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ABSTRACT: The structure, morphology, and isothermal
crystallization behaviors of polypropylene (PP) prepared
with heterogeneous Ziegler-Natta catalyst at high tempera-
ture (100�C) were investigated with differential scanning
calorimetry, wide-angle X-ray diffraction, temperature-
rising elution fractionation, gel permeation chromatogra-
phy, and 13C NMR. The results reveal that the crystalline
structure changes with variation of the composition of the
PP. The isotactic PP (iPP)1 prepared with Et3Al and
‘‘TMA-depleted’’ methylaluminoxane crystallizes from the
melt in the mixtures of the a and b forms, whereas each
fraction obtained from pure PP1 does not show b-PP
crystal at the same crystallization condition. In addition,
the c-PP crystal is appeared for the fractions of low

mmmm%-[mmmm] (mmmm pentad content) values and
molecular weight. Moreover, it was found that the iPP2 or
iPP3 prepared with Hex3Al crystallizes from the melt in
mixtures of the a and c forms, even at atmospheric pres-
sure and for high molecular weight. The microstructure
showed in the PP samples obtained at high temperature
could be well explained with the shift in the alkylalumi-
nium-donor equilibrium reactions at high polymerization
temperature. VVC 2009 Wiley Periodicals, Inc. J Appl Polym
Sci 114: 2474–2480, 2009
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INTRODUCTION

Isotactic polypropylene (iPP) is a semicrystalline
polymer widely used in industrial and commercial
applications. Since the application on an industrial
scale of Ziegler-Natta catalyst technology, many
aspects of the morphology and mechanical proper-
ties of iPP and their relationships have been deter-
mined. The intrinsic polymer structure is related to
the catalyst, polymerization, and compounding
technologies. It is well recognized that heterogene-
ous Ziegler-Natta catalysts contain multiple active
sites, which produce PP with varying degree of
stereoregurality.1–4 Despite considerable efforts with
different analysis methods, it has not been possible
to determine the exact structures of the reactive
active sites. If the polymer characterization can be
done thoroughly enough, information on the
catalyst is gained as well. The most revealing

information related to the catalyst and the poly-
merization mechanism of PP is the distribution of
stereoerrors and stereoregular sequences in the
formed polymer.

It is well known that the industrial polymerization
temperature of MgCl2-supported Ziegler-Natta cata-
lysts are around 65–80�C.3 In recent years, a new
supercritical olefin polymerization technology was
developed, which needed higher polymerization
temperature (>90�C) for propylene polymerization.
In our previous paper,5 we have reported that the
TiCl4/MgCl2/dibutyl phthalate(DNBP)-cylohexane-
methyl dimethyloxysilane catalyst showed a high
proportions of iPP and high activity with the
mixture of ‘‘TMA-depleted’’ methylaluminoxane
(MMAO) and Et3Al at 100�C and the resultant PP
exhibited bimodal peaks, and one was in the vicinity
of 160�C and the other was in the vicinity of 150�C.
In contrast, the PPs prepared with either i-bu3Al or
Hex3Al at same polymerization conditions exhibited
the only peak in the vicinity of 160�C. The peak at
low temperature (150�C) may result from the forma-
tion of b-PP crystal.5 It has been demonstrated by
researchers that the presence of the b-form within
the crystalline portion of the material is beneficial to
its macroscopic toughness and ductility.6,7
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The objective of this study is to elucidate the
microstructure and morphology of PP obtained at
high temperature using temperature-rising elution
fractionation (TREF), 13C-NMR, gel permeation chro-
matography (GPC), differential scanning calorimetry
(DSC), and wide-angle X-ray diffraction (WAXD)
analyses. This work is a continuation of our previous
work5 on studying propylene polymerization at high
temperature. TREF is the most common method for
obtaining detailed information about PP stereoregur-
ality distribution.8,9 In this study, the preparation
and characterization of PP fractions and PPs are
reported. Also, the growth mechanism of the b-PP
and c-PP crystals is discussed on the basis of the
obtained results.

EXPERIMENTAL

Materials

The PP samples used in this investigation are syn-
thesized in our laboratory, which follows the
description given in Ref. 5. For these samples, the
polymerization temperature is 100�C and the mix-
ture of MMAO and Et3Al (for PP1) or Hex3Al (for
PP2) or only Hex3Al (for PP3) was added as the
cocatalyst.

Fractionation and molecular weight and 13C NMR
characterization

The PP1 sample was fractionated using the same
temperature-rising elution procedure in our prepara-
tive TREF equipment. The fractionation process is
described as follows: 1 wt % PP1 sample was first
dissolved in 1,2,4-trimethybenzene at 140�C, and
then introduced into the elution column of TREF
under the N2. The process to precipitate PP onto the
surface of the support was finished by cooling the
polymer solution from 140 to 25�C in 85 h. The elu-
tion step was carried out with trimethylbenzene at
25, 80, 100, 105, 110, 120, and 140�C, respectively.
The recovery of all the fractions was 98.4%.

The molecular weight of iPPs and all the TREF
fractions was measured by a Waters GPC Alliance
GPCV 2000. The weight-average and number-
average molecular weight (Mw and Mn, respectively)
of polymers were calculated on the basis of a poly-
styrene standard calibration. 13C-NMR spectra of the
iPPs and TREF fractions were recorded with a
Bruker DMX 400 spectrometer operating at 100.6
MHz, on 10 mg/mL solutions in deuterated dichlor-
obenzene at 110�C. Condition: 10 mm probe; acquisi-
tion time, 5 s; relaxation time, 10 s; numbers of
scans, 5000.

Crystallization and melting behavior
characterization

The thermal analysis was carried out by means of
DSC (Perkin-Elmer DSC-7) under the N2. The sam-
ples of about 5 mg were heated to 200�C and held in
the molten state for 5 min to eliminate the influence
of thermal history. The sample melts was then sub-
sequently quenched at a rate of 80�C/min to reach
125�C for isothermal crystallization for 60 min. Then,
the sample was heated at 10�C/min again.

WAXD was obtained at room temperature with an
automatic Philips diffractometer (X’Pert, MPD). The
samples (8 mm radius and 1 mm thickness), which
were covered with thin Al foil, was first immersed in
a silicone oil bath at 200�C for 6 min and then quickly
turned to another silicone oil bath at 125�C for 60 min.
Then, the samples are cooled at room temperature.

RESULTS

As mentioned in the Introduction section, the TiCl4/
MgCl2/DNBP-cylohexanemethyl dimethyloxysilane
catalyst showed a high proportion of iPP and high
activity with the mixture of MMAO and Et3Al at
100�C and so the resultant PP1 was chosen for the
fractionation. The characterization of iPPs are listed
in Table I. The TREF results and characterization of
the fractions are listed in Table II. For crystallization
fractions, the molecular weight (Mw) increases with
the increase in elution temperature. But for the fra-
tion F1 which is known as the atactic PP, it was
found whose molecular weight was even higher
than that of F5, even though it was only 2.4 wt %.
This verified that the fractionation mechanism in
TREF analysis is basically based on the longest crys-
tallizable sequence rather than molecular weight,
and the longer sequences determine the higher crys-
tallization temperature of a molecular chain.

DSC melting traces of the iPP1 (heptane-insoluble
fraction of PP1) sample and the fractions of PP1 after
isothermal crystallization at 125�C are shown in
Figure 1. The melting point and the enthalpy of
fusion (DHf ) was also given in Table II. The iPP1
exhibited two melting peaks as shown in Figure 1,

TABLE I
The Characterization of iPPs

Cocatalyst Tm (�C)
DHf

(J/g)

Mw �
10�3

(g/mol) Mw/Mn

iPP1 MMAO
and Et3Al

149.5, 161.6a 94.3 234 4.5

iPP2 MMAO
and Hex3Al

159.9 84.4 275 3.7

iPP3 Hex3Al 159.5 81.8 331 4.1

a Double peaks.
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and one is in the vicinity of 160�C and the other is in
the vicinity of 150�C, as previously reported in Ref. 5.
The crystallization fraction F2 showed no peak as
shown in Figure 1. It indicated that fraction F2 did
not crystallize at 125�C. And, it was worth noting that
fraction F3 also showed a melting peak in the vicinity
of 150�C. For all the fractions obtained from the PP1
sample, the melting peak shifts to higher temperature
with the increase in elution temperature.

To find out the exact crystalline structure of the
iPPs and the fractions, WAXD was performed. The
results of WAXD for the iPP1 and the fractions are
displayed in Figure 2, and these results were
obtained under the same experimental conditions.
The full width half-maxium at 2y angles of 14.0� of
fractions obtained form WAXD decreased with the
increase in elution temperature. It indicated that the
crystallite size of the fractions increased with
increase in elution temperature using the Scherrer’s
method.

It can be seen from Figure 2 that all of the most
intense WAXD reflections at 2y angles of 14.0�, 16.9�,
18.6�, 21.2�, and 21.9�, corresponding to the (110),
(040), (130), (111) and (-131) lattice planes of the most

common a-monoclinic structures, have appeared in
the X-ray diffraction spectra of every sample. This
indicated that in all cases the PP crystals grow domi-
natingly in their monoclinic a modification. As men-
tioned above, fraction F2 did not crystallize at 125�C.
Considering the results obtained from WAXD, it indi-
cates that the fraction F2 can crystallize when it
cooled at room temperature from 125�C.

The characteristic peak at 16� was attributed to b
modification (300) of PP and the intensity of the
reflection at a 2y of 20� was attributed to the charac-
teristic of c polymorph. As shown in Figure 2, it is
worth noting that the iPP1 exhibited the characteristic
peak at 16�, whereas this phenomenon for all the frac-
tions of PP1 cannot be distinguished. And the peak of
16� was not seemed in the fraction F3 which showed
a melting peak in the vicinity of 150�C in DSC analy-
sis. On the other hand, the fraction F3 exhibited the
characteristic peak at 20� which is associated with
c polymorph while this peak is not observed in the
iPP1 sample. It indicated that a lower degree of
perfection of c-PP crystal coexists with a-PP crystal in
fraction F3 during crystallization process.

The typical WAXD intensity pattern of a-PP crys-
tal, the intensity of second peak (040) must be
smaller than the first one peak (110).10 The WAXD
intensity curve of F2 showed an unusual pattern
that the second peak (at 16.9�) is larger than the first
one (at 14.0�). The characteristic peaks of the pres-
ence of c-PP crystal usually can be found at 2y
angles of 13.8� (111), 15.1� (113), 16.7� (008), 20.1�

(117), 21.2� (202), and 21.9� (026). These results indi-
cated that the location of the strongest second peak
may be due to the (008) of c-PP crystal coexisting
with the (040) of a-PP crystal, although the peak at
20.1� was not distinguished. It implied that a lower

Figure 1 Comparison of melting curves subsequent to
crystallization at 125�C for 60 min, heating rate is 10�C/min.

Figure 2 The WAXD evidence of b modification for iPP1
and c modification for F3 and F2. The experiments were
conducted under the same condition: after holding 200�C
for 6 min, quickly turning the sample to a hot bath at
125�C for 60 min.

TABLE II
TREF Results and Characterization of the Fractions

of PP1

Tel (�C)
wt
(%) Tm (�C)

DHf

(J/g)
Mw � 10�3

(g/mol) Mw/Mn

F1 25 2.4 – – 121 3.6
F2 26–80 7.6 a 0 79 7.4
F3 81–100 11.8 150.2 81.7 85 4.4
F4 101–105 6.1 154.1, 158.7b 101.1 99 3.6
F5 106–110 13.0 161.0 107.1 99 2.4
F6 111–120 58.9 164.7 105.7 342 3.4
F7 121–140 0.2 – – – –

a No peak.
b Double peaks.
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degree of perfection of c-PP crystal coexists with
a-PP crystal during fraction F2 crystallization from
125�C to room temperature.

The result of WAXD for the iPP2 (heptane-insolu-
ble fraction of PP2) and iPP3 (heptane-insoluble frac-
tion of PP3), which were synthesized with Hex3Al as
the cocatalyst at high temperature, is also displayed
in Figure 3. Although these WAXD patterns were
already available in the literature,5 it is discussed
here in greater detail. These patterns are same as that
of the fration F2, which were characterized by that
the second peak is higher than the first one. And, in
these WAXD patterns a small peak of c-form (117) at
2y angle of 20.1� was found. As discussed earlier, the
result of WAXD confirmed that the iPP2 or iPP3
crystallizes in the a and c form, even at atmospheric
pressure and for high molecular weight.

The 13C-NMR analysis was then conducted to
obtain information on the microstructure of the
selected samples. The pentad distributions of these
fractions and iPPs, which were calculated from the
methyl region resonance, are listed in Table III. As
shown in Table III, the [mmmm] pentad content of
the fractions of PP1 increased with increasing elution
temperature. Considering the DSC results, the melt-
ing point of fractions increased with increasing the
[mmmm] value. Taking the GPC result into account,

it verified that the PP tacticity strongly differs from
the change in molecular weight. The fraction with
lower weight has a lower isotacticity, and the frac-
tion with large molecular weight has a higher isotac-
ticity. As shown in Tables I and III, the melting
point of iPP2 or iPP3 was clearly lower than that of
iPP1, whereas the [mmmm] pentad content of iPP3
is lower than that of iPP1.

The 13C-NMR spectra of fractions were shown in
Figure 4. The spectra of the fraction F2 and F3
showed a number of small irregular peaks. Since the
molecular weight of the F2 and F3 was low enough,
the terminal groups of these PPs were also found in
13C-NMR spectra.11 However, peaks that are
assigned to tail to tail or 1,3-combination were not
found in the spectrum of F3 or F2. Therefore, the
possible stereodefect of these fractions was only the
opposite insertion of monomers.

DISCUSSION

Multiple melting behaviors of iPP1

The multiple melting behavior of pure PP sample,
which depends on thermal conditions of crystalliza-
tion, has been reported by many researchers.1,2,12

Taking the DSC and WAXD results into account, the
melting peak at about 150�C for the sample iPP1
should be associated with the melting of b modifica-
tion of iPP1. It accords with literatures that the melt-
ing peak of b-PP was found to be in the 145–150�C
interval.2,12 It is worth noting that the melting peak
of fraction F3 was also found to be about 150�C.
And the fraction F4 exhibited two melting peaks;
one at low temperature (154.1�C) and the other at
high temperature (158.7�C). However, it can be
clearly seen from Figure 2 that the characteristic
peak at 16� attributed to b modification of F3 of F4
was nonexistent. It indicated that the peak of 150�C
for the fraction F3 or the peak of 154.1�C for the
fraction F4 was attributed to a-PP crystal of lower
degree of perfection rather than b-PP crystal.

The formation of c-PP and b-PP

It is well known that the iPPs obtained with hetero-
geneous Ziegler-Natta catalytic systems, under the

Figure 3 The WAXD evidence of c modification for iPP2
and iPP3, as previously reported in Ref. 5. Crystallization
condition: after holding 200�C for 6 min, quickly turning
the sample to a hot bath at 125�C for 30 min.

TABLE III
Steric Pentad Composition of iPPs and Fractions

mmmm mmmr rmmr mmrr Mmrmþrmrr rmrm rrrr rrrm mrrm

F2 63.8 11.8 0.8 10.0 3.5 0.7 2.4 3.1 3.9
F3 82.5 6.7 0.5 4.8 1.6 0.3 0.6 1.0 2.0
F5 92.0 3.5 0.4 1.7 1.0 0.1 0.2 0.4 0.7
iPP1 91.6 3.0 0.1 2.5 0.8 0 0.4 0.6 1.0
iPP3 86.7 4.6 0.3 3.4 1.5 0.1 0.9 1.2 1.3
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most common conditions, crystallizes in the stable a
form. As mentioned earlier, the more stereoregular
fractions such as F5 and F6 crystallized instead basi-
cally in the a form. However, the fraction F2 and F3
crystallized from the melt in mixtures of the a and c
forms. Taking the 13C-NMR and GPC results into
account, it confirmed that short isotacitic sequences
in low molecular weight fractions are in favor of the
formation of c modification. These results are in
accordance with the study reported by other
researchers.1,2

However, the iPP2 of weight-average molecular
weight of 275,000 g/mol also crystallized from the
melt in mixtures of the a and c form, so did iPP3 of
331,000 g/mol. It was generally accepted that iPP
samples prepared with homogeneous metallocene
catalysts crystallizes more easily in the c form, even
at atmospheric pressure and for high molecular
weight samples.13

Taking the 13C-NMR results given in Table III into
account, the average length of a continuous m
sequence can be estimated from eq. (1)14 if the pen-
tad of mmmr is considered only.

The average meso run length ¼ MRL

¼ 2½mmmm�=½mmmr þ rmmm� ð1Þ

The F2 or F3 contained high content of atactic pen-
tads rmrm, rrrm, and rrrr. The iPP3 contained
higher content of rrrm and rrrr than F3, even though

Scheme 1 Equilibrium reactions between AlEt3 and
electron donors.

Figure 4 13C-NMR spectra of the fractions samples F2, F3, and F5.
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the content of mmmm of iPP3 is higher than that of
F3, as shown in Table III. The MRLs for iPP3 and
the fraction F3 and F2 were 38, 25, and 11, respec-
tively. It confirmed that short isotacitic sequences
are in favor of the formation of c modification. These
analyses allowed concluding that the PPs prepared
at high polymerization temperature are character-
ized by chains with a stereoblock microstructure,
consisting of isotactic sequences linked to atatic (or
more stereoirregular) sequences.

Sacchi et al.15 proposed some equilibrium reac-
tions existed in the PP polymerization reaction,
shown in Scheme 1. They suggested that electron
donors coordinating with active sites could be
removed by AlEt3 during the polymerization process
and they also suggested that these reactions were
reversible. Xu et al.16 suggested that the equilibrium
reactions between AlEt3 and electron donors or
between AlEt3 and active sites are responsible for
the formation of stereoblock structures.

When active sites coordinate with the electron
donor and AlEt3, they are more steric and produce
more mmmm structures, whereas stereodefect struc-
tures are produced by the active sites without the
donor.15,16 Our previous study17 comes to a conclu-
sion that the electron donor can be removed more
easily from the catalyst when polymerization tem-
perature increases from 70 to 100�C. It implied that
these equilibrium reactions between AlEt3 and elec-
tron donors could shift to the right when polymer-
ization temperature increases from 70 to 100�C.
Therefore, this shift may lead to increase more
stereoblock structure in the PP chain.

Being thermodynamically less stable than the a
phase, the b phase can only be formed under spe-
cific conditions, such as temperature gradient, selec-
tive b-nucleating agents, and melt shearing.1,2

Studies on the blends of PP with various copolymers
demonstrated that copolymer components, such as
ethylene–propylene copolymer12,18 and ethylene–
propylene–diene terpolymer,19 are in favor of the
formation of b-PP crystals. Li et al.20,21 suggested
that the orientation status of the PP chains in the
melting state plays a leading role in generating the
b-PP crystal.

On the basis of the above results, the origin on the
formation of b-PP crystal in the iPP1 sample can be
discussed. First of all, it can be definitely concluded
that the formation of b-PP crystal in our case is asso-
ciated with crystallization condition. In our study,
the WAXD result showed that the b phase cannot be
found and only a phase can be found when the iPP1
sample was quenched from 200�C to room tempera-
ture. Chaffin et al.22 proposed that entanglements
are the most important molecular factor in determin-
ing polymer properties in the melt and solid states
and interfacial polymer entanglements, established

in the molten state and subsequently anchored in
chainfolded lamellae upon crystallization, influence
polymer intrinsic properties. Rastogl et al.23 pro-
posed entanglements influence the polymer melt
state and the resulting crystallization behavior.
Therefore, taking the fact into consideration that
b-PP has been generated in the pure iPP1 sample
rather than all the fractions of PP1 sample separated
by crystallization and elution process under the
same crystallization conditions, the formation of
b-PP in the iPP1 sample should result from the
cooperative interaction between stereoblock fraction
and highly isotactic fractions. In the other hand, it is
worth noting that the fraction F6 (58.9 wt % of iPP1)
has a melting point of 164.7�C while the iPP1 only
has a melting point of 161.6�C at the same crystalli-
zation condition. The crystallite size of the fraction
F6 is larger than that of iPP1 using the Scherrer’s
method. The result shows that the cooperative inter-
action of stereoblock and highly isotactic molecules
could retard the thickening of the PP lamellae. These
results implied that the cooperative interaction, such
as blends or entanglements, of PP molecules of dif-
ferent isotacticities lead to an essential change in the
structure of PP from a-PP to b-PP.

CONCLUSIONS

The structure, morphology, and isothermal crystalli-
zation behaviors of PPs obtained with heterogeneous
Ziegler-Natta catalyst at high temperature (100�C) as
well as its fractions were investigated. The PP1 pre-
pared with Et3Al as cocatalyst crystallized was char-
acterized by the appearance of a-PP and b-PP
crystals coexisting while each fraction obtained from
PP1 did not show b-PP crystal at the same crystalli-
zation condition. In addition, the c-PP crystal was
appeared for the fractions of low mmmm% value
and molecular weight. The high molecular weight
PP2 and PP3 samples prepared with Hex3Al as coca-
talyst also crystallized from the melt in mixtures of
the a and c forms. This analysis allows concluded
that the PPs prepared at high polymerization
temperature are characterized by chains with a
stereoblock microstructure, consisting of isotactic
sequences linked to atatic (or more stereoirregular)
sequences. The microstructure shown in the PP sam-
ples obtained at high temperature could be well
explained with the shift in the alkylaluminium-
donor equilibrium reactions at high polymerization
temperature. Considering the detailed analysis of
results, it was suggested that cooperative interaction
of PP molecules of different isotacticities plays an
important role in the formation of b-PP.
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during the work.
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