observed over the whole
temperature range. On the basis of a large body of
literature, these lamellae can be unequivocally assigned
to the R-modification of iPP.29,30

The crystals appear as rodlike features with a typical
width of ∼12-25 nm, depending on the radius of
curvature of the particular AFM tip. This average
(convoluted) thicknesses of the crystalline features was
measured in cross-sectional plots. Owing to tip convolu-
tion, any quantitative determination of the thicknesses
of these features from TM-AFM images leads to a
considerable overestimate.31

While these crystallites are clearly observed by TM-
AFM phase imaging, the overall crystallinity is very low.
In the DSC scans and WAXS traces shown in Figure 2
for the same batch of ES, no more than 1 ( 1%
crystallinity can be detected.10 The quantitative analysis
of the crystallization kinetics by traditional methods,
such as DSC or WAXS, is thus a priori impossible. In
contrast, hot stage AFM and the sensitive phase imag-
ing technique allowed us to follow the crystallization of
ES in real time. In Figures 3 and 4 different stages of
lamellar development are depicted. These images are
snapshots of a consecutively captured movie of typically
several tens to hundreds of images. Since the lamellar
growth rates (vide infra) are very small, the crystal-
lization processes can be followed in unprecedented
detail and with high relative temporal resolution.

Figure 3 shows two subsequently captured AFM
images of very early stages of the crystallization at T )
41 °C. Three main observations are noteworthy. First,
we observe the disappearance of several bright spots
(see squares labeled 1-3). Second, in the circle denoted
A, a bright spot appears. Finally, one of the reference
features grows in size (black circle B), while three faintly
bright spots in the black ellipse do not change their
appearance. The third reference point C is likely a dust
particle. In subsequently captured images (data not
shown), several of the small bright spots, including the
three reference spots in the ellipse, start to grow into
lamellae, and in a few cases, branching events can be
observed.

The development of a number of crosshatched lamel-
lae in the R-modification can be recognized in Figure 4.
These images were acquired over a period of more than
20 h at 34 °C. At later stages, several bundled crystal-
lites develop in the top left corner of the scanned area
starting from a subsequently spontaneously nucleated
crystal.32

In addition to early stages of crystallization in the
quiescent melt, we were able to image the homoepitaxial
nucleation of iPP daughter lamellae on dominant mother
lamellae, a process that eventually leads to the cross-
hatched lamellar morphology shown in Figures 1 and
4. Individual nucleation or early growth events were
resolved as the appearance of a (bright) blob of material
shown in Figure 5. It is interesting to note that after
the nucleation, the growth rates of the different daugh-
ter lamellae seen in Figure 5 differ significantly. While
the lamellae labeled 1 and 3 grow steadily after nucle-
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ation, the lamellar patch labeled 2 remains dormant
before growing with reduced rate compared to 1 and 3.

The initial growth rates of individual lamellae are
linear in time, which is consistent with the polymer-
typical nucleation and growth process (Figure 6).13 At
later stages of crystallization, the rates slow (no data
shown), which can be attributed to the apparent lack
of sufficiently long and perfect stereoregular sequences
in the fraction investigated. From the analysis of the
length of many individual lamellae grown isothermally
at various temperatures, a growth rate-temperature
plot was constructed (Figure 7). The curve shows a
maximum at ca. 40-45 °C, and the highest growth rates
are <3 × 10-3 µm/min.

Discussion
As shown here for the first time in polypropylene-

based materials, the early and later stages of the
isothermal crystallization of lamellae of iPP (in the
ether-soluble fraction of elastomeric polypropylene) were
studied by hot stage AFM. Despite the ultralow degree
of crystallinity of e1% in fully crystallized samples,
tapping mode phase imaging allowed us to follow the
nucleation and crystallization of ES in situ. Considering
the imaging conditions and, in particular, the amplitude

damping used in the experiments, the contrast in
tapping mode phase imaging is assumed to be based on
differences in stiffness of the crystals and the melt.27,33

While the TM-AFM phase images allow one to detect
the polymer crystallites in the melt, these images
provide no insight into the degree of perfection of the
crystals. Hence, the absolute degree of crystallinity
cannot be determined quantitatively from an estimation
of the areas with different phase contrast.34

The observed elongated features (see Figures 1 and
4) can be assigned to edge-on oriented lamellae, as
discussed in detail in a previous paper.10 Taking the tip
convolution effects into account, the average (convo-
luted) thicknesses of the lamellae of ∼12-25 nm com-
pare favorably with lamellar thicknesses reported for
iPP in the literature.35,36 In particular, the observation
of crosshatching for all temperatures investigated in this
study and the polymer-typical linear growth rate cor-
roborate this assignment.37 The exclusive presence of
edge-on oriented lamellae in the thin film samples
investigated in this study is consistent with reports that
lamellae in polyolefins, and PP in particular, grow
preferentially in edge-on orientation in thin films.38

The origin of the two different types of micromorphol-
ogy observed, i.e., crosshatching and bundled flowerlike

Figure 1. Hot stage TM-AFM micrographs (phase mode)24 recorded in situ at 34 °C (a, early stage; b, late stage) and 54 °C (c,
early stage; d, late stage). The matrix with dark phase contrast corresponds to the uncrystallized polymer melt, while the bright
features are attributed to lamellar crystals. Different stages of crystallization including single lamellae in edge-on orientation,
isolated crosshatched lamellae, and a bundled flowerlike morphology can be recognized. For a close-up view of crosshatched lamellae,
see Figure 4.

2414 Schönherr et al. Macromolecules, Vol. 36, No. 7, 2003



morphology, cannot be unequivocally identified. One
possibility is the presence of two different polymorphs
(R and â). Alternatively, the coexistence of two quali-
tatively different morphologies, e.g., chain-folded lamel-
lar and fringed micellar morphologies, or the absence
of lamellar branching for a significant fraction of
R-phase lamellae could explain the observations. While
we have definite proof for the presence of the R-modi-
fication in the case of crosshatched lamellae, the other
possibilities cannot be differentiated based on the avail-
able information. The analysis of the WAXS pattern (see
Figure 2) remains inconclusive, since the intensities are
too low to make a definite statement or resolve broad
peaks of likely multiple polymorphs.

The magnitude of the growth rates determined by an
analysis of the length of individual lamellae (<3 × 10-3

µm/min) is many orders of magnitude lower than for
conventional semicrystalline polymers (Figures 6 and
7). A direct comparison of single lamellar growth rates
is difficult due to lack of suitable literature data;
however, isotactic polypropylenes are known to crystal-
lize rapidly with half-crystallization times of several
minutes to tens of seconds depending on undercooling.39

Thus, one important effect of the polymer architecture,
i.e., the stereoblock microstructure with its low isotac-
ticity, seems to be a decrease of the magnitude of the
growth rates. Owing to this microstructure of the ePP
material and its fractions,6,8,10 the enrichment of long
defects and atactic sequences close to the interface
between lamellae and melt seems plausible. Hence, it
would be consistent to assume a reduced growth rate
and a reduced fraction of available sites where lamellar
growth by stem attachment, but also homoepitaxy, could
occur on already-grown lamellar crystals. The observa-
tion of low growth rates on one hand and the observa-
tion of crosshatching at early stage of the crystallization

and flowerlike overgrowth at later stages, on the other
hand, are consistent with this interpretation.40

The appearance of lamellar crystals in the melt
following the initial nucleation was visualized in several
cases (see Figures 3 and 4). A high precision and high
resolution imaging of this process is still limited by
thermal drift during the stabilization period of the force
microscope. This period sets in after the inevitable
temperature drop from the melting temperature to the
crystallization temperature and lasts for several min-
utes. This time is usually sufficient to detect nuclei in
a large area scan (5-10 µm2), but the pixel resolution
of the commercial AFM used (512 × 512 pixels2) limits
the actual resolution in these cases. Hence, the shape
and dimensions of the nuclei cannot be analyzed.
However, as shown in Figure 3, this does not rule out
the detection of these early aggregates.

In particular, we have observed the appearance and
disappearance of very small features that possess a
positive phase shift with respect to the melt (feature A
vs features 1, 2, and 3 in Figure 4). Since a nucleus is

Figure 2. DSC endotherm scans (top) and WAXS profiles
(bottom) of isothermally (solid lines) and nonisothermally
(dotted lines) crystallized ES (adapted from ref 10).

Figure 3. Early stages of ES crystallization followed by hot
stage AFM at 41 °C (TM-AFM phase images).24 The black
circles indicate dormant nuclei (A), as well as growing lamellae
(B) and a dust particle (C) as reference points. The white
squares show the positions of three nuclei (1-3) that became
unstable and disappeared, while the white circle shows the
appearance of a nucleus from the previously homogeneous
melt. The time elapsed between the two images were captured
was 256 s (image size 3.3 µm × 3.0 µm).

Macromolecules, Vol. 36, No. 7, 2003 Low-Crystallinity Polypropylene 2415



assumed to be a single crystal-like entity,41 this stiffness
contrast is expected at any stage of its development. The
features subsequently grow into lamellar crystals. Some
of these lamellae show crosshatching and hence are
composed of R-iPP. These observations are at least
consistent with the view that polymer crystallization
starts by the formation of (stable) nuclei. If a nucleus
becomes stable, it can grow further to develop a lamellar
habit (e.g., feature B in Figure 3), while it may also
disintegrate in case it is unstable (e.g. features 1, 2, and
3).42 The limited resolution in the experiment mentioned
above makes the unequivocal differentiation of small
growing crystallites and (meta)stable nuclei difficult, but
the disappearance of stable growing crystals would be
in conflict with the nucleation theory. Thus, our results
suggest that indeed primary nuclei have been visual-
ized.42

The resolution of the TM-AFM experiment on homo-
epitaxial nucleation (Figures 4 and 5) is higher com-
pared to Figure 3 since the observed events take place
after the AFM has stabilized. Hence, smaller scan sizes
are feasible and the imaging conditions are stable. The
development of crosshatching begins with the deposition
of a patch of daughter lamella, which is detected due to
its increased stiffness relative to the melt. This first
patch may grow rapidly into the surrounding melt, or,
as clearly seen in Figures 4 and 5, it may remain
dormant for considerable time. This behavior is likely
related to the lack of crystallizable material in the
region near the growth front or the incorporation of an
isotactic PP-rich segment of the chain, which is followed

by a very long atactic block along the incorporated chain.
If the isotactic PP-rich segment is not removed by
detachment of the already attached segment, this may
lead to the termination of the growth at this particular
location.

Considering the literature11-21,42 and this work, it
becomes evident that detailed studies of very early
stages of crystallization following the initial nucleation
events, as well as lamellar growth at high undercool-
ings, of commercially relevant semicrystalline polymers,
such as iPP, may be viewed currently as difficult or still
impossible using hot stage AFM.42 Such studies of
materials with orders of magnitude faster crystallization
rates than the ES described here may still require
improvements of AFM instrumentation (scan rates) and
similarly, improvements of the thermal stability of the
AFM setups.43 Recent developments in scanning probe
microscopy hardware in this respect are very promis-
ing.44 As we have shown here, hot stage AFM possesses
a unique sensitivity to differences in stiffness combined
with a high spatial resolution. These features make this
approach highly attractive to possibly obtain in the
future the necessary microscopic and nanoscopic infor-
mation needed to develop better models and better
understanding of nucleation and growth in polymer
crystallization.

Conclusions
Using hot stage AFM, we have followed the isother-

mal crystallization of the ether-soluble (ES) fraction of
elastomeric stereoblock polypropylene (ePP) in situ at

Figure 4. Various stages of R-phase lamellae (central area) in ES as unveiled by TM-AFM (phase mode)24 at 34 °C.
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temperatures between 30 and 60 °C. This high-resolu-
tion, real-space technique allowed us to study lamellar
crystallization processes following the initial nucleation
events in thin ES films with nanometer resolution.
R-Phase polypropylene lamellae were identified based
on the observation of crosshatching. The lamellar
growth rates were measured quantitatively as a func-
tion of crystallization temperature. The fastest growth
occurred at ca. 40-45 °C with a lamellar growth rate
of <3 × 10-3 µm/min. These results constitute the first
lamellar-level information on iPP crystallization studied

in situ from the melt by AFM and form the basis for a
better understanding of the crystallization of ultralow
crystallinity polypropylenes and likely other low crystal-
linity polymers.
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