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ABSTRACT: Isothermal crystallization behavior of isotac-
tic polypropylene (iPP) synthesized using metallocene cata-
lyst was investigated in this work. The isotacticity of the
polypropylene was characterized by 13C-NMR spectros-
copy. It was found that the melting temperature (Tm) of the
iPP is 123.51°C and the crystallization temperature (Tc) is
93°C. The iPP synthesized in this work did not show a
general increase of Tm with an increase of crystallization
temperature Tc, due to the short crystallization time of 20
min and low molecular weight (number average molecular
weight � 6,300). The iPP showed a tendency of increasing
heat of fusion (�Hf) with decreasing crystallization temper-

ature. All the spherulites of iPP samples showed negative
birefringence. For the iPP sample crystallized at the highest
Tc (� 123°C, just below Tm), the spherulite showed a pro-
nounced Maltese Cross and a continuous sheaf-like texture
aligning radially, which suggests that R-lamellaes are dom-
inant in this spherulite. The crystalline structure of the iPP
was also investigated by X-ray diffraction. © 2004 Wiley Peri-
odicals, Inc. J Appl Polym Sci 95: 231–237, 2005
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INTRODUCTION

One of the main advances in the polyolefin technology
in the last decade was the use of single-site metallo-
cene catalysts to produce a new variety of ethylene
and �-olefinic copolymers.1 It enables polyolefinic ma-
terials to strengthen their presence in the fields of
elastomers and plastomers. These catalysts permit im-
proved control of molecular weight (Mw), molecular
weight distribution (MWD), and short-chain branch-
ing (SCB), which can be used to enhance the perfor-
mance of the final product. Due to the uniformity of
the polypropylene (PP) chains, for instance, metallo-
cene-catalyzed PP has a very narrow weight distribu-
tion (Mw/Mn of 2–3) compared to conventional PP
(minimum Mw/Mn of 3–6).

Even if the occurrence of the set of transverse crys-
tallites for the metallocene-catalyzed PP is known, it
still remains a difficult matter to analyze the crystalli-
zation and melting processes for a given sample.2 In
this sense, crystallization and melting characteristics
of the metallocene-catalyzed iPP have recently at-
tracted interest from both theoretical and practical
points of view.3–7 Most of the previous works reported

until now, however, dealt with crystallization and
melting behaviors of metallocene-catalyzed PP with
high molecular weight [usually number average mo-
lecular weight (Mn) � � 100,000] and thus crystalli-
zation behaviors at high crystallization temperatures
(� 95 � 135°C).

PP can exist in different morphological forms, de-
pending on the tacticity and the crystallization condi-
tions, such as pressure, temperature, and cooling rate.8

Different forms can coexist, and one polymorphic
form can change into another as conditions change.
Furthermore, the crystallization and melting behav-
iors of PP strongly depend on its inherent physico-
chemical characteristics, such as the molecular weight
and the molecular weight distribution. In the present
work, we report the spherulitic morphology of melt-
crystallized thin film samples of the PP of low molec-
ular weight (Mn of � 7000) synthesized using a met-
allocene catalyst, depending on the crystallization
temperature.

EXPERIMENTAL

Polymerization

Propylene (99.5%, polymer grade, Matheson) was pu-
rified by passage through a Matheson 6410 gas puri-
fication column. Toluene was distilled from sodium
under nitrogen. The metallocene catalyst compound,
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rac-(EBI)Zr-(NMe2)2, was synthesized by procedures
described in the literature.9 Methylaluminoxane
(MAO) was donated by Albemarle as a 10% solution
in toluene, which contained 1.85 wt % MAO (4.49 wt
% total Al). AlMe3 and Al(iBu)3 were obtained from
Aldrich and used without further purification.
[Ph3C][B(C6F5)4] was donated by Asahi Glass Co., Ltd.
Propylene polymerization was performed in a 250-mL
Fisher-Porter reactor equipped with a mechanical stir-
rer and a temperature probe. In a drybox the reactor
was charged with toluene (120 mL), and the pre-
scribed amount of alkyl aluminum reagent was
added. The metallocene compound (2.5 mg) was then
added. After the metallocene catalyst was dissolved,
the activator [Ph3C][B(C6F5)4] was added. The reactor
was immersed in a constant temperature bath previ-
ously set to the desired temperature, and the stirrer
was turned on. When the reactor temperature had
equilibrated to the bath temperature, polymerization
was initiated by pressurizing the reactor with pro-
pylene (1 atm). The pressure was maintained at 1 atm.

Polymerization was quenched by addition of EtOH
(� 200 mL) followed by concentrated HCl (20 mL).
The PP was isolated by filtration, washed several
times with EtOH, and dried (70°C, vacuum oven,
overnight).

Measurements

The molecular weight (Mw) was evaluated by a gel
permeation chromatography (GPC). Analyzes were
undertaken using 1,2,4-trichlorobezene as solvent at
135°C and Mws were calculated using a universal
calibration curve built with polyethylene, PP, and
polystyrene standards (American Polymer Standard
Corp.). Molecular weight of the PP in this work as
determined by GPC (Waters 150-C) was 11,900 and its
molecular weight distribution (Mw/Mn) was 1.9.

The tacticity of the PP synthesized in this work was
measured by 13C-NMR spectroscopy on a Varian
Unity Plus 300 Spectrometer operating at 75.45 MHz.
The polymer was dissolved in 1,2,4-trichlorobenzene
(5% wt/vol) and observed at 120°C (393.1 K) with
broad band and proton decoupling and 60.2° pulse. In
this work, the average tacticity was precisely charac-
terized by the content of meso-pentads (mmmm%) de-
termined from the methyl carbon resonance data.
From a practical point of view, the content of mmmm
pentad sequences is calculated using methyl peaks
resonating between 19 and 22 ppm following the re-
lationship:

mmmm%�(Smmmm/Stotal methyl) � 100

ASi ReactIRTM 1000 was also used to evaluate the
isotacticity of the polypropylene synthesized in this
work.

A thermal analyses TA 100 calorimeter was used to
determine melting temperatures. Discs cut out from
films were heated in closed pans from room temper-
ature to 180°C, held at this temperature for 5 min,
cooled down to �50°C, and then heated again to
180°C. The heating and cooling rates were 10°C/min.
The analyses were performed under nitrogen flux.
Melting temperatures and degree of crystallinity were
determined in the second scan.

A LEICA DMRXP microscope with polarized light
equipped with a hot stage was used to study the
morphology and crystallization of the PP. Images
were captured using a Hitachi KP C550 CCD color
camera. The samples were placed between glass slides
and cover slips in a hot stage to 200°C for 5 min prior
to rapid cooling to the isothermal crystallization tem-
perature. The isothermal crystallization temperatures
were selected to be 60, 70, 80, 93, and 123°C. After a
time long enough for PP to crystallize completely
(approximately 20 min) at a given crystallization tem-
perature, the glass slides were taken out of the hot
stage and were quenched in ice water for further X-ray
diffraction measurements.

Wide angle X-ray diffraction patterns were obtained
with Nickel-filtered CuK� radiation at 30 kV and 15
mA. The diffraction patterns of the isothermally crys-
tallized PP samples as well as the as-prepared PP
powder samples were performed with a Rigaku Mini-
flex diffractometer.

RESULTS AND DISCUSSION

A C2-symmetric metallocene with a Si-atom bridging
the two ligands, due to higher stereorigidity and fa-
vorable electronic characteristics, affords iPP with
higher molecular weight and isotacticity.10 13C-NMR
analysis was used to characterize the average tacticity
in terms of the overall content of meso (m) or racemic
(r) configuration for a given fraction.11 The main head-
to-tail methyl resonances are shown in Figure 1 with
all pentads stereosequence assignments. The strong
resonances of methylene, methine, and methyl car-
bons of PP are observed at about 46, 28, and 21 ppm.
The resonance peaks resulting from regio defects (2,1
erythro and 1,3 misinsertions) and chain ends (isobu-
tyl, n-propyl, and vinyl) are properly assigned accord-
ing to the literature.12 The meso pentad content is
82.5%, with a significant deviation from simple Ber-
noullian statistics. The conventional interpretation of
this analysis is that the polymer appears to be stereob-
lock, with predominantly isotactic sequences and a
smaller fraction of syndiotactic sequences. The struc-
ture of the isotactic PP (iPP) was also confirmed in the
IR spectrum, especially in the 800–1,200 cm�1 range.2

These bands are attributed to the 31 helix, which is the
regular conformation in all iPP polymorphs, as well as
in the mesomorphic phase. As shown in Figure 2, two
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commonly used “helix bands,” at 998 and 841 cm�1,
only appear for helix segments with at least � 11 and
� 14 repeat units, respectively. The band at 973 cm�1

is attributed to shorter helix segments. Because the
ability to form regular helices depends on the degree
of isotacticity, the latter can be estimated indirectly
using the helix bands.

Typical melting behavior observed by DSC for the
metallocene-catalyzed iPP is shown in Figure 3. It was
observed that the melting temperature (Tm) is
123.51°C and the crystallization temperature (Tc) is
93°C. The comparatively low Tm of the PP produced in
this study despite the high stereospecificity seems to
be related to the misinsertion of the monomer as al-
ready reported in our previous work9 and by Roll et
al.12 We checked 1,3-misinsertions, which arise from a
tail-to-tail (2,1) insertion of the propylene monomer
into the metal-polymer bond and the subsequent
isomerization of the ensuing species with a secondary
alkyl ligand, of the representative polymers that show
extremely high [mmmm] value.12 The iPP of the
present study was characterized by a low frequency of
misinsertion (0.51%). However, the misinsertion
amount seems to be enough to lower the Tm of the
polymer.9 The lower Tm is also caused by the low
molecular weight (ca. Mn � 6300) of the iPP, which is

Figure 1 Expansion of the 75.45 MHz methyl carbon-13 NMR signal of the PP prepared with a metallocene catalyst in this
work, which clearly shows the main isotactic peak.

Figure 2 FTIR spectrum of the metallocene-catalyzed iPP
in the wavenumber range of 700–1,500 cm�1.
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usually caused by performing the polymerization at a
low monomer concentration.

The characterization of iPP crystallization at a given
temperature for 20 min from DSC thermograms
shown in Figure 4 is summarized in Table I. The
crystallinity (Xc) of PP was calculated from the heat of
fusion ratio, (�Hf/�Hf0) � 100, in which �Hf is the
heat of fusion of the sample as determined form the
DSC curve, and �Hf0 is the fusion of folded chain of
iPP with the value of 208.3 J/g4. Maiti et al.13 showed
systematic increase of melting temperature Tm with
the increase of the crystallization temperature Tc and
the crystallization time t at Tc � 160°C, respectively. It
is seen that the change of Tm versus Tc is much more
evident than that of Tm versus t at a constant Tc. As a
matter of fact, Tm increases linearly with logarithmic
crystallization time, log t. However, the iPP used in

this work did not show a general increase of Tm with
an increase in the crystallization temperature Tc. This
is due to the short crystallization time (i.e., for 20 min)
in comparison to the work of Maiti et al.,13 in which
they used crystallization times from 48 h to 180 days.

As a first approximation, the isothermal crystalliza-
tion can be determined by the Avrami equation as
follows:14,15

I � Xti�exp(�Kt)n (1)

where Xti is the relative crystallinity at crystallization
time t, K is a crystallization kinetic constant, and n is
the Avrami exponent. The equation tells us that, upon
increasing the crystallization time, the crystallinity at a
given crystallization time increases in a sigmoidal
mode. Therefore, there is not much change in the
crystallinity both at the initial time of crystallization
(i.e., short crystallization time) as well as the final
crystallization time (i.e., at the last stage of crystalli-
zation). Thus, Tm will not be much different from Tc at
the initial crystallization time. It is well known that the
crystallization rate becomes nucleation-controlled at
high temperatures and growth-controlled at low tem-
peratures, meaning a low crystallization rate at a low
crystallization temperature.

Furthermore, Tm can be expressed by the following
modified Hoffamn equation [eq. (2)[rsqb].3

Tm�Tm
0 �1�

2�e

�hf �l� (2)

where Tm
0 is the equilibrium melting temperature, �e is

the surface free energy of fold plane of lamella, �hf is
the heat of fusion, and l is the thickness of lamella. It
was suggested that the Tm is not related with crystals
with mean lamellar thickness l but with crystals with
a step height �l. The � is determined by the distribu-
tion of l.3

Since the metallocene-catalyzed iPP is polymerized
by a single-site catalyst, its intermolecular distribution
of defects (stereoirregular and reioirregular bonds) is
generally uniform. Accodingly, at the time of crystal-

Figure 3 DSC thermogram of the metallocene-catalyzed
iPP.

Figure 4 Heat flow versus temperature during isothermal
crystallization at a given temperature for 20 min: (a) Tc
� 123°C; (b) Tc � 93°C; (c) Tc � 80°C; (d) Tc � 70°C; and (e)
Tc � 60°C.

TABLE I
Characterization of the Metallocene-catalyzed iPP
Crystallized at a Given Temperature for 20 min

Using DSC Thermograms

Crystallization
temperature (°C)

Tm
(°C)

Tc
(°C)

�H
(J/g)

Crystallinity
(Xc, %)

60 125.1 95.6 119.4 58
70 124.6 95.5 114.2 55
80 125.7 94.2 105.0 51
93 125.3 95.5 106.0 51

123 123.0 94.8 94.7 46
iPP powder 123.5 93.5 77.1 37
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lization, the defects are rejected from or incorporated
in lamellar crystals, which results in thinning of the
lamellae or in disordering of crystalline quality. The
uniform distributions of stereoirregular bonds and co-
polymerization bonds will also make the distribution
of crystallinity (isotactic sequence length) narrow.3

The thickness of lamellae of the metallocene-catalyzed
iPP is then not only thin but also uniform, and hence
� in eq. (2) is low, which is assumed to lead a low
observed Tm.

Therefore, it may be not surprising that, in this
work, the Tm of the metallocene-catalyzed iPP remains
nearly unchanged despite the increase in Tc due to the
combined effects of short crystallization times (� 20
min) and lower crystallization temperature (i.e., the
maximum crystallization temperature; � 93°C). The
unusual cystallization and melting behaviors of the
present metallocene-catalyzed iPP are also related to
the low molecular weight. As one can see in Table I,
however, the metallocene-catalyzed iPP shows an in-
creasing tendency of �Hf with decreasing crystalliza-
tion temperature, as is generally expected. It may be
considered that the crystallization behavior at high
crystallization temperatures (� 95 � 123°C) is similar
as that of other metallocene-catalyzed iPP reported
until now,3–7 though more details on this subject will
be reported elsewhere.

Figure 5 shows WAXD patterns measured at differ-
ent crystallization temperatures (Tcs) for 20 min. The
analysis of the relative intensities of the X-ray diffrac-
tion from all the samples are based on the diffraction
pattern of the iPP as prepared. In Figure 5, four sharp
crystalline reflection peaks, in the region of the Bragg
angle (2�) between 10 and 30° are observed. Those
strong diffraction peaks are located at the diffraction
angles 2� of 14.0, 17.0, 21.7, and 23.2°. They have been
labeled with the indices (110), (040), (131), and (041),

respectively.16 A weak crystalline reflection peak, in
the region of the 2� of 18.5° labeled with (130), is
shown for the iPP as prepared only. This peak disap-
peared for the other five samples measured after crys-
tallization for 20 min. It is seen from this diffractogram
that the iPP sample used in this study has the �-form
or monoclinic structure.17 However, a remarkable
crystallographic transformation is evidenced during
crystallizing from 93 to 60°C. The intensity of a peak at
2� � 21.7° is seen to be increased, while at the same
time the other reflections are being narrowed. Four
types of spherulites are observed to grow from the
melt in iPP according to Padden and Keith.18 They
explained that type I spherulites exhibited positive
birefringence in the radial direction and a simple Malt-
ese Cross with a coarse branching radial structure due
to the preferred crystalline orientation in the amor-
phous areas brought about by radial contraction dur-
ing crystallization at high degree of supercooling.
They further reported for X-ray diffraction studies of
PP19 that the most commonly occuring types of
spherulites (type I and type II) can be identified as the
monoclinic structure whereas type III and type IV
spherulites to exhibit negative birefringence are cate-
gorized in the second metastable �-crystalline forms.

The thermal conditions (crystallization temperature,
cooling rate) of crystallization govern not only the
type and optical character of spherultes, the polymor-
phic composition and the thermophysical characteris-
tics (e.g., Tm) of the samples obtained, but also influ-
ence the size and size distribution of the spherulites.20

By reducing the crystallization temperature or by in-
creasing the cooling rate, the average spherulite size
decreases due to an increase in the average density of
nuclei. With increasing temperature, the spherulitic
texture becomes relatively coarse with irregular Malt-
ese Cross extinction.21

Optical micrographs of the metallocene-catalyzed
iPP spherulites are shown in Figure 6. All of the
spherulites of the iPP samples showed negative bire-
fringence. For the iPP sample crystallized at the high-
est Tc (� 123°C, just below the Tm of the iPP), the
spherulite shows a pronounced Maltese Cross and a
continuous sheaf-like texture aligning radially, which
suggests that R-lamellae (crosshatching within a
spherulite is composed of radial lamellae) are domi-
nant in this spherulite.13 It should be noted, however,
that the occurrence of spontaneous crystallization will
make the Maltese Cross difficult to observe when Tc is
lower (93°C in this work), as expected.

CONCLUSION

In this work, isotactic polypropylene was synthesized
using a metallocene catalyst. The molecular weight of
the iPP was determined as 11,900 g/mol by GPC and
Mw/Mn was 1.9. The synthesized iPP was character-

Figure 5 XRD patterns with assigned reflections of the
metallocene-catalyzed iPP obtained after completion of iso-
thermal crystallization at indicated temperatures(�; Bragg
diffraction angle).
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ized by 13C-NMR spectroscopy, which shows high
isotacticity (87.5%). It was found that the melting tem-
perature (Tm) of the iPP was 123.51°C and the crystal-
lization temperature (Tc) was 93°C. The comparatively
low Tm of the iPP despite their high stereospecificity
was reported presumably to be related with the mis-
insertion of the monomer. The iPP did not show a
general increase of Tm with increasing of crystalliza-
tion temperature Tc, due to the short crystallization
time of 20 min and low molecular weight. However,
the iPP showed an increasing tendency in the heat of
fusion (�Hf) with decreasing crystallization tempera-
ture. The XRD pattern of the iPP synthesized in this
work showed the �-form crystalline structure. All of
the spherulites of the iPP samples crystallized at dif-
ferent temperatures, ranging from 63 to 123°C,
showed negative birefringence. For the iPP sample
crystallized at the highest Tc (� 123°C, just below Tm),
the spherulite showed a pronounced Maltese Cross

and a continuous sheaf-like texture aligning radially,
which suggests that R-lamellae are dominant in this
spherulite.
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