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ABSTRACT: Two isotactic polypropylene (iPP) samples
(PP-A and PP-B) were obtained by utilizing two different
heterogeneous Ziegler–Natta catalysts in a given polymer-
ization system. The molecular structure and conformational
behavior of the samples were studied. The results of determi-
nation of xylene soluble material (XS) and 13C NMR showed
that the average isotacticity of the samples were nearly same.
However, the results of high-resolution high-temperature
13C NMR (HRHT 13C NMR) and successive self-nucleation
and annealing (SSA) fractionation revealed that the amount
of high isotacticity of PP-B was lower than that of PP-A, and
the amount of relative medium and low isotacticity of PP-B
was higher than PP-A, indicating that the stereodefect distri-
bution of PP-B was more uniform than PP-A. The calculation

of average meso sequence length from SSA was found to be
in good agreement with that calculated from the results of
HRHT 13C NMR. Moreover, Fourier transformation infrared
was utilized to study the influence of stereodefect distribu-
tion on the conformational behavior of iPP. The result sug-
gested that the molecular conformation of the PP-B was
more disordered than PP-A, the regularity of molecular
structure for PP-B was lower than that of PP-A. The related
action mechanism and the influences of which on crystalliza-
tion behavior were discussed. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 125: 3076–3083, 2012
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INTRODUCTION

Because heterogeneous Ziegler–Natta catalysts con-
tain multiple active sites, the polypropylene resins
produced usually have varying degree and distribu-
tion of stereoregularity. The average isotacticity, and
the distribution of stereodefects and stereoregular
sequences in the formed polymer are the most
revealing structure information related to the cata-
lyst and the polymerization mechanism of polypro-
pylene,1,2 which also determines for most part of the
crystallization behaviors, processability and mechan-
ical properties. If the characterization of the average
isotacticity and the stereodefect distribution of iso-
tactic polypropylene (iPP) can be done thoroughly
enough, information on the catalyst, crystallization
behavior, and mechanical properties is gained as
well.

In the characterization of stereodefect distribution
of iPP, solvent fractionation3–8 (usually an extremely
time consuming and tedious work), high-resolution
high-temperature 13C NMR (HRHT 13C NMR), tem-

perature rising elution fractionation,7 crystallization
analysis fractionation,3,10–13 crystallization elution
fractionation,14,15 and thermal fractionation methods
are often used. Among which, the thermal fractiona-
tion methods, such as stepwise isothermal crystalli-
zation16–19 and successive self-nucleation and
annealing (SSA),16,20–23 are increasingly used in ana-
lyzing the microstructure of polyolefin, due to their
enhanced resolution, effective molecular segregation,
relatively short measurement times, free of solvent,
and additional molecular structural information.
On the other hand, the stereodefects places in the

polypropylene molecules, influences the movement
of the macromolecules and might affect on the fold-
ing manner and helical conformation of iPP. Con-
versely, if the conformational behavior of iPP could
be studied, the information of the stereodefect distri-
bution might also be revealed. However, few studies
had concerned on the relationship between the dis-
tribution of stereodefects and the conformational
behavior of iPP. Fourier transformation infrared (FT-
IR) spectroscopy is an effective method for character-
izing the helical conformation behavior of iPP.24–27

During the past decades, the relationship between
specific regularity bands of FT-IR spectrum and the
different critical helix length ‘‘n’’ of iPP had
been established.28–34 The IR bands at 940, 1220, 1167,
1303, 1330, 840, 998, 900, 808, 1100, and 973 cm�1
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correspond to helical structures with degree of order
from high to low, and the minimum n values for
appearance of bands at 973, 998, 840, and 1220 cm�1

are 5, 10, 12, and 14 monomers units in helical
sequences, respectively. Obviously, larger n value
corresponds to higher ordered degree of the corre-
sponding regularity.

The aim of this study is to investigate the influ-
ence of different Ziegler–Natta catalysts on the
molecular structure, especially the stereodefect dis-
tribution of iPP, and the relationship between the
stereodefect distribution and the conformational
behavior of the iPP. Two commercial heterogeneous
Ziegler–Natta catalysts were used in a given poly-
merization system, and the other polymerization
conditions remained constant. The molecular struc-
ture of the iPP samples obtained was investigated
by Differential scanning calorimetry (DSC), determi-
nation of xylene soluble material (XS), 13C NMR and
SSA fractionation. Moreover, FT-IR was used to
study the conformational behavior of the samples.
The relationship between the conformational behav-
ior and the distribution of stereodefects of the iPP
samples were studied, and the resulting influence on
crystallization behavior was discussed.

EXPERIMENTAL

Materials

Samples studied in this article were iPP resins for
biaxially oriented polypropylene film, produced in
the Spheripol process (Basell) in the two loop reac-
tors, which is one of the most widespread commer-
cial methods to produce polypropylene.35 The tem-
perature for the prepolymerization reactor was
controlled at 20�C and 70�C for the main polymer-
ization reactors. The pressure of those three reactors
ranged from 3.4 to 4.2 MPa. The cocatalyst was trie-
thylaluminum (TEAL), and the external donor used
was cyclohexylmethyldimethoxysilane (CHMDMS).
The mole ratio of the cocatalyst/external donor
(TEAL/CHMDMS, denoted as Al/Si in this study)
was 40, and other conditions remained unchanged.
Two different highly activity supported forth gener-
ation Ziegler–Natta (TiCl4 ¼ MgCl2) catalysts, ZN-A
and ZN-B, were used. Two samples, PP-A and PP-B
were obtained during the polymerization.

Characterization

High-resolution high-temperature 13C NMR

The HRHT 13C NMR was performed with Bruker
AVANCE 400 NMR spectrometer operating at
100.62 MHz for carbon. Samples was dissolved in
1,2,4-trichlorobenzene with 20% deuterated benzene
in 10 mm BBO tubes. The experiments were per-

formed at 120�C. All sequences round 21, 29, and 46
ppm were assigned according to the literatures.36,37

Experimental conditions were number of pulses
more than 10,000, pulse angle 30, spectrum width
25,000 Hz, and relaxation delay 7 s. All spectra were
completely proton decoupled.
It should be noted that there usually exists an

amount of very low tacticity and atacticity in the iPP
samples, which might give a misleading influence
on the tacticity distribution information obtained
from HRHT 13C NMR. As a result, the data of
HRHT 13C NMR might cannot reflect the exact dis-
tribution of stereodefects along the major molecular
chains. To exclude the influence of this fraction,
samples were extracted in n-heptane for 24 h at
desired temperature, then, the insoluble fraction was
dried and collected for the measurement.

Fourier transformation infrared spectroscopy

Samples were first molded into thin film using
platen press at 200�C and the pressure of 10 MPa,
then they were cooled down to ensure the same
thermal history. The spectra were measured at 26�C
using a Nicolet Magna 560 FT-IR spectrometer and
collected at a resolution of 4 cm�1 with 16 scans.
The range of measured wavenumber was 400–4000
cm�1. All the original spectra were baseline cor-
rected using OMNIC E.S.P software.

Differential scanning calorimetry

All the calorimetric experiments were carried out on
Mettler Toledo DSC1 differential scanning calorime-
ter under nitrogen atmosphere (50 mL/min). Cali-
bration for the temperature scale was performed
using indium as a standard to ensure reliability of
the data obtained. To ensure the homogeneity of
samples and the good contact between sample and
pan, the virgin polymer was molded at 190�C, 10
MPa for 5 min into sheets of uniform thickness
about 500 lm. Then 5 mg round samples were
punched out of the sheets.

Successive SSA fractionation

The complete thermal treatment of SSA fractionation
comprises the following steps: (a) erasure of the
crystalline thermal history by heating the sample to
200�C and held for 5 min; (b) cooling the sample at
20�C/min to 30�C and held for 2 min; (c) the sample
was heated at 20�C/min from 30�C to a partial melt-
ing temperature denoted Ts; (d) the sample was kept
at Ts for 15 min; (e) DSC cooling scan at 20�C/min
from Ts to 30�C, where the effects of the thermal
treatment will be reflected on the crystallization of
the sample; (f) repeat step ‘‘c’’ to ‘‘e’’ at increasingly
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lower Ts, which were varied from 167 to 139�C at
4�C intervals for a total eight self-nucleation/anneal-
ing steps. (g) Finally, the sample was heated at
10�C/min from 30�C to 200�C, and a multiple melt-
ing endotherm was obtained.

The first Ts temperature to be used in step ‘‘d’’
was carefully chosen as 167�C, which was the lowest
temperature within domain II (or self-nucleation
Domain, defined by Fillon et al.38–40) of the iPP resin
studied in this article.

RESULTS AND DISCUSSION

Preliminary molecular characterization

The average isotacticities of the samples were char-
acterized using the determination of XS fraction
according to ASTM D5492 and high-temperature
solution 13C NMR. The molecular weight and its dis-
tribution were measured by gel permeation chroma-
tography. Detailed molecular characteristics were
listed in Table I. The crystallization and melting
results were obtained by DSC, which were shown in
Figure 1 and Table II.

Table I shows that the amount of XSs and average
isotacticity of the samples are nearly same, suggest-
ing that the catalysts of ZN-A and ZN-B have simi-

lar influence in determining the average isotacticity,
in the polymerization system used in this study.
However, the crystallization and melting results in

Figure 1 and Table II show that the crystallization
peak temperature Tc, onset crystallization tempera-
ture Tc onset, endset temperature of crystallization Tc

endset, melting peak temperature Tm, and onset melt-
ing temperature Tm onset of PP-A are all higher than
that of PP-B, indicating the crystallizability of PP-A is
stronger than PP-B. The differences in crystallization
and melting temperatures of iPP are usually attrib-
uted to the different average isotacticities and/or dif-
ferent distributions of the stereodefects. Because the
average isotacticities of the samples are nearly same,
the different crystallization parameters might indicate
that the stereodefect distributions of the samples are
different. However, according to the analysis of XS
and 13C NMR, information on the stereodefect distri-
bution can hardly be obtained, more detailed struc-
tural characterizations are required.

High-resolution high-temperature 13C NMR

To investigate the stereodefect distribution of the
samples, the HRHT 13C NMR was performed. The
original HRHT 13C NMR spectra were shown in
Figure 2.

TABLE I
Molecular Structural Parameters of PP-A and PP-B

Sample Catalyst Al/Si ratio XS (%)a Isotacticity (%)b Mn
c Mw

c Mw/Mn
c

PP-A ZN-A 40 3.8 96.6 112,800 365,050 3.24
PP-B ZN-B 40 3.9 96.4 95,600 347,150 3.63

a Xylene soluble fraction at room temperature according to ASTM D5492.
b Isotacticity were obtained from high-temperature 13C NMR at 120�C.
c Molecular weight and distribution were performed by gel permeation chromatography at 130�C.

Figure 1 DSC (a)cooling curves and (b) subsequent heating curves. (Cooling and heating rates were 10�C/min). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table III shows the contents of the ‘‘mmmm,’’
‘‘mmmr’’ pentads of PP-B are lower than that of PP-
A, meanwhile, the amounts of ‘‘rmmr,’’ ‘‘mr,’’ and
‘‘rr’’ of PP-B are all higher than PP-A. Namely, for
ZN-B catalyst system, more stereoirregular insertion
occurs during the polymerization process compared
with ZN-A catalyst system. Because the average iso-
tacticity of the samples are nearly same (Table I), the
results in Table III indicate that, the stereospecificity
of the two catalyst systems in determining the ster-
eodefect distribution of iPP are different. Because of
this, the different catalyst systems lead to different
distribution of stereodefects: for ZN-B catalyst sys-
tem, the stereodefect distribution of the resulting iPP
is more uniform than that of ZN-A.

Successive SSA fractionation

SSA is an effective method in the characterization of
the stereodefect distribution of iPP.18,21 The SSA
final melting curves of the samples are shown in

Figure 3. According to the basic principle of SSA
fractionation,16 the SSA curve was fitted into nine
individual peaks using Peakfit 4.12 software, includ-
ing two main peaks in the high-temperature region
and seven minor peaks in the low-temperature
region, as can be seen from Figure 3. The main peak
located at the highest temperature is denoted as
peak1 and the followed main peak located at high
temperature is peak2.
Figure 3 shows that the relative heights of the two

main peaks on the SSA curves of PP-A and PP-B are
quite different. Compared with PP-A, the relative
height of peak1 of PP-B is obviously lower, whereas
the relative height of peak2 is higher. According to
the literatures,20,23 peak1 corresponds to the melting
of thick lamellae, which is crystallized by the mole-
cules with high isotacticity; peak2 corresponds to
medium thickness lamellae, which correspond to the
fraction with relative medium isotacticity. It can be
directly observed from the SSA curves that, com-
pared with PP-A, PP-B has less amount of high

TABLE II
Crystallization and Melting Parameters of PP-A and PP-B

Sample

Cooling scana Subsequent heating scana

Tc (
�C) Tc onset (

�C) Tc endset (
�C) Tm (�C) Tm onset (

�C) Tm endset (
�C) Xc (%)

PP-A 121.2 124.9 116.9 162.9 156.8 167.6 44.7
PP-B 114.6 119.9 110.7 159.2 152.5 167.3 41.3

a The cooling rate and subsequent heating rate were 10�C/min.

Figure 2 HRHT 13C NMR spectrums of (a) PP-A and (b) PP-B.
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isotacticity and more amount of relative medium
isotacticity.

To obtain quantitative information, the relative
area percentages (i.e., the integral area percentages
on the SSA melting curve) of the peaks fitted from
the SSA curve were calculated. The results are
shown in Figure 4.

As can be seen from Figure 4, the relative area
percentages of all the peaks of the samples, except
peak1 and peak2, are very close; the relative area
percentage of peak1 of PP-A is 7.7% higher than that
of PP-B, whereas the relative content of peak2 is
9.2% lower than that of PP-B.

Using Thomson–Gibbs equation41 [eq. (1)], infor-
mation about the lamellar thickness distribution of
iPP can be obtained:

Tm ¼ T00
m 1� 2r

DH0L

� �
(1)

where the equilibrium temperature T0
m ¼ 460 K,42,43

the melting enthalpy DH0 ¼ 184�106 J/m3, and the
surface free energy r¼0.0496 J/m2.

The lamellar thickness distribution curves of the
samples are shown in Figure 5. Note that the inten-
sities of the curves are normalized.
Figure 5 shows that there are two main peaks on

the lamellar thickness distribution curve, which are
denoted as peak10 and peak20, corresponded to
peak1 and peak2 on the SSA curve, respectively.
Compared with PP-A, the relative intensity of peak10

for PP-B is obviously lower, whereas the relative in-
tensity of peak20 for PP-B is higher, indicating that
after the same SSA thermal treatment, more amount
of thick lamellae and less amount of thin lamellae
have formed in PP-A.
Moreover, with the aim of evaluating the hetero-

geneity of the stereodefect distribution along the
chains in a quantitative manner, a method using
mathematical relationships that are analogous to
those employed to describe molecular distributions
in polymer and polydispersity.44 The statistical pa-
rameters describing the lamellar thickness, the arith-
metic average lamellar thickness Ln, the weighted
average lamellar thickness Lw, are introduced and
defined as follows:

Ln ¼ n1L1 þ n2L2 þ n3L3 þ n4L4þ; . . . ;þnjLj

n1 þ n2 þ n3 þ n4þ; . . . ;þnj
¼

X
fiLi

(2)

TABLE III
Tacticity Results from HRHT 13C NMR Analysis of PP-B and PP-A

Samplea
mm mr rr

mmmm mmmr rmmr mr mmrr mmrm þ rmrr rmrm rr rrrr mrrr mrrm

PP-A 95.07 1.59 0.41 2.99 2.12 0.57 0.30 1.94 0.61 0.45 0.88
PP-B 94.78 1.47 0.53 3.19 2.17 0.71 0.31 2.03 0.65 0.48 0.90

a Samples were extracted in n-heptane for 24 h at desired temperature and then the insoluble fraction was collected and
dried for HRHT 13C NMR measurement, to exclude the influence of the atactic fraction.

Figure 3 SSA final melting curves and the corresponding
fitted curves of PP-A and PP-B. The melting peak locating
at the higher temperature region is denoted as peak1 and
the lower one peak2. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 4 Relative area percentages of the peaks on the SSA
curves of PP-A and PP-B. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Lw ¼ n1L1
2 þ n2L2

2 þ n3L3
2 þ n4L4

2þ; . . . ;þnjLj
2

n1L1 þ n2L2 þ n3L3 þ n4L4þ; . . . ;þnjLj

¼
P

fiLi
2P

fiLi
ð3Þ

where ni is the normalized partial area of the frac-
tions on the final SSA curve, and the Li is the lamel-
lar thickness for each fraction.

Meanwhile, the broadness index (I) is defined as:

I ¼ Lw
Ln

(4)

Furthermore, the arithmetic average meso sequence
length (MSLn, propylene unit) and weighted average
meso sequence length (MSLw, propylene unit), were
calculated using eq. (5)45:

MSL ¼ 3L
.
Lhelix (5)

where L is the lamellar thickness and Lhelix is the
length of one crystal cell along the chain direction.
For the crystal cell of monoclinic form, the c-axis,
which corresponds to chain direction, is 0.65 nm. In
this direction, one cell contains 3 monomers,46 Lhelix
¼ c ¼ 0.65 nm.

The average meso sequence length (m) was eval-
uated from the results of HRHT 13C NMR using the
following equation47:

m ¼ mmmmþ 3 � 1
2mrrrþ 2rmmrþ 1

2 rmrmþ 1
2 rmrr

1
2 rmrmþ 1

2 rmrrþ rmmrþ 1
2mmmr

(6)

The results were calculated and listed in Table IV.
Table IV reveals that, the Ln and Lw of PP-A are

larger than that of PP-B, indicating a larger average
lamellar thickness of PP-A; the broadness index I of
PP-A is larger than PP-B, suggesting that the distri-
bution of lamellar thickness of PP-A is broader. As
is studied above, the average isotacticity of the sam-
ples are nearly same (see Table I). Therefore, the
results of SSA suggest that, compared with PP-A,
PP-B has less amount of high isotacticity, more
amount of relative medium isotacticity, and a more
uniform distribution of the stereodefects.
On the other hand, from the calculation of average

meso sequence length, it can be seen that the m and
MSLn are quite close, the MSLw of the sample is
larger than m and MSLn; the variation of m, MSLn

and MSLw are in good correspondence. In another
word, the average meso sequence length calculated
from SSA is in good agreement with that calculated
from high-resolution 13C NMR. SSA fractionation is
effective in studying the stereodefects distribution
of iPP polymerized with different heterogeneous
Ziegler–Natta catalysts.
In general, the analysis of XS and 13C NMR show

that the average isotacticities of PP-A and PP-B are
nearly same. According to HRHT 13C NMR and SSA
fractionation, it is found that the stereodefect distri-
butions of the samples are quite different, the stereo-
defect distribution of PP-B is more uniform.
The different distributions of stereodefects along

the molecular chains of the samples are attributed to
the different Ziegler–Natta catalysts used. It is
known that, there exist multiple active centers in
heterogeneous Ziegler–Natta catalyst system, which
are different from each other in stereospecificity and
stability. For different catalyst systems, the activities
of the active centers are quite different from each
other. In study, the catalyst system of ZN-B is more
preferred for the formation of a more uniform

Figure 5 Lamellar thickness distribution curves of PP-A
and PP-B, obtained by using Thomson–Gibbs equation on
the SSA final melting curves. The intensities of the curves
were normalized. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

TABLE IV
Lamellar Thickness Parameters, Arithmetic Average Meso Sequence Length (MSLn),
and Weighted Average Meso Sequence Length (MSLw) Calculated From SSA, and the

Average Meso Sequence Length (m) Calculated From 13C NMR Results

Sample Lw (nm) Ln (nm) I ¼ Lw/Ln

MSLw

(propylene unit)
MSLn

(propylene unit) m

PP-A 18.2 15.1 1.21 84.0 69.7 63.3
PP-B 16.5 14.2 1.16 76.2 65.5 58.9
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insertion of the stereodefects along the molecular
chains than that of ZN-A.

Fourier transformation infrared spectroscopy

In this section, the FT-IR measurement was per-
formed to investigate the conformational behavior of
the samples and the relationship between the stereo-
defect distribution and the conformational behavior
of the iPP.

The original FT-IR spectra of the samples are
shown in Figure 6. Because each IR band has its
own intensity coefficient, it is necessary to normalize
the intensities of these regular helical conformation
bands. The IR band at 1460 cm�1, which corresponds
to the asymmetric deformation vibration of the
methyl group, can serve as an internal standard,
because it is almost not influenced by the variation
of external environment.25 To obtain better clarity,
for both PP-A and PP-B, the normalized relative
intensities of each regularity bands of PP-A were
further taken as the references. The result is shown
in Figure 7.

Figure 7 shows the relative intensities of the regu-
larity bands at 973, 998, 840, and 1220 cm�1 of PP-B
are all lower than that of PP-A, indicating that the
relative contents of all length of helical sequences of
PP-B are lower than that of PP-A, and the conforma-
tional order degree of PP-B is lower than PP-A.

Because the samples for FT-IR measurement have
the same thermal history, the differences in confor-
mation are attributed to the different molecular
structural regularities of the samples. Because the
average isotacticities (i.e., the amount of stereode-
fects) of PP-A and PP-B are nearly same, it can be
concluded that the differences in conformational
order degree are attributed to the different distribu-
tion of stereodefects of the samples. The stereode-

fects distributes on iPP molecular chains, restrains
the cooperative movement of the repeating units
and influences the folding manner of the chains, and
thus decreases the helical conformational order
degree of the iPP sample. The more uniform the
distribution of stereodefects is, the lower the order
degree of the helical conformation is.
Compared with PP-B, the conformational order

degree of PP-A is higher, revealing that the regularity
of the molecular chains for PP-A is higher. This result
is coincident with the results of HRHT 13C NMR and
SSA. Therefore, the manner of stereodefect distribu-
tion determines the conformational order degree of
iPP. FT-IR can be applied to study the distribution of
stereodefects of iPP from the conformational aspect.
Moreover, it is found that the catalyst system of ZN-B
is more preferred for the formation of iPP with lower
degree of conformational order than that of PP-A.
On the aspect of crystallization, the study of Zhu

et al.34 conformed that, when the persistence length
of 31 helical sequences exceeded 12 monomer units
(corresponding to the emergence of regularity bands
at 840 cm�1), the iPP melt system will be unstable,
and the 31 helix conformation extends quickly and
then the crystallization occurs. Interestingly, in this
study, the amounts of the regularity bands of 840 and
1220 cm�1 of PP-A are all higher than that of PP-B (in
the same thermal treatment), which might indicate
that the crystallizability of PP-A is stronger than that
of PP-B. The crystallization and melting parameters
in Table II is in agreement with this speculation.

CONCLUSIONS

In this study, the average isotacticity, stereodefect
distribution and conformational behavior of the iPP

Figure 6 FT-IR spectra of PP-A and PP-B. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 7 Relative intensities of different regularity bands
of PP-A and PP-B. The intensities of all the bands of PP-A
were taken as the reference.
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resins polymerized with different Ziegler–Natta cata-
lysts were studied.

The results of XS, 13C NMR showed that the aver-
age degree of tacticity of PP-A and PP-B are similar,
suggesting that the catalysts of ZN-A and ZN-B
have similar influence in determining the average
isotacticity in the polymerization system used in this
study.

The analysis of HRHT 13C NMR and SSA sug-
gested that compared with PP-B, the amount of
high-isotacticity component of PP-A is higher, the
amount of relative medium and low-isotacticity
component of PP-A is lower, the distribution of ster-
eodefects of PP-B is more uniform. The calculation
of weighted average meso sequence length from
SSA was found to be in good agreement with that
calculated from the results of HRHT 13C NMR. The
catalyst system of ZN-B was found to be preferred
for the formation of more uniform distribution of
stereodefects than ZN-A catalyst system.

The results of FT-IR showed that the conforma-
tional order degree of PP-B is lower than that of PP-
A, indicating that the stereodefect distribution is one
of the crucial factors on the conformational order
degree of iPP. FT-IR is effective in reflection of the
differences in stereodefect distribution of the sam-
ples from the conformational aspect. Moreover, the
catalyst system of ZN-B is more preferred for the
formation of iPP with lower degree of conforma-
tional order than that of PP-A.
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