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ABSTRACT: Using in-situ small- and wide-angle X-ray scattering, we demonstrate that bundles with
smectic ordering are produced by a step shear in a supercooled isotactic polypropylene melt. This occurs
well before any formation of crystals. The period of the smectic mesophase is about 3.8 nm and depends
neither on the shear rate nor on the temperature. During the subsequent crystallization, crystals grow
epitaxially around the smectic filaments that provide nucleation sites. The period of the crystals is an
order of magnitude larger than the smectic one. Finally, the smectic filaments also transform into crystals,
which is accompanied by a slight increase of the period to 4 nm. A new picture of the shish-kebab structure
is presented in which the initial smectic bundles, instead of extended-chain crystals, play the role of the
shish, while crystals grow epitaxially around it as kebabs.

Introduction

For many years nucleation and growth as a stepwise
process has dominated discussions about polymer crys-
tallization.! In contrast to this view, Strobl? proposed a
multistage process to explain polymer crystallization,
while other authors concluded from X-ray scattering
data to a spinodal-assisted crystallization process.3—5
The picture of a multistage process can be traced back
to 1967,%7 while Schultz proposed already a spinodal
approach for orientated systems in 1981.8 These ideas
have in common that crystallization of polymers is
preceded by an ordered precursor. Clearly structural
information about such possible precursors is necessary
to verify this hypothesis. In recent years this point has
been subjected to an important and still open debate.®~11
In the case of shear-induced crystallization so-called
shish-kebab structures occur, in which oriented mol-
ecules serve as precursor of primary nucleation and
form the shish.1213 After formation of the shish, the
kebabs grow epitaxially around it. Such a two-step
process potentially allows exploring primary nucleation
by investigating the structure of the shish. Though hard
knowledge is still limited, the common picture assumes
that the shish consists of (defective) extended-chain
crystals.*~17 A recent computer simulation shows that
even a single prealigned molecular chain can induce the
shish-kebab structure.’® Further knowledge about the
nature of the shish is of importance not only for our
fundamental understanding of polymer crystallization
but also for the industrial processing of polymers.

To explore the structure of the shish, it would be
helpful if a specific structural marker, for instance a
liquid crystalline phase, could be associated with it.
Isotactic polypropylene (iPP) potentially provides such
a possibility. In addition to three crystal modifications
with a 3-fold helical conformation of the chain, called
o, B, and »,»° also a smectic mesophase has been
reported in rapidly quenched?%2! and cold plasma-
treated samples.?? Left- and right-handed helices are
randomly distributed in this mesophase, which makes
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it structurally suitable to act as a type of precursor. The
observation of such an effect would provide important
support for the new multistep crystallization schemes.
However, although both rapid-quenched and step-
sheared iPP have been extensively studied,?3—30 clear
evidence about any precursor as well as any possible
relation with crystallization is still absent.

In this paper, we show from small- and wide-angle
X-ray scattering that smecticlike layering can be pro-
duced by a step shear in a supercooled iPP melt, as
evidenced by a scattering peak around g = 1.67 nm~1.
The smectic bundles acts as precursor by providing
nucleation sites promoting the growth of crystals,
though it is rather difficult for them to become crystal-
line themselves. A new picture of the shish-kebab
structure is proposed in which, instead of extended-
chain crystals, the initial smectic bundles act as the
shish and crystals grow epitaxially around it as the
kebabs.

Experimental Section

Commercial iPP was obtained from Yanshan Petrol Co.
(China), with a melt flow index of about 1.1 g/10 min (230 °C/
2.16 kg, ASTMD 1238) and an average M, and M,, of about
10°% and 3.7 x 10° g/mol, respectively. The melting point is
about 165 °C. Simultaneous WAXS and SAXS measurements
were made using an in-house setup with a rotating anode
X-ray generator (Rigaku RU-H300, 18 kW) equipped with two
parabolic multilayer mirrors (Bruker, Karlsruhe), giving a
highly parallel beam (divergence about 0.012°) of monochro-
matic Cu Ka radiation (A = 0.154 nm). The SAXS intensity
was collected with a two-dimensional gas-filled wire detector
(Bruker Hi-Star). A semitransparent beamstop placed in front
of the area detector allowed monitoring the intensity of the
direct beam. The WAXS intensity was recorded with a linear
position sensitive detector (PSD-50M, M. Braun, Germany),
which could be rotated around the beam path to measure
either in the meridianal or in the equatorial direction. The
SAXS and WAXS intensities were normalized to the intensity
of the direct beam.

A Linkam CSS450 temperature-controlled shear system was
employed as sample stage. The glass windows were replaced
by two brass plates with apertures covered by 50 um thick
Kapton foil for the X-ray beam. The iPP sample was held in
the gap between the two windows and sheared by a single
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Figure 1. One-dimensionally integrated SAXS (a) and WAXS
(b) patterns of iPP during crystallization at 140 °C after a step
shear with a shear rate of 1 s™! and a strain of 1500%.
Numbers give the crystallization time in seconds; the arrows
indicate the smectic scattering peaks.

rotation step of the bottom plate. A similar construction was
described in ref 27. The samples were preshaped into thin
disks with a thickness and a diameter of about 1.2 and 30 mm,
respectively. Subsequently, they were pressed between the two
plates at 210 °C to a gap of 1.0 mm. After the thickness
adjustment the sample was cooled and cut to fit the diameter
of the upper plate. For the actual measurements the sample
was first melted at 210 °C for 10 min and then cooled to the
crystallization temperature (140, 145, 150, and 155 °C) at a
cooling rate of 30 °C/min. Upon reaching the crystallization
temperature, a step shear was applied with shear rates
between 0.5 and 30 s™* at a fixed shear strain of 1500%. The
whole process was monitored by SAXS and WAXS using 30
and 120 s/frame, respectively.

Results

The two-dimensional SAXS intensity was integrated
azimuthally to obtain the scattering profile as a function
of g = (4x/A) sin 0, the modulus of the momentum
transfer vector g, 4 being the wavelength and 26 the
scattering angle. Figures 1a and 2a show the integrated
SAXS pattern of iPP during crystallization after a step
shear at 140 and 150 °C, respectively. A small peak
around g = 1.67 nm~! appears immediately after the
step shear, while a clear indication of crystallization
emerges around g = 0.25 nm~1 only after about 100 s
(at 140 °C) and 480 s (at 150 °C). The shear-induced
smectic phase does not emerge anymore above about
155 °C. The corresponding WAXS profiles in the equato-
rial direction are shown in Figure 1b and Figure 2b,
respectively. Figure 2 shows essentially similar features
as Figure 1 but provides more detailed information as
at 150 °C the structural development is slower. During
the first stage of the process (about 480 s, Figure 2b),
an increase of the intensity of the equatorial amorphous
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Figure 2. One-dimensionally integrated SAXS (a) and WAXS
(b) patterns of iPP during crystallization at 150 °C (same
conditions as in Figure 1).

halo is observed while the WAXS pattern does not
indicate any crystalline scattering peak. This excludes
that the small peak in the SAXS patterns originates
from some crystalline form of iPP. Although at 480 s
we observe a further increase of the WAXS intensity,
clear scattering peaks only appear after about 960 s. In
addition to the crystalline peaks corresponding to the
o-form and the g-form, initially also two small peaks
appear at g ~ 10.6 and q ~ 14.3 nm™~%, which subse-
quently disappear with time (see Figures 1b and 2b).
These peaks could possibly be assigned as (113) and
(117) of the y-form.31-33 However, the intensity of y(113)
is expected to be very low: 15% of y(111), which is at
the same position as a(110), and 17% of y(117).3! For
short crystallization times (<1600 s) the intensity at q
~ 10.6 nm~1is in fact larger than at the y(111) position.
This supports the idea that the peak at g ~ 10.6 nm~1
mainly originates from the smectic structure, similar
as found in fast quenched?®2 or cold plasma-treated iPP
samples.?? This assignment is also favored by its dis-
appearance at the end of the crystallization process.
Such a behavior is not expected for a y-form as solid—
solid transformations between iPP modifications are
difficult. On the basis of (i) the immediate appearance
of a SAXS peak at g = 1.67 nm™1, (ii) the absence of
any crystalline scattering peak at early times, and (iii)
the assignment of the peak at g ~ 10.6 nm™%, we
postulate that smectic ordering is produced by the step
shear. In the following we shall refer to the peaks
around g = 1.67 and g = 0.25 nm~! in the SAXS pattern
as the smectic peak and the crystalline peak, respec-
tively, even though the structure leading to the first
peak changes with crystallization time. During the
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Figure 3. SAXS patterns of crystallized iPP induced by a step
shear. (a) Two-dimensional pattern showing the orientation
of the smectic and crystalline peaks; different scales are
applied at low- and high-q regions for a better view. (b)
Corresponding azimuthal distribution of the smectic peak (®)
and the crystalline peak (a). Zero corresponds to the vertical
direction in (a).

crystallization process the smectic peak shifts continu-
ously to slightly lower g values (finally about 1.62 nm™1),
but still much larger than the q value of the crystalline
peak. In addition, the disappearance of two smectic
WAXS peaks and the shift of smectic SAXS peak
indicate the smectic regions also crystallize.

The two-dimensional SAXS pattern of the finally
stage of crystallized iPP is shown in Figure 3a. The
azimuthal distribution of the both the smectic and the
crystalline peak is plotted in Figure 3b. We conclude
that both the original smectic layers and the crystalline
lamellae have the same orientation as the shear flow.

After completion of the crystallization, each sample
was heated at a rate of 0.2 °C/min until melting
occurred. The integrated SAXS and WAXS during this
process are shown in Figure 4. With increasing tem-
perature, the smectic peak initially shifts to slightly
larger g values while its intensity decreases. At about
166 °C, the f-phase melts completely, as indicated by
the disappearance of its (300) peak in the WAXS. Both
the smectic and the crystalline SAXS peaks and the
peaks associated with the o-phase in the WAXS dis-
appear simultaneously around 180 °C. This melting
behavior provides further evidence that the smectic
regions have transformed into crystalline ones.

Figure 5a shows the integrated SAXS of iPP at 140
°C immediately after a step shear for different shear
rates. The corresponding SAXS profiles after complete
crystallization are shown in Figure 5b. For the applied
variation of shear rates of about 2 orders of magnitude,
the smectic period is approximately constant. Figure 6a
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Figure 4. One-dimensional SAXS (a) and WAXS (b) patterns
of shear-induced crystallized iPP during heating at 0.2 °C/min.
Temperatures are indicated in °C.

shows for different shear rates the variation of the
integrated SAXS intensity with crystallization time
after a step shear. Plotting the resulting half-time of
crystallization vs the intensity | of the smectic peak
(Figure 6b) demonstrates explicitly a correlation be-
tween the smectic ordering and crystallization: clearly
a larger value of I corresponds to faster crystallization.
Assuming the nucleation to be proportional to | and the
crystals to grow in three dimensions, the relation should
correspond to a power law with an exponent equal to
—3. This is the dashed line drawn in Figure 6b as a
guide to the eyes. The assumption of three-dimensional
growth is delicate as at the start of the crystallization
the orientational ordering of the lamellar crystals is
strong (80%). This would indicate an oriented thread
nucleation model. However, at later stages the orien-
tational ordering is lost and finally is only about 8%. In
this situation the growth process does not have a strong
preferred orientation anymore, and the assumption of
three-dimensional growth is reasonable.

Discussion

Natta et al. proposed already more than 40 years ago
the mesophase in quenched iPP to be smectic.2° Though
a great deal of work on the subject has been carried out
since then, its structure and morphology are still a
matter of controversy.2”:34=37 Values between about 4
and 10 nm were reported for the repetition period. Our
SAXS and WAXS measurements provide conclusive
evidence that the mesophase in iPP can indeed be
described as a smectic layer structure, even though the
nature of the in-plane ordering is not fully clear. The
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Figure 5. One-dimensional SAXS patterns of iPP at 140 °C
after a step shear for different shear rates as indicated: (a)
first frame of 30 s after the step shear; (b) final frame of 10
min after complete crystallization.

period of 3.8 nm is in remarkably good agreement with
the value of about 4 nm estimated by Corradini et al.?*
from the width of a meridianal WAXS peak and is also
close to the value of about 5.5 nm from ref 36. The
controversy about the nature of the mesophase may be
at least partly due to different thermal histories and
consequently the presence of a mixture of smectic
regions and nanocrystals. Contributions from the latter
structures could lead to larger values of the period.36
From our results we conclude that the smectic regions
undergo a gradual transition to crystals, as indicated
by a small shift to somewhat lower q values in the
position of the smectic peak in the SAXS and the
disappearance of the two smectic WAXS peaks. Note
that this transition of the smectic regions is confined
due to the presence of the surrounded lamellar crystals.
It also indicates that at the crystallization temperature
used the smectic structure is metastable, in agreement
with the conventional view of the mesophase formed in
iPP.

The smectic period is sensitive neither to variation
of the shear rate (Figure 5) nor to the temperature
(Figures 1 and 2). However, for temperatures above 155
°C no smectic ordering is observed anymore. This is
attributed to both fast relaxation of the molecular chains
at these high temperatures and to a decreased stability
of the smectic phase. The length scale of about 3.8 nm
corresponds to about 20 monomer units in a 3/1 confor-
mation. It is not clear to us which underlying property
could determine this value. From the limited width of
our smectic SAXS peak the repetition must be at least
several periods. According to estimates by Corradini et
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Figure 7. Schematic picture of shear-induced crystallization
in iPP.

al.,! the width of the smectic regions is about 3 nm. In
agreement with the weak intensity of the smectic WAXS
peaks, we assume that this value approximately also
applies to our situation. Hence, the smectic regions must
be elongated: smectic bundles or filaments.

As liquid crystals are widely applied as nucleation
agents,38 we expect the smectic bundles to play the same
role in iPP. This point is supported by (i) the correlation
between the half-time of crystallization and the inten-
sity of the smectic peak (Figure 6) and (ii) the coinci-
dence of the orientation of the smectic layers and the
final crystals (Figure 3). In Figure 7 a schematic picture
is given to describe this process. Initially, the molecular
chains of iPP are present as Gaussian coils (Figure 7a)
in which some local helix may exist. After application
of the step shear the chains are somewhat stretched.
This creates a more pronounced helical structure that
is aligned to form smectic bundles and gives the shish
structure (Figure 7b). A shear field can also promote
the appearance of smectic bundles at higher tempera-
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tures similar to the case of the 8 phase.?%40 As these
bundles can be expected to have only relatively short
helical sequences and a random hand due to the rapid
organization process, they are not ready yet to form
crystals. Subsequently, the oriented smectic bundles
induce epitaxial crystal growth and the formation of
kebabs (Figure 7c). Meanwhile, the smectic filaments
themselves also slowly transform into crystals, with a
slight increase of the period. The final result is the
shish-kebab structure: the initial smectic filaments play
the role of the shish, while the crystals epitaxially grown
around it form the kebabs.

Three interesting points follow from the structural
development as described. First, the smectic bundles
promote surrounding crystallization as nucleation agents
but do not easily transform into a crystalline structure.
This implies coexistence of both kebab crystals and
smectic filaments at the beginning of the crystallization
process (Figure 2). These results support Lotz's argu-
ments about the difficulty of helix inversion within an
ordered structure.l® The constraints imposed subse-
quently by surrounding lamellar crystals are another
factor to slow down the transition from smectic order
to crystal (see Figure 7c).

The second point regards the structure of the shish;
from our results most probably it does not consist of
extended-chain crystals. Although iPP is somewhat
special because of its helical structure, this point is of
general importance as in several semirigid polymers a
mesophase has been observed under shear or draw-
ing.*142 In these cases probably also a mesophase is
involved in the shish while it may consists of defective
microcrystals in some other polymers.*® Then the pic-
ture of folded-chain crystals epitaxially grown around
an extended-chain surface—used as a strong argument
in favor of specific kinetic theories for the chain-folded
model of crystallization**—is not appropriate anymore.

The third point is whether the growth scheme of
Figure 7 can be generalized to standard quiescent
conditions. Smectic filaments have been found in several
rod-shaped colloid systems, such as fd viruses.*> A model
of formation and growth of smectic filaments similar to
the Hoffman—Lauritzen model for polymer crystalliza-
tion has been proposed recently by Frenkel and Schill-
ing*® and can be extended to iPP in a natural way. The
result is that a single small smectic disk cannot grow
but that this situation changes when other smectic disks
with the same diameter are repeatedly added. This
leads eventually to a smectic filament which becomes
absolutely stable and can grow. This process indicates
that smectic filaments can also develop without shear,
and the model of Figure 7 could also be applicable to
quiescent conditions.

When a smectic filament reaches a thickness I* = nd
= 2vel(p|Aucl), a crystal can grow epitaxially around it.
Here n indicates the number of layers of thickness d,
ye represents the free energy of the folded-chain surface,
and Auc = uc — i is the difference in chemical potential
between the crystal and the liquid phase.*’ For indi-
vidual lamellae with their primary nucleus in the
smectic filament, this picture of the critical nucleus is
rather similar to the “fringed micelle” or “bundle”
model.#84° In the case of smectic bundles entropic
constraints on the smectic segments connected to the
crystalline surface (used as an argument against this
model for amorphous—crystalline interfaces®) are weak,
leading a surface with a low free energy. Experimen-
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tally, the difference between u. and us (the heat of
transition from smectic to a-polymorph) is only about
—0.6 kJ/mol.5! Hence, for nucleation from smectic fila-
ments the energy barrier is low, favoring fringed micelle
nuclei. See also refs 52 and 53 for some recent recon-
siderations of this concept. The question remains why
we did not observe a clear smectic peak under quiescent
conditions. We attribute this to a low number of regular
helical sequences in the absence of shear. As a result,
also the correlation length normal to the smectic layers
will be relatively small.

Conclusion

In-situ SAXS and WAXS measurements indicate that
smectic bundles are produced by a step shear in a
supercooled isotactic polypropylene melt. The associated
scattering peak at about g = 1.67 nm~! appears im-
mediately in the SAXS patterns before any formation
of crystals. The period of the smectic mesophase is about
3.8 nm and depends neither on shear rate nor on
temperature. Subsequently, crystals grow epitaxially
around the smectic bundles, with a period that is about
an order larger than the initial smectic one. Meanwhile,
also the smectic filaments slowly transforms into crys-
talline ones, which leads to a slight increase of the
period to about 4 nm. The precursor smectic bundles
promote crystallization by acting as nucleation agent
but cannot transform easily into a crystal itself. A new
model of the shish-kebab structure is presented in which
the initial smectic bundles (instead of extended-chain
crystals) play the role of the shish, while the crystals
grown epitaxially around it form the kebabs. A fringed-
micelle type of nucleation is suggested for crystallization
under both shear and quiescent conditions.
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