Macromolecule2006, 39, 8035-8040 8035

Crystallization of Isotactic Polypropylene from Prequenched
Mesomorphic Phase

Takashi Konishi, Koji Nishida,* and Toshiji Kanaya
Institute for Chemical Research, Kyoto Waisity, Uji, Kyoto-fu 611-0011, Japan
Receied January 26, 2006; Resed Manuscript Receéd July 25, 2006

ABSTRACT: The crystallization process of isotactic polypropylene (iPP) by heating from the prequenched
mesomorphic phase has been studied using wide-angle X-ray diffraction, small-angle X-ray scattering, and optical
microscopy. Mesomorphic iPP as quenched shows the well-known nodular structure of ca. 100 A. In heating
process the nodules grew larger keeping self-similarity, with the mesomorphic phase partially transforming into
the crystalline phase inside the nodules. After reaching the isothermal process, the nodules stopped to grow at a
certain quasi-equilibrium size depending on the annealing temperature. During the long annealing, the interface
among the nodules became obscure, and the nodules in nanometer scale merge into larger structure of pure
a-phase in micrometer scale. The relation between the quasi-equilibrium nodule size and the annealing temperature
leads an extrapolated melting temperature of the mesomorphic phase, which is located above the equilibrium
melting temperature of the-crystal.

1. Introduction A

Isotactic polypropylene (iPP) has three kinds of polymorphism 164°C -

. . . | 10 min |

for crystalline structured(-, 8-, andy-form):=# and intermediate 18 C/_/i
state between amorphous and crystal, the so-called “mesomor- [ 10 min |
phic phase®?® The crystalline structures are specified by four
types of 3/1 helices (the combination of left- and right-handed
helices and up and down stems concerning the Gidup)?*
The mesomorphic phase also consists of 3/1 helices; however,
the sense of helix (left- and right-handed) has no particularrule.
The mesomorphic phase of iPP is obtained when molten iPP is
quenched fast enough to prevent outbreak of crystallization. >
Such a condition is achieved by quenching below@at a time
rate faster than 80C/s8 The structure of mesomorhpic phase Figure 1. Temperature protocol for the WAXD measurements.
has been explained as smectic pRds® crystal having some
defect> 13 In our previous papértwe found that the formation ~ next mesomorphic phase is transformed into crystalline phase
mechanism of the mesomorphic phase of iPP is quite analogougn the granular domains, and finally the crystalline granular
to that of lyotropic liquid crystat5—2! In the formation process ~ domains merge into lamellar structure. The model also predicts
of the mesomorphic phase of iPP, helical segments of iPP playedthat equilibrium melting temperature of the mesomorphic phase
roles as mesogens of liquid crystal as was also pointed out byis located at a higher temperature than that of crystalline phase.
Li and de Jed? 24 The morphology of the mesomorphic iPP ~ We will discuss analogy and difference between the crystal-
in nanoscopic scale is characterized by the so-called “nodule” lization model with the present crystallization from the pre-
of polygonal or spherical shape as was observed by transmissiorfluenched mesomorphic phase.
electron microscope (TEM)?526The diameter of the nodule
is ca. 100 A at room temperature. The internodular distance
confirmed by small-angle X-ray scattering (SAXS) measurement  2.1. Materials and Sample PreparationsThe iPP material has
roughly corresponds to the diameter of the nodule observed bya weight-average molecular weightt, = 208 000 and a polydis-
TEM.® The mesomorphic phase is transformed intdorm persity ofMy/M, = 5.47, which was supplied from Mitsui Chemical
crystalline phase in keeping nodular morphology when the Co. Ltd_. A degree of isotacticity (a meso pentad va_Iue) of the iPP
mesomorphic iPP is heated above 2027 However, the determined by*3C NMR was 0.982. A mesomoprhic phase thin

mechanism of the transformation is not sufficiently understood film was obtained by quenching from the molten state (60
e . hciently " dipping into ice-water. For SAXS and WAXD measurements, the
To clarify it, we have examined the crystallization process from

) 8 : : - sample films 20Qm thick were plied 5-fold to ensure the scattering
the mesomorphic phase using wide-angle X-ray diffraction jntensity. Sample films 2@um thick sandwiched between cover

Temperature

| 10 min |

2. Experimental Section

(WAXD), SAXS, and optical microscopy (OM). glasses were used for optical microscopic observation.
Recently, Strobl proposed a model of polymer crystallization ~ 2.2. WAXD Measurements.The WAXD measurements were
via intermediate state between amorphous and crifstat- carried out using a Rigaku Denki R-AXIS IV diffractometer with

ultraX 18 (18 kW) X-ray generator. A Mettler FP82HT hot stage
was used for the temperature control of samples. The temperature
was raised stepwise, holding 10 min at each temperature for the
measurement (Figure 1). The measurements were conducted at room
* Corresponding author: e-mail knishida@scl.kyoto-u.ac.jp;#8&lL- temperature, 35, 45, 55, 75, 90, 105, 120, 140, 155, 158, and 164
774-38-3141; faxt81-774-38-3146. °C.

cording to the model, granular domains of mesomorphic phase
are formed first in the induction period of the crystallization,
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Figure 2. Thermal histories of iPP samples annealed at 90 (broken
line), 135 (dotted line), 145 (chain line), and 156 (solid line) for
time-resolved SAXS measurements.
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2.3. SAXS Measurements.The SAXS measurements were
carried out using the beamline BL-10C in Photon Factory at High
Energy Accelerator Research Organization, Tsukuba, Japan. The
SAXS covered a range of scattering veajdr= 4 sin 6/4; A and
26 being X-ray wavelength and scattering angle, respectively) from
6.0 x 103 to 1.8 x 101 A1, Using a two-heat-capacitors-type
temperature controller, samples were heated from room temperature
to the annealing temperatures-5168°C. Figure 2 shows examples
of thermal histories of the samples when heated to 90, 135, 145, 20 (degree)
and 155°C in this temperature controller. The samples reached
the prescribed temperatures within ca. 200 s. The time-resolved o -

. (a) and the mesomorphic iPP heated to°@ (b) and 155°C (c).
SAXS measurements were conduc'ted throughout the heatmg(og)served (thick grayplines) and fitting (thic(k)dotted Iines)( gurve
process (<2_00 s) _and the §ubsequent_ lsotherm_al proce@() s)- reproduced by summing up the constituents separated by the component

2.4. Optical Microscopic Observation.The time evolution of analysis wherec-crystalline form (thin solid lines), mesomorphic phase
the optical micrographs was recorded with a Nikon Optiphot2-Pol (thin dotted lines), and amorphous phase (thin chain lines).
with a charge coupled device (CCD) camera and a video recorder.

Intensity / a.u.

Figure 3. WAXD profiles of the mesomorphic iPP at room temperature

The temperature controller for optical microscopic observation was 70 [ 'O ' ' ]

a laboratory-made apparatus, which is commercially available from o ;,,‘f“;’,,‘,’;l‘:,’,‘;jﬂcphm

Japan Hightech and Linkam as LK-300. This temperature controller 60 - O orystal 1

is able to heat up and down very rapidk»80 °C/s)2°:30 50| BEEBL m |

o\@ o< O

3. Results and Discussion g 40 - .
3.1. Component Analysis in Heated Mesomorphic iPP. § 30 | i

First, we surveyed the change in fractions of the mesomorphic, =

a-crystal, and amorphous phase when the mesomorhic iPP was 0 |

heated from room temperature to 16€ in the manner 10 - :

prescribed in Experimental Section. Parts a, b, and c of Figure ol |

3 show examples of in-situ WAXD profiles at room temperature, s \ \ \ L

90, and 155C, respectively. For each WAXD profile compo- 20 40 60 30 100 120 140 160 180

nent analysis was carried out assuming each profile consist of Temperature / °C

a-crystal, mesomorphic, and amorphous fractieasrystalline Figure 4. Temperature dependence of fractions of amorphous, crystal,
Bragg peaks appear aB2= 14.17°, 16.9, 18.6, 21.6, and and mesomorphic phase during stepwise annealing as shown in Figure
21.9.510 The Bragg peaks of mesomorphic phase appears atl-

26 = 15° and 22.51° An amorphous halo of iPP appears &t 2

= 17°. It should be noted that-crystalline Bragg peaks which  amorphous, and crystal were obtained for each prescribed
usually appear in the normal crystallization from r#eft® were temperature (Figure 4).

hardly observed in this crystallization. Fitting curves and their ~ The fractions of the mesomorphic phase, amorphous, and
constituents are also displayed in Figure 3. The WAXD profile crystal do not change below £&. Wang et al. showed that

of the mesomorphic iPP at room temperature has two charac-the mesomorphic phase transforms interystal above ca. 80
teristic broad peaks (Figure 3a). The fraction of the mesomorphic °C when the mesomorphic iPP is heated at a heating rate of 4
iPP was 52%, and the rest is amorphous. At 9D the °C/min2* Martorana et al. pointed out that the mesomorphic
o-crystalline Bragg peaks appear, but the two mesomorphic phase is slightly transformed into-crystal when the mesomor-
peaks still remain (Figure 3b). The fractions of the mesomorphic phic iPP annealed at 40C for a long time?” In the present
phase,o-crystal, and amorphous were 26%, 26%, and 48%, condition, i.e., stepwise annealing with 10 min intervals, the
respectively, at 99C. At 155°C thea-crystalline peaks increase  transition from the meosomorphic phase into therystal is
further in intensity (Figure 3c). The fraction of the mesomorphic observed above 45C. It should also be noted that the
phase could not be detected at &85anymore. The fractions  mesomorphic iPP is highly transforma#lavithin the frame-

of the a-crystal and amorphous were 40% and 60%, respec- work of the mesomorphic phase below such a mes@nsition
tively, at 155°C. Thus, the fractions of mesomorphic phase, temperature. Between 45 and 1720, the fraction of the crysta&DV
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0_2(5’ . : M phic iPP was heated to A, the gmax shifted to lower side
@ . o 1105sc0 and the intensitymax increased until 200 s (Figure 5b). After
5 02r . o o 28lsec | 200 s, i.e., in isothermal process, the SAXS profile was almost
=2 0.15 | % 23 ° Zggisec | unchanged. When the mesomorphic iPP was heated t6Q55
. X . . . .
Z L 10981 e the gmax also shifted to lower side and thigax increased in the
§ 0.1 - & 20481sec heating process (Figure 5c). The variation of the SAXS profile
= 0.05 | v 2sBlsec | gradually slowed down in early stage of isothermal process
(<300 s). During a long period between 300 and 1000 s, the
0 ] SAXS profile was almost unchanged. After showing such
0 002 004 006 0.0 0.1

constancy, thénaxgradually decreased and the intensity in lower
g/A’ q region increased (Figure 5d).

Figure 5. SAXS profile of mesomorphic iPP at room temperature (a) Figure 6a,b shows time evolutions of thgaxandlmaxin the

and time-resolved SAXS profiles of mesomorphic iPP when heated to SAXS profiles when the mesomorphic iPP was heated to 90,

90°C (b) and 155°C before 1000 s () and after 1000 s (d). 135, 145, and 155C. In the heating process<R00 s), all the

. ) . o . Omad shifted to lower side and all thig,as increased. After

increases with the annealing temperature, coinciding with 56q ¢ thegmas are almost invariable, but theas still increased

decrease in the fraction of the mesomorphic phase. On the Otherduring the period between 200 and 300 s. During the period

hand, t.he fractiqn of the amorphous does not change below 120,atween 300 and 1000 s, all thgaxand all thelma,s remained
C. This behavior suggests that the mesomorphic phase onlyihe same. This characteristic behavior suggests the existence

transforms into thew-crystal, and the amorphous is invariable  f 5 quasi-equilibrium state for the relation between the nodule
between 45 and 12TC. Above 120°C, thea-crystal no more  j;¢ and annealing temperature. After ca. 1000 s, all $he
increases in the present annealing condition. The remaininggiarted to decrease. This behavior is more conspicuous at the
mesomorphic phase starts to melt above 12@nd completely  higher temperatures and further accelerated after ca. 5000 s at
melts into amorphous or molten state above 180 155 °C. Finally (>30000 s, at 155°C), the SAXS peak

3.2. Evolution of Nodular Structure. Figure 5a shows a  completely disappeared.
SAXS profile of the mesomorphic iPP at room temperature.  These SAXS results are interpreted as follows. In the heating
The SAXS curve of mesomorphic iPP at room temperature has process €200 s), both the size of nodules and crystallinity inside
a weak peak at aroundnax = 0.065 A™%. In general, it is  the nodule increase. In early stage of isothermal proce36(
difficult to determine whether the structure in question is nodular s), the size of nodular structure does not change, but within the
or lamellar only by the SAXS peak. However, as was evidenced nodules crystallization still proceeds. During the quasi-equilib-
by transmission electron microscopy (TERE}; both the fresh  rium state, apparent changes in size and quality of the nodular
(room temperature) and annealed (265for 4 h) mesomorphic  structure are not observed by SAXS, but some hidden re-
phase show not the stacked lamellar but the nodular structure.arrangement probably proceeds. In the late stagEdQ0 s),
Therefore, thegmax in the SAXS profile is attributable to the  the interface among the nodules becomes obscure, and the
nodular structure. The details of the SAXS profile will be nodules merge into some larger structure. However, the merging

discussed in section 3.3. of nodules should be very slow or not complete at low
Parts b and ¢ of Figure 5 show time-resolved SAXS profiles temperatures, considering that the data poiritgf at 155°C
for the mesomorphic iPP when heated to 90 and AG%rom and that of 145°C cross each other around“1€

room temperature, respectively. As was noted in Experimental 3.3. Self-Similarity in Nodular Structure. Figure 7 shows
Section, the time periods before and after 200 s are heatingthe SAXS profiles in logarithmic scales normalized by thgx
process and isothermal process, respectively. When mesomorand Iqax for the data already shown in Figure 5c. Theasv
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Figure 7. SAXS profiles of mesomorphic iPP annealed at 165until
1000 s normalized bymax and I max.

0.4

normalized profiles give a unique master curve except for the
low region @/gmax < 0.5). This interesting scaling is valid

throughout the heating process and the quasi-equilibrium state

(<1000 s). It should be noted that the master curve well
reproduces a shoulder peak at arogfg.x = 2.5 besides the
main peak at/gmax = 1.0.

In general, the scattering function for a system of dispersed
particles is described by a product of the structure factor and
the form factor. The peak due to the structure factor usually
appears in the loweq range than the peaks due to the form
factor3® In a system of loosely packed spheres, the ratio of the
g value of the first peak due to the form factor to that of the
structure factor approximates 25The nodular structure shown
by TEM®25 is very analogous to a system of loosely packed

Macromolecules, Vol. 39, No. 23, 2006
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Figure 8. SAXS profiles of mesomorphic iPP annealed at different
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Figure 9. Temperature dependence @faxe Obtained from SAXS

spheres. Therefore, the first peak and shoulder peak in Figureresults for the mesomorphic iPP annealed at different temperatures.

7 are assigned to the structure factor and the form factor,
respectively. Furthermore, as long as the ratiq gélue of the

where gmax.e and T, are the value of themax obtained in the

former peak to that of the latter peak is kept constant, it can be quasi-equilibrium state and the annealing temperatures, respec-

said that the “self-similarity” in a relation between the outer
size of nodules and their packing manner is kept.

The SAXS profiles of different temperatures at 600 s, i.e.,
the data in the quasi-equilibrium state, are collected in Figure
8 normalized by th&max and Imax These normalized profiles
also give a unique master curve except for the kpwegion.
Thus, the self-similarity is also kept for the different annealing
temperatures.

3.4. Extrapolated Melting Temperature of Mesomorphic
Phase.The relation between crystalline lamellar thicknkasd
melting temperaturd, is often discussed using the following
Gibbs-Thomson equatiof?

I™ = AH (T, — T,)/20.T." )
whereAHm, T, andoe are heat of fusion, equilibrium melting
temperature of crystal, and specific energy of chain-folded
surface, respectively. The lamellar thicknéssalso related to
the crystallization temperatuiie. Experimenta®4! and simula-
tion result$?43 are well described by the following relation:

I~ (T = T @)
Here, we will apply this relation to the case of nodule siz&/
Omay, instead of the lamellar thicknegsas follows:

~(Ty =T ®)

Qmax,e

tively.

Figure 9 shows thgmax,s Vs the annealing temperaturgs
Two straight lines can be drawn by fitting the data to eq 3. The
crossover temperature of two lines is found at ca. A25wvhich
corresponds to a temperature where the remaining mesomorphic
phase starts to melt as was revealed by the analysis of WAXD
(Figure 4). One straight line drawn by fitting the data in the
higher temperature region is extrapolated to 183which well
corresponds to the value of the equilibrium melting temperature
Tm> of iPP crystal reported by lijima and Stro¥dl.Another
straight line drawn by fitting the data in the lower temperature
region is extrapolated to ca. 27C. The melting temperature
of mesomorpic phase in effect should be the above-mentioned
crossover temperature. Therefore, the possibility of the meso-
morpic phase above the crossover temperature is conditional,
and the latter extrapolated temperature is considered hypotheti-
cal.

Formation mechanisms of the mesomorphic phase will afford
a clue to this issue. The driving force of the mesomorpic phase
formation is similar to that of liquid crystal, namly the parallel
ordering of rodlike segmeni4:?2-24 In the case of the meso-
morpic phase of iPP, helical segments act as the rodlike
segments. Therefore, stabilization of helical segments is essential
to the mesomorphic phase. The lower the temperature is, the
more the helical segments are stabiliZéd’here must be a
temperature above which the helical segments are not stable
enough to maintain the mesomorphic phase.

In the case of intrinsically rigid polymers, the equilibrium
smectic-isotropic transition temperatufig” is located at highe&DV



Macromolecules, Vol. 39, No. 23, 2006 Crystallization of Isotactic Polypropylene8039

e Vi ']
() ) @ |\ ‘?" [A
At 455
J . = > 1
4 7 ==l
F - ~— }
»\‘*\ A # ~ "h\ . J 4‘ ._I
QA \ wdy
20um \ i
imelay < "\f} /

Figure 10. Optical micrographs of mesomorphic iPP annealed at°I5%or 4.5 (a), 8 (b), and 26 h (c). A black bar represents:20

enough than the melting temperature of crystal phase, as wasecause that preformed nodules cannot or are very slow to merge
shown by Tokita et at>46Whereas, the mesomorphic phase of into larger structure at low temperatures, as was discussed in
intrinsically flexible polymer should exist in limitted conditions.  section 3.2. Similar slowdown in crystallization behavior was
Kawai and Kimura reported that molten iPP chains could be reported for the crystallization from moltgfphase by Li et
oriented under magnetic field up to 24C€.47 Li and de Jeu al#8 In this case, the reason for the slowdown was explained
found a shear-induced smectic phase of molten iPP at 215that the preformed regular arrangement of right- and left-handed
°C 22241t is noteworthy that these intermediate structures were helices favorable t6-phase makes their rearrangement difficult.
observed at temperatures higher enough the equilibrium melting Another characteristic of the needlelike crystallite, or the
temperature of iPP crystal. Even in the quiescent state, thecrystallization from the prequenched mesomorphic iPP, is a
mesomorphic phase should last or exist as a superheating statsingle-crystal-like nature. The needlelike crystallite does not
under a brief exposure to the higher temperature than°€25  show the long period, as was evidenced by the disappearance
In fact, short time heating of the mesomorphic phase at 162 of SAXS peak. Namely, every needlelike crystallite does not
°C, much higher than 125C, significantly affected the  consist of stacked lamellae. This point is a great difference from
subsequent crystallization at 13Q.3° the crystallization model via the mesomorphic phase directly
There are some discussions favorable to the high-temperaturgrom the molten state, since the model proposed by Sttobl
mesomorphic phase. Grebowicz et al. estimated the latent heatlepicts that the nodules merge into the lamellar structure. As
from mesomorphic phase to crystal to be ca. 0.6 kJAhol. was noted in the result of WAXDy-phase free crystal was
Comparing this value to the melting heat of crystal 148 kJ/ preferentially obtained by the crystallization from the pre-
mol, the difference between the heat of fusion of the smectic quenched mesomorphic iPP. Probably, the heating process from
(mesomorphic) and that of the crystal is negligible small. Li prequenched mesomorphic phase is more favorable to this
and de Jeu showed that the thickness of smecitic phasecharacteristic behavior than the cooling process from melt, since
(mesomorphic phase) is larger than that of crystal when eachthe ratio ofy-phase toa-phase becomes smaller in the lower
annealing temperature was the same, while the surface energyrystallization temperatur®: 33 The high purity of thex-phase
of smectic phase should be smaller than that of the cr§ftal. should contribute to the single-crystal-like natéfte.
These discussion leads that the smecitc phase has a higher
melting temperature than the crystal’'s. The crystallization model ~Acknowledgment. We thank Prof. Kataoka, Nara Institute
via mesophase proposed by Stf8bis also predicting the of Science and Technology, for the use of WAXD instrument.
existence of a higher melting temperature for the mesophaseWe also thank Dr. Fujio, Mitsui Chemical Co. Ltd., for the use
than the normal equilibrium melting temperature of crystal. of temperature controller for SAXS measurements.
Although his model intends originally to describe the crystal-
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