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Abstract

The transformation of mesomorphic phase to a-monoclinic crystal phase in quenched isotactic polypropylene has been investigated by
TEM, DSC and time-resolved SAXS and WAXD methods. It is found that even though the initial appearance of the cluster structure in
mesomorphic i-PP seems to support the model of a multi-step process for polymer crystallization, results indicate that the transformation is
not spontaneous. In the cluster domains, a significant fraction of chain segments must undergo a reorganization process in order to establish
the correct registration of helical hands for crystallization. In addition, a fraction of the ordered chains with correct registration of helical
hands should also serve as primary nuclei to initiate crystallization. However, the entire cluster domains should not be considered as
‘precursors’. The growth process via secondary nucleation eventually transforms the cluster structure to the lamellar structure. © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recently, several new hypotheses have been proposed to
explain the mechanism of the initial stages of crystallization
from the polymer melt. These hypotheses challenge the
conventional view of crystallization via nucleation and
growth processes. For example, one hypothesis suggests
that density fluctuations are formed first in the melt,
especially through the process of spinodal decomposition,
which serve as a precursor to crystallization [1-5]. Another
hypothesis, championed by Strobl, but debated by Lotz,
Cheng, and Muthukumar, suggests that the initial stages of
polymer crystallization involve several multi-step processes
passing through intermediate states, i.e. from the melt via
mesomorphic and granular crystalline layers to lamellar
crystallites [6—-9]. From a cursory examination of the
supporting data, both hypotheses seem credible. However,
detailed investigation of the recent results revealed some
fundamental problems related to the interpretation of the
data. For example, the primary result supporting the
spinodal decomposition hypothesis is based on the appear-
ance of small-angle X-ray scattering (SAXS) before wide-
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angle X-ray diffraction (WAXD). Our recent study has
shown that SAXS can detect a much lower level of crystal-
linity (~0.1%) than WAXD (~1%), which leads to some
questions about the validity of the spinodal decomposition
analysis using the SAXS data collected in the ‘induction’
period [10].

In this article, we also raise some °‘issues’ about the
hypothesis of the behavior of multi-step processes for poly-
mers involving the passing through of the intermediate
mesomorphic structure during crystallization. Strobl has
listed evidences from experiments of syndiotactic poly-
propylene (s-PP), polyethylene (PE), poly(e-caprolactone)
(PCL) and isotactic polypropylene (i-PP) [11—-13]. In this
study, we have examined the case of i-PP, as this polymer
possesses all the characteristics to support a multi-step
process. The most interesting aspect of i-PP is that its chains
consist of chirality, which require specific registration of
four types of helical hands (left- and right-handed helices
as well as ‘up’ and ‘down’ positions concerning the CH;
group) to form a unit cell structure [14]. The mesophase,
which may act as ‘precursor’ to crystallization appears to be
evident in the quenched samples, but large molecular reor-
ganization has also been detected during the transformation
from mesophase to crystalline phase in this study. This
again leads to some questions about the role of molecule
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packing in the intermediate structure to initiate polymer
crystallization.

When crystallized from the molten state, i-PP chains
adopt a 3; helical conformation. These helical chains can
organize into several different spatial arrangements giving
rise to three distinct polymorphs: «-monoclinic, [-
hexagonal and +y-orthorhombic forms, depending on the
crystallization conditions [15-18]. Among these crystal
structures, the o-form (monoclinic) is the most common
one. There is also a ‘mesomorphic’ phase, which can be
obtained by rapid quenching of molten i-PP. Natta and
Corradini [19] first pointed out that this form had an inter-
mediate degree of ordering between the amorphous phase
and the crystalline phase. They categorized it as smectic to
indicate the presence of two-dimensional ordering.
However, the full evidence for the smectic phase in i-PP
has not been documented. The description of the mesophase
can be quite confusing in the literature. In addition to the
smectic phase [19,20], other investigators described the
mesomorphic phase as paracrystalline [21,22], micro-
crystallites [23-26] and nano-crystallites [27]. The
micro-crystallites have been described to possess hexagonal
B-phase (5—-10 nm across), monoclinic a-phase (3—5 nm)
[23-27], cubic or tetragonal phase (3 nm) [28]. Guerra et
al. [29-31] pointed out that comparison of experimental
scattering patterns of mesomorphic i-PP with calculated
scattering patterns excluded the possibility of micro-crystal-
lites of a-monoclinic or (-hexagonal i-PP. In addition,
Wunderlich et al. [32] suggested that the term conforma-
tionally disordered crystal (condis crystal) was more
appropriate for the i-PP mesomorphic form, based on its
frozen liquid-like structure.

In our opinion, the more sensible description of the
mesomorphic phase in i-PP is that it consists of clusters of
ordered helical chain segments with a random assembly of
helical hands (left or right) [7]. The average interchain
distance can be characterized by the diffraction maximum
near the amorphous scattering peak (26 = 15.7°). The signa-
ture of the 3-turn helix in the chains can be identified by the
second diffraction maximum at a larger angle (26 = 20.6°).
As a result, a characteristic of the quenched mesomorphic
form is the appearance of two broad, diffuse peaks in the
wide-angle X-ray diffraction (WAXD) pattern.

2. Experimental

In this study, the i-PP sample was supplied by ExxonMo-
bil Chemical Company. It had number- and weight-average
molecular weights, M, and M, of 41,395 and 290,621,
respectively, and a polydispersity (M,/M,) of 7.02. The
melting temperature (7},) for the sample was about 164°C
by DSC (at a heating rate of 4°Cmin ). The mesomorphic i-
PP was prepared as a cast film from melt extrusion on a chill
roll at a temperature of 8°C. The estimated quenching rate
was about several hundred °C per min. The quenched film

sample was cut into round disks (7 mm in diameter,
0.25 mm in thickness) and sealed into copper sample-
holders with Kapton films for X-ray measurements. Simul-
taneous SAXS and WAXD measurements were carried out
at the Advanced Polymers Beamline (X27C, A = 1.307 A)
in the National Synchrotron Light Source (NSLS), Brookha-
ven National Laboratory (BNL). Two linear position-
sensitive detectors (European Molecular Biological Labora-
tory, EMBL) were used to detect the simultaneous SAXS
and WAXD signals. The sample to detector distance for
SAXS was 1590 mm, and for WAXD detection was
110 mm. The scattering data from silver behenate was
used to calibrate the SAXS profile, and a mica standard
from NIST was used to calibrate the WAXD profile. The
heating experiments were performed using a high tempera-
ture apparatus, which has been previously described [33].
The sample was heated from 30 to 190°C at a rate of
4°Cmin~" and time-resolved simultanecous SAXS and
WAXD measurements were performed during this process
with a data acquisition time of 30 s per scan. DSC experi-
ments were carried out with ca. 10 mg of sample in a Perkin
Elmer DSC-7 under a nitrogen purge at a rate of 4°C min ™.
The temperature and heat flow were calibrated using Indium
and Tin standards.

The sample preparation scheme for transmission electron
microscopy (TEM) is as follows. Along the MD—ND plane
of the sample (thickness was 0.25 mm), TEM specimens
were cryofaced (at —30°C) to produce a deformation-free
surface using a glass knife in a cryogenic ultramicrotome
(Reichert Ultracut E w/FC4D cryostage). RuO, staining
solution was prepared by adding 1 ml of NaOCl (10% wt/
vol from Aldrich) to 0.02 g RuCl3-nH,0O in a 5 ml vial,
mixing well and capping immediately. The cryogenically
faced samples were stained in the vapor space above the
RuOy solution for 7 h, followed by degassing in a hood
for several hours. Ultra-thin sections (~700-750 A) were
cut at ambient temperature using a diamond knife and water
floatation bath. Sections were collected onto 200 mesh
carbon-coated formvar grids. Images were acquired using
the JEOL 2000FX TEM (at 160 kV) and Gatan MSC-794
CCD digital camera.

3. Results and discussion

Typical TEM micrographs of the initial quenched i-PP
sample is shown in Fig. 1a and b. In these two micrographs,
‘cluster-like’ structures with an average size of ~100 A are
visible, which fill up the entire space. The cluster size has a
notably broad distribution with some having dimensions
much less than 100 A. Such cluster structures have been
reported before [34]. The crystallinity of these clusters, if
any, is extremely low. A random two-phase like structure is
clear in these pictures. The darker, more heavily stained
regions represent the amorphous phase with no long range
ordering. In contrast, the lighter, less stained regions must



Z.-G. Wang et al. / Polymer 42 (2001) 7561-7566 7563

0.1 pm

1004

0.1 pm

Fig. 1. Transmission electron micrograph of the etched i-PP from (a) and (b), initial mesomorphic phase with different scales; (c) annealing at 100°C for 1 h

with a scale bar of 0.1 wm.

represent the mesophase that contains some degree of
ordering, resulting in a higher density less susceptible to
RuOy staining. As the chosen i-PP is known to contain a
distribution of tacticity defects, it is conceivable that the
clusters may be initiated from the region of high isotacticity
in ipp (this would be the analog of sPP having different
thermal stability in a single lamellar crystal due to the tacti-
city variation in the chains [35]).

The size, shape and corresponding crystal structure of the
clusters are found to change quite drastically upon annealing
of the sample at temperatures above 80°C. For example,

after isothermally annealing the quenched sample at
100°C for 1 h, the TEM micrograph clearly shows lamellar
structures (Fig. 1c). The corresponding WAXD profile
indicated that the annealed sample had an a-monoclinic
form. In Fig. lc, the coexistence of both lamellar crystals
and the clusters can be found. The short lamellae appear to
be resulted from the aggregation of several cluster domains.
Numerous lamellae with length up to ~1000 A are seen.
The thickness of the lamellae in the annealed i-PP sample
is slightly larger than the diameter of the clusters. The
lamellar thickness distribution also becomes more uniform
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Fig. 2. DSC thermogram of i-PP film at a heating rate of 4°C min~".

than the cluster size distribution. The most interesting
observation is that the lamellar orientation, to a large extent,
is uniform over the whole field of view. This observation
favors the conventional growth process via secondary
nucleation rather than the connection of adjacent clusters,
which would exhibit a more randomly arranged lamellar
structure. These observations are not quite consistent with
the multi-step model proposed by Strobl [6—9], since it
appears that large chain reorganization has occurred before
and during the transformation of mesomorphic phase to
a-monoclinic crystals.

Fig. 2 shows the DSC scan obtained from the quenched
mesomorphic i-PP sample at a heating rate of 4°Cmin"".
Three prominent transition peaks (a small endotherm,
followed by a small exotherm and a sharp endotherm at
164°C) are seen in the scan. The first endotherm, between
40 and 80°C (peak position at 58°C), is very consistent with
the chain reorganization (or ‘melting’) process in the meso-
morphic phase. The broad exothermic event, between 80
and 127°C (center position at 96°C), corresponds to the
crystallization process to form the a-monoclinic phase.
The third peak, between 127 and 172°C (peak position at
164°C), corresponds to the melting of the a-monoclinic
crystals. In this DSC scan, the true magnitude of the heat
flow related to the first two transitions might be larger than
the apparent value detected. This is because the net DSC
scan may be due to a superposition of two large transitions
with opposite signs occurring almost simultaneously,
cancelling each other’s contributions.

Fig. 3a and b show selected patterns of SAXS and WAXD
during heating (at a rate of 4°C min '), respectively. For
SAXS, the Lorentz-corrected intensity profiles (Ig”) versus
scattering sector g (= (4m/A)sin(6), 20 is the scattering
angle) at different temperatures are shown. It is seen that
there is a broad peak in the mesomorphic sample. The peak
position is located at about 0.06 A~!, which corresponds to a
Bragg spacing of 105 A. This Bragg spacing is in good
agreement with the average adjacent spacing of the clusters

observed by TEM. During heating, the Bragg spacing is
nearly constant until the temperature reaches 82°C. At
82°C, the SAXS peak shifts to a lower ¢ value
(0.054 A, corresponding to a larger spacing of 116 A.
At 108°C, the peak ¢ value becomes 0.049 A~ with a
corresponding spacing of 128 A. In addition, a broad
second-order scattering peak also appears at temperatures
higher than 82°C. The corresponding WAXD profiles show
a similar change in phase transition (Fig. 3b). Two broad
reflection peaks (26 = 15.7 and 20.6°) are observed for the
mesomorphic phase. At 82°C, there is clear indication of a
new reflection developing at 26 of 14.8°, which represents
the (110) reflection of the a-monoclinic phase. This peak
(marked by an asterisk at 82°C) becomes more distinct with
increase in temperature. Because the WAXD profiles have a
low signal to noise ratio, we cannot deconvolute the
amorphous, mesomorphic and crystal phases with good
confidence. However, the identification of the phase trans-
formation from the mesomorphic phase to the monoclinic
phase can be clearly marked by following the occurrence of
the peak at 14.8° (the a-phase 110 reflection). Fig. 4 shows
the changes of the SAXS Bragg spacing with temperature
during heating. It is seen that the value remains constant at
about 105 A before 75°C. A significant increase in the Bragg
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Fig. 3. Selected (a) SAXS and (b) WAXD profiles collected during heating

process of i-PP at a heating rate of 4°C min~".
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Fig. 4. Time-evolution of the Bragg spacing from the SAXS data during
heating process of i-PP.

spacing occurs between 75°C (Lg =115 10\) and 127°C
Ly =154 A), corresponding to the exothermic transition
region in the DSC thermogram. At temperatures above
127°C, the Bragg spacing increases rapidly up to 380 A,
which is consistent with typical melting behavior. That is,
the thinner lamellae are melted first at lower temperatures.
The long period continues to increase drastically with
temperature until melting of the thickest lamellae.

Based on the SAXS, WAXD, DSC and TEM results, we
believe that the following mechanism is more sensible to
describe the transformation of mesomorphic phase to crystal
phase. As noted earlier, the mesomorphic phase represents a
collection of helical chain segments with a random assem-
bly of helical hands. Since the crystal structure of the o-
monoclinic phase requires specific registrations of different
helical hands in the unit cell [14], the wrong adjacent helical
chains in the mesomorphic phase cannot be converted into
the a-monoclinic phase without first correcting the helical
hands. The change of the helical structure from one hand to
the other requires substantial reconfiguration of the chain,
which is essentially a melting process. The first endothermic
event in DSC must represent the process of ‘sorting out’ the
correct helical hands. During the partial melting process, the
local lateral ordering of the chains may remain intact to a
large degree, without causing catastrophic alteration of the
global morphology. We note that there must also exist some
‘correct’ assemblies of helical chains in the cluster domains
ready to form the a-monoclinic structure. These assemblies
thus serve as ‘primary nuclei’ for crystallization, which are
‘true precursors’ to crystallization. The subsequent crystal-
lization step is through the secondary nucleation or conven-
tional growth process. The continuous growth of the a-
monoclinic form eventually destroys the clusters, resulting
in a more uniform lamellar structure. The SAXS and
WAXD data show that the phase transformation occurs

over the temperature range of 75—-82°C. This temperature
range covers the end of the first endotherm and the onset of
the exotherm by DSC. Thus, the results from SAXS, WAXD
and DSC are completely consistent with each other. We
notice that the i-PP chains in the mesophase become active
at 40°C. In the temperature range of 40—80°C, we suggest
that a significant fraction of the randomly distributed helical
hands can reorganize themselves into a regular, alternating
sequence of helical hands.

4. Conclusions

In summary, this study indicated that the transition from
mesophase to the a-monoclinic crystal phase is not sponta-
neous, even though the initial appearance of the cluster
structure in quenched mesomorphic i-PP seems to support
the model of a multi-step process for crystallization in poly-
mers [6]. The DSC heating scan, showed a small but definite
low-temperature endothermic event, indicating that the
chains in the mesophase underwent reorganization and
converted into the crystal phase in the temperature range
from 40 to 80°C. It is noted that during this temperature
range, X-ray measurements (at a heating rate of
4°Cmin ") cannot reveal the detailed phase transformation
because of the low quantity of the a-phase crystals formed
and the limited detection limit of WAXD [10]. SAXS results
indicate a scattering maximum (from the cluster structure)
in the mesomorphic phase. The corresponding Bragg
spacing maintained a constant value below 74°C, increased
slowly up to 127°C (cluster to lamellar transformation), then
increased rapidly until the final melting point (lamellar
structure). WAXD results verified the phase transformation
into the a-monoclinic phase at about 80°C. We postulate
that, in the cluster domains, a significant fraction of chain
segments must undergo a reorganization process in order to
establish the correct registration of helical hands for crystal-
lization into the well-organized a-monoclinic form. This
process, which is probably through local motion of the
chain segments, does not completely disrupt the local lateral
ordering and the bulk morphology. A fraction of the ordered
chains with correct registration of helical hands must serve
as primary nuclei to initiate crystallization of the a-mono-
clinic phase, but the entire cluster domains cannot be
considered as precursors. The growth process via secondary
nucleation gradually transforms the cluster structure to the
lamellar structure.
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