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A short review about the structure, condition of formation, and reorganization behavior
of the mesophase of isotactic polypropylene, summarizing recent work of the authors, is
provided. Emphasis is put on the presentation of data collected by novel analysis tech-
niques like fast scanning chip calorimetry (FSC), temperature-resolved X-ray analysis,
or temperature-resolved atomic force microscopy (AFM), for quantitative characteri-
zation of the kinetics of the liquid—mesophase transition and of the conversion of the
mesophase into crystals. In addition, the impact of crystallization of polypropylene via
intermediate formation of a mesophase on engineering properties will be highlighted.

Keywords Crystallization; isotactic polypropylene; mesophase; reorganization

Introduction

Isotactic polypropylene (iPP) belongs to the group of semicrystalline polymers, with the
structure of the ordered phase depending on the conditions of crystallization [1]. Solidifi-
cation of the quiescent melt of iPP may either lead to formation of monoclinic, lamellar
a-crystals which coexist with amorphous structure within spherulites, or to formation of
a mesophase [2—-6]. The mesophase is of nodular shape [7,8] and is not arranged in a
higher-order superstructure. In the a-phase, molecular segments adopt a 3; helix confor-
mation, and left- and right-handed helices are parallel aligned within separate layers [9].
In the mesophase the helical structure of molecule segments is preserved, however, three-
dimensional long-range order is lost due to presence of conformational defects like helix
reversals or wrong inclination of the methyl groups of neighbored chains [10,11]. Both
polymorphs yield characteristic X-ray patterns which allow straightforward identification.

For illustration of characteristic morphological features of semicrystalline and semime-
somorphic iPP at different length scales, in Fig. 1 are shown microscopy images, collected
by atomic force microscopy (AFM) (top row, Figs. 1a and 1b) and by polarizing opti-
cal microscopy (POM) (bottom row, Figs. 1c and 1d) [12]. The AFM patterns show the
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Figure 1. AFM images (top row) and POM images (bottom row) of semicrystalline (left) and
semimesomorphic iPP (right). The AFM images show the structure at the nanometer length scale
and the POM micrographs show the structure at the micrometer length scale. Adapted/Reprinted
from Polymer, Vol. 50, D. Mileva, Q. Zia, R. Androsch, H.-J. Radusch, S. Piccarolo, “Mesophase
formation in poly(propylene-ran-1-butene) by rapid cooling,” pages 5482-5489, Copyright 2009,
with permission from Elsevier.

structure at the nanometer length scale, while the POM images provide information about
the superstructure at the micrometer length scale. Figures la and lc were obtained on
semicrystalline iPP and show lamellar crystals and spherulites, respectively, and Figs. 1b
and 1d were obtained on semimesomorphic iPP and prove the particle-like habit of the
mesophase and absence of spherulites, respectively. These morphological characteristics
of the mesophase of iPP are in accord with a homogeneous nucleation mechanism, as will
be demonstrated further on discussion of the temperature range of mesophase formation
below.

Figure 2 is a summary of the conditions of mesophase formation in terms of
temperature—time profiles [13]. The mesophase can be formed on cooling the quies-
cent melt or on heating the amorphous glass, as is indicated with the pathways C1/C2 and
HI1/H2, respectively. Details regarding rates of cooling and heating, or the exact tempera-
ture range of mesophase formation have been collected by fast scanning calorimetry (FSC)
[14—17], or by investigation of the structure of samples of different thermal history [18,19].
Formation of the mesophase from the melt requires sufficiently fast quenching of the liquid
in order to avoid crystallization in the temperature range between the equilibrium melting
temperature Ty, o of 460.7 K [20] and about 330 K. In addition, the cooling rate q must be
lower than a critical value if the cooling step is performed to temperatures below the glass
transition temperature Ts.

Crystallization of the melt is suppressed on cooling faster than about 10? K s~!. The
mesophase may then form on isothermal holding the supercooled liquid at a temperature
between about 330 K and T, (pathway C1). Alternatively, mesophase develops also on
continued cooling below Ty if the cooling rate is lower than 10° K s~! (pathway C2). Faster
cooling inhibits both crystallization and mesophase formation and yields a fully amorphous
glass. Mesophase formation occurs then on subsequent devitrification of the amorphous
phase by heating above T, (pathways H1 and H2). If the temperature range of mesophase
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Figure 2. Schematic illustrating the condition of mesophase formation on cooling the quiescent
melt (pathways C1 and C2) or heating the amorphous glass (pathways H1 and H2). Adapted from
Polymer, Vol. 51, R. Androsch, M.L. Di Lorenzo, C. Schick, B. Wunderlich, “Mesophases in polyethy-
lene, polypropylene, and poly(1-butene),” pages 4639—4662, Copyright 2010, with permission from
Elsevier.

formation is passed by continuous heating, the heating rate q must be lower than about 10*
K s~! (pathway H1).

The temperature ranges of crystallization and mesophase formation are indicated in the
right part of Fig. 2. Accordingly, crystallization occurs only between the equilibrium melting
temperature and about 330 K; at lower temperature is observed mesophase formation.

Besides analysis of the exact temperature ranges of crystallization and mesophase for-
mation, FSC also allowed evaluation of the overall rates of crystallization and mesophase
formation as a function temperature. Crystallization is fastest at temperatures around
350-360 K, while the maximum rate of mesophase formation is observed around am-
bient temperature [17]. The half-times of crystallization and of mesophase formation at
the respective temperatures of fastest growth are about 0.2 and 0.1 s [17]. It is important
to note that crystallization and mesophase formation obey qualitatively different kinetics,
i.e., a bimodal temperature-dependence of the overall rate of ordering has been observed.
The temperature-dependence of the rate of monoclinic crystallization seems to be in accord
with the classical crystallization theory [21]. With increasing supercooling, the crystal-
lization rate first increases due to the lowering of the activation energy for creation of a
nucleus of critical size, and then it decreases due to lowered mobility of molecule segments.
A reason for the bimodal overall rate of crystallization/mesophase formation may be the
change of the nucleation mechanism from heterogeneous nucleation at high temperature to
homogeneous nucleation at low temperature. Homogeneous nucleation in the temperature
range of mesophase formation may overcome the decreasing crystallization rate due to the
decreasing mobility of molecular segments, and ultimately causes a repeated increase of



Downloaded by [Moskow State Univ Bibliote] at 12:36 15 April 2012

Mesophase of Isotactic Polypropylene [657]/77

the rate of ordering with decreasing temperature. The frequent homogeneous nucleation,
however, does not allow a distinct growth of ordered entities and, correspondingly, the
mesophase is reduced in lateral size and of nodular shape.

Both crystallization and mesophase formation in iPP are connected with the devel-
opment of a distinct rigid amorphous fraction (RAF) at the interface between the ordered
phase and amorphous structure [22,23]. The RAF has been detected in partially ordered iPP
by quantitative analysis of the heat capacity increment at the glass transition temperature of
the mobile amorphous fraction (MAF) (T, mar) at about 260-270 K on its devitrification.
Though formation of a RAF seems typical for the majority of crystallizable polymers, in
iPP it plays a major role on the crystallization behavior. In quenched samples of iPP of
close to 40% mesophase fraction, almost no increase of the heat capacity at Ty mar Was
observed which suggested that the mesophase coexists at ambient temperature with RAF,
and only little MAF. This led also to the conclusion that the mesophase itself was below its
own glass transition temperature, i.e., it has been classified as conformationally disordered
glass [11].

Reorganization of Semimesomorphic Isotactic Polypropylene

The mesophase of iPP obtained by quenching is metastable at ambient temperature. In-
creasing temperature leads to perfection of the mesophase [24] and ultimately to conver-
sion into monoclinic crystals. The mesophase—crystal transition involves the removal of
intramolecular helix reversal defects and improvement in crystal symmetry, and starts at
about 350-360 K with the onset of helix mobility [13,25]. The perfection of the mesophase
has been identified by controlled generation of annealing peaks in calorimetric analyses
[11,26], and the mesophase—crystal transition has directly been monitored by temperature-
resolved X-ray scattering [27,28], as shown in Fig. 3, or by calorimetry [13,24,29]. The
latter method also allowed estimation of the rather low specific heat of mesophase ordering
of 600 J mol~! [11]. The mesophase—crystal phase transformation is thermodynamically

208K

10 15 20 25 30
Scattering angle 26

Figure 3. Temperature-resolved X-ray scattering for analysis of the mesophase—crystal phase tran-
sition in iPP. Semimesomorphic iPP has been heated from 298 K to 388 K at a rate of 2 K min~!. The
X-ray data show the conversion of mesophase into crystals at a temperature of about 350 K—the two
characteristic mesophase halos are replaced by sharp peaks characteristic of the monoclinic crystal
polymorph. Data were collected at Hasylab. 2010.
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irreversible, i.e., subsequent cooling, regardless the cooling rate, does not lead to repeated
mesophase transformation.

The reorganization of the mesophase into crystals is kinetically controlled and depends
therefore on the heating rate applied. For demonstration, in Fig. 4 is shown a series of FSC
heating scans recorded between 5x 107 K s~! (top curve) and 4 x 10* K s~! (bottom curve)
[29]. Samples were initially quenched into the glassy state using a cooling rate of 1 x
10* K s~! according path C2 in Figure 2 and then heated to 300 K for a period of 30 s
to allow mesophase formation. Subsequently, the semimesomorphic iPP samples were re-
cooled to 100 K, and analyzed by heating at different rates. The endothermic peak labeled
I is due to disordering of mesophase formed at 300 K, while the peak labeled III is related
to melting of crystals which developed by reorganization of the initially formed mesophase
in the temperature range marked II. Increasing heating rate leads to a slight increase of the
temperature of disordering and, more important, to an increase of the peak area of event
I. Simultaneously the large melting peak III shifts to lower temperature, and decreases
in latent heat. On heating at (3—4) x 10* K s~ 1, finally, only peak I is detected which is
related to isotropization of the mesophase without prior perfection and reorganization into
crystals (red curves). Note that samples in FSC analyses exhibit micrometer dimensions
and a mass of as low as few nanograms, necessary to minimize thermal lags and gradients
within the sample. The optical micrograph in Fig. 4 shows a typical FSC sample with a
lateral dimension of about 50 pm.

The reorganization of semimesomorphic iPP on heating has also been followed by
analysis of the morphology of the ordered phase, using AFM and POM [13,19,30,31].
Most important, it has been found that the mesophase—crystal phase transition has no effect
on the size and habit of the nodular mesomorphic domains. This, ultimately, led to the
conclusion that the reorganization of the mesophase occurs at local scale within the ordered
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Figure 4. Fast scanning calorimetry (FSC) for analysis of the reorganization behavior of semime-
somorphic iPP. Left graph adapted with permission from [29]. Reprinted with permission from D.
Mileva, R. Androsch, E. Zhuravlev, C. Schick, Macromolecules, 42, 7275-7278. Copyright 2009
American Chemical Society. The micrograph serves for illustration of the extremely small size of
FSC samples, which is of the order of 50 um in lateral direction.
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Figure 5. AFM structure of semimesomorphic (left image) and reorganized semicrystalline iPP
(center and right images). Reorganization of initially quenched, semimesomorphic iPP was triggered
by heating to 393 or 433 K, i.e., to temperatures well above the mesophase—crystal phase transition.
The images demonstrate that the mesophase—crystal phase transition does not affect the morphology
(size and shape) of the ordered phase. Images adapted from Polymer, Vol. 48, Q. Zia, H.-J. Radusch,
R. Androsch, “Direct analysis of annealing of nodular crystals in isotactic polypropylene by atomic
force microscopy, and its correlation with calorimetric data”, pages 3504-3511, Copyright 2007, with
permission from Elsevier.

phase without prior global isotropization of the mesophase. In Fig. 5 are shown AFM
images which were collected at ambient temperature on initially semimesomorphic iPP
before and after annealing at 393 and 433 K. Before annealing, nodules with a size of about
5-15 nm are observed (left image). Annealing at 393 K, i.e., at a temperature higher than the
mesophase—crystal transition, apparently did not result in a change of the size and shape
of the ordered, presumably crystalline phase. Only further increase of the temperature led
to an increase of the size of nodular crystals by classical annealing processes, to achieve
higher stability, with the specific processes described in text books [32]. The final size of
crystalline nodules depends on both the maximum annealing temperature and the annealing
time, and may reach values of 30 to 40 nm.

Reorganization of semimesomorphic iPP on heating has no effect on the higher-
order organization of the ordered phase. Quenching leads to formation of quasi-isometric
mesomorphic domains which irregularly are embedded in the amorphous matrix. It has
been demonstrated in Figure 1d that the structure is non-spherulitic though heterogeneous.
Reorganization of the mesophase into crystals and classical annealing processes do not
result in formation of spherulites. In other words, the reorganization of semimesomorphic
iPP leads to semicrystalline but non-spherulitic samples, with the crystallinity being at
similar level as in case of direct melt-crystallization.

Impact of Crystallization of iPP via the Mesophase

Crystallization of iPP via quenching and formation of a metastable mesophase at ambient
temperature in a first step, and subsequent heating to allow mesophase reorganization
into crystals permits generation of structures with specific properties which qualitatively
are different from those of semicrystalline iPP prepared by direct melt-crystallization.
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Figure 6. Schematic of different pathways of crystallization the quiescent melt of iPP: Crystallization
via the mesophase (left) and conventional, direct crystallization of the melt (right). Based on a sketch
published in [33]. With kind permission from Springer Science+Business Media: Polymer Bulletin,
Deformation behavior of isotactic polypropylene crystallized via a mesophase, Vol. 63, 2009, pages
755-771, Q. Zia, H.-J. Radusch, R. Androsch, Fig. 1.

Figure 6 is a sketch of different pathways of crystallization of the quiescent melt of iPP, and
summarizes essential steps to obtain different supermolecular semicrystalline structures
of iPP [33]. Crystallization via the mesophase (left) requires quenching at a rate faster
than 10> K s~! to room temperature, to obtain a mesophase of nodular geometry in a
non-spherulitic environment, and subsequent annealing at a temperature higher than about
350 K. The annealing step triggers mesophase reorganization into monoclinic crystals,
with the annealing temperature and time controlling structural parameters, like the nodule
size, the internal perfection of crystals and the crystallinity. Finally, a semicrystalline iPP
is obtained with spatially non-organized nodular monoclinic crystals. Conventional melt-
crystallization (right) includes slow cooling of the quiescent melt at a rate lower than
10? K s~! which leads to direct conversion of liquid into monoclinic crystals of lamellar
shape, organized within spherulites. Similar as in case of crystallization via the mesophase,
subsequent annealing allows again control of the lamellar thickness, or of the crystallinity.

Figures 7 and 8 compare the tensile stress—strain behavior and the optical transparency
of semicrystalline iPP prepared by different pathways of crystallization, as explained with
Fig. 6. Qualitatively, the data of Fig. 7 reveal that conventional melt-crystallization, accom-
panied by formation of lamellae and of spherulites, leads to rather non-ductile samples.
Failure is observed immediately on passing the yield point (see e.g. the curve marked by the
red shaded numeral). In contrast, crystallization via the mesophase leads to samples which
show ductile deformation behavior (see e.g. the curve marked by the blue shaded numeral).
Using each preparation scheme, three samples of different crystallinity have been prepared.
The crystallinity is proportional to the density given in the legend of Fig. 7. As expected, the
yield stress and the modulus of elasticity increase with the crystallinity/density. Most im-
portant, the curves labeled ‘3’ exhibit identical crystallinity, however, show largely different
tensile stress—strain behavior. Young’s modulus of these two samples is almost identical.



Downloaded by [Moskow State Univ Bibliote] at 12:36 15 April 2012

Mesophase of Isotactic Polypropylene [661]/81

0.1 Ks ' lamellae, spherulites
100 non-annealed, 0.902gcm=2 (1)
annealed 393K, 0.908gcm=2 (2)
annealed 433K,  0.914gcm=2 @ brittle
80 - 750K s~ nodules, no spherulites
non-annealed, 0.889gcm3 (1)
a=s annealed 393K,  0.905gcm=3 (2
& 60| annealed433K, 0.914gem= (@ ductile
=
2 @ 130%
L a0} E s
B o s
(2 220%
1 L =
20 |- —
@ 460%
strain at
0r break
l | | l l
0 30 60 30 120

Strain (%)

Figure 7. Tensile stress—strain behavior of conventionally crystallized iPP (bold lines, failure at
yield point), and of iPP crystallized via the mesophase (thin lines, strain at break >100%). Note,
the curves labeled ‘3’ exhibit identical crystallinity/density but show largely different large-strain
behavior/ductility. With kind permission from Springer Science+Business Media: Polymer Bulletin,
Deformation behavior of isotactic polypropylene crystallized via a mesophase, Vol. 63, 2009, pages
755771, Q. Zia, H.-J. Radusch, R. Androsch, Fig. 2.
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Figure 8. Light transmission of conventionally crystallized, spherulitic iPP, and of non-spherulitic
iPP crystallized via the mesophase as a function of the wavelength. Adapted with kind permission
from [33]. Copyright 2010, John Wiley and Sons.



Downloaded by [Moskow State Univ Bibliote] at 12:36 15 April 2012

82/[662] D. Mileva et al.

In first approximation, we assume that the modulus of elasticity mainly is controlled by
the crystallinity and intra- and intermolecular forces at segment level, and to lesser degree
by the morphology of crystals or even the superstructure. The latter, i.e., the crystal shape,
their mutual orientation/cross-hatching and the superstructure, however, control the large-
strain behavior, including rotation and dissolution of lamellae, before final formation of
micro-fibrils.

In Fig. 8 is demonstrated the effect of presence of spherulites on the transmission
of visible light through films of 100 pm thickness in semicrystalline preparations of iPP.
Absence of spherulites, as is achieved by crystallization via the mesophase leads to optically
highly transparent films with the light transmission exceeding 90-95%. Spherulitic samples
of identical crystallinity, in contrast, are rather opaque and the light transmission is about
only 50%. The reasons for the different optical behavior of spherulitic and non-spherulitic
samples have been described in detail in a separate study [34].

Regarding properties of iPP, it can be summarized that highly transparent films (con-
trolled by absence of spherulites) of high Young’s modulus (controlled by the crystallinity),
and high ductility (controlled by absence of both spherulites and non-isometric lamellar
crystals) can be observed by crystallization via the mesophase. Classical melt-crystallization
by direct conversion of liquid into crystals also leads to samples of high Young’s modulus;
however, the optical transparency and ductility are strongly reduced by the presence of
spherulites.
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