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ABSTRACT: Seven samples of isotactic polypropylene were examined to study the in-
fluence on the formation of the g crystalline phase of possible regiodefects along the
chain. Wide-angle X-ray diffraction allowed the determination of the percentage of the
g phase in the samples and 13C-NMR spectroscopy was used to correlate the develop-
ment of the g phase with the existence of regioirregular structural units along the
chain. Furthermore, it was possible to appraise the contributions given by the different
families of lamellae to the small-angle X-ray diffraction patterns. © 2000 John Wiley &
Sons, Inc. J Appl Polym Sci 79: 375–384, 2001
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INTRODUCTION

Isotactic polypropylene (i-PP) is one of the syn-
thetic polymers with high commercial interest. Its
history is relatively recent, since the catalyst pro-
cess necessary for the reaction of polymerization
was discovered in 1954 by Natta and coworkers.1

Since the beginning of its industrial production
in 1957, i-PP has been competitive on the market;
its easy processability as well as its notable purity
and the availability of the monomer currently
make it one of the most requested plastic materi-
als all over the world. I-PP is a thermoplastic
polymer, having a low specific weight and a high
tensile strength, stiffness, and hardness. Besides,
it has excellent dielectric properties, chemical in-
ertia, and damp resistance, typical of the olefin
polymers.

A particular characteristic of i-PP is its poly-
morphous behavior, as it is known that this poly-

mer has three different crystalline phases, a, b,
and g2. The monoclinic a phase is the best known
and the most common crystalline state of the
polymer. On the other hand, various authors
showed that the hexagonal b phase and the tri-
clinic g phase can be obtained only in particular
conditions. For example, the g form can be ob-
tained as a result of crystallization under ele-
vated pressures3,4 or from i-PP samples with a
low molecular weight.5–7 Random copolymers of
propylene with other olefins (ethylene and
1-butene) can crystallize in the g phase.8–12 In
particular, Zannetti and coworkers9 found that
the content of the g form increases as the amount
of the comonomer in the chain increases. These
results are in good agreement with the observa-
tions of Turner Jones,8 who reported that the
development of the g phase in copolymers can be
related to the interruptions in the isotactic chain,
due to the insertion of the comonomer.

Recently, high percentages of the g form have
been found in i-PP samples synthesized with
zirconocene-based homogeneous catalysts.13–15

These catalytic systems introduce some regioir-
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regular units along the chain, deriving from 2,1
and 3,1 insertions.16–20 Therefore, it appears that
the polypropylene microstructure plays an impor-
tant role in the crystallization of the polymer.

The aim of this work was to investigate the
effect of regiodefects on the formation of the g
crystalline phase and to evaluate the influence of
the g-form amount on some parameters related to
the lamellar structure. This was performed by
analyzing the i-PP samples using wide- and
small-angle X-ray diffraction (WAXS and SAXS,
respectively) and 13C-NMR spectroscopy.

EXPERIMENTAL

Samples

The analyzed samples of i-PP are shown in Table
I together with the catalysts used for their prep-
aration. Samples M1–M5 were synthesised using
homogeneous zirconocene-based catalysts, while
samples G1 and G2 are fractions of a polymer
produced with a heterogeneous Ziegler–Natta
catalyst. The G1 and G2 samples were obtained
using the TREF (temperature rising elution frac-
tionation) technique, which allows separation of
the macromolecules according to their crystalliz-
ability. They differ in molecular weight and ste-
reoregularity.

The polymer sample, obtained as a powder,
was heated over the melting temperature, and
after a slow cooling to 20°C, a thin rectangular
small plate (thickness 0.06 cm) was obtained. The
intrinsic viscosity ([h]), the viscosimetric-average
molecular weight (M# v), and the melting temper-
ature (Tm) were determined for the examined
samples. The values are collected in Table II.

Wide-angle X-ray Scattering

The WAXS patterns were recorded in the diffrac-
tion angular range of 10–50° 2u, using a GD 2000
transmission diffractometer produced by Ital
Structures, working in the Seemann–Bohlin ge-
ometry, and with a quartz crystal monochromator
of the Johansson type on the primary X-ray beam:
CuKa1 radiation was used.

The application of the least-squares fit proce-
dure elaborated by Hindeleh and Johnson21 gave
the crystallinities by weight, and then they were
transformed into volume crystallinities, FWAXS.22

The a and g polymorphous structures of i-PP were
characterized by different crystalline structures;
consequently, the wide-angle diffraction spectra
of the two pure phases are also different.

The substantial difference between the WAXS
spectrum of the i-PP crystallized in the a form
and that of the g form is the existence of a peak at
18.6° 2u in the first one, substituted in the second
by a reflex of 20.1° 2u, absent in the first one [see
Fig. 1(a,b)]. The diffraction spectrum of a sample
containing both the crystalline phases has all
peaks typical of the two forms. Using the WAXS
spectra, it is therefore possible to determine the
relative amount of the crystalline phase in the g
form.12

Small-angle X-ray Scattering

The SAXS patterns were recorded by an MBraun
system, using CuKa radiation from a Philips PW
1830 X-ray generator. The data were collected
using a position-sensitive detector, in the scatter-
ing angular range of 0.1–5.0° (2u), and were af-
terward corrected for blank scattering.

A constant continuous background scattering
was then subtracted23 and the obtained intensity

Table II Intrinsic Viscosity ([h]), Average
Viscosimetric Molecular Weight (M# v), and
Melting Temperature (Tm) of the Analyzed
i-PP Samples

Sample [h] (dL/g) M# v Tm (°C)

M1 0.61 53,600 145
M2 0.47 37,700 139
M3 0.15 8,100 132
M4 0.14 7,300 123
M5 0.39 29,300 137
G1 0.68 62,100 162
G2 0.45 35,600 160

Table I Analyzed i-PP Samples and the
Catalytic Systems Used for Their Preparation

Sample Catalytic Systema

M1 rac-(EBI)ZrCl2/MAO
M2 rac-(EBI)ZrCl2/MAO
M3 rac-(EBDMI)ZrCl2/MAO
M4 rac-(EBDMI)ZrCl2/MAO
M5 rac-(EBTHI)ZrCl2/MAO
G1 MgCl2/TiCl4/diether–AlEt3

G2 MgCl2/TiCl4/diether–AlEt3

a EBI, ethylene bis(1-indenyl); EBDMI, ethylene bis(4,7-
dimethyl-1-indenyl); EBTHI, ethylene bis(4,5,6,7-tetrahydro-
1-indenyl).
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values Ĩ(s) were smoothed in the tail region, with
the aid of the s 3 Ĩ(s) versus 1/s2 plot.24 Finally,
the Vonk’s desmearing procedure25 was applied
and the one-dimensional scattering function was
obtained by the Lorentz correction I1(s)
5 4ps2I(s), where I1(s) is the one-dimensional
scattering function, and I(s), the desmeared in-
tensity function, being s 5 (2/l) sin u.

Theoretical Evaluation of the SAXS Patterns

The evaluation of the SAXS patterns, according to
some theoretical distribution models,26,27 was
carried out referring to the Hosemann model,28

which assumes the presence of lamellar stacks
having an infinite side dimension. This assump-
tion, in practice, takes into account a monodimen-
sional electron density change along the direction
normal to the lamellae. According to this model,
the intensity profile is expressed as follows:

I~s! 5 I9~s! 1 I0~s! (1)

where

I9~s! 5
~rc 2 ra!

2

4p2s2D

u1 2 FCu2~1 2 uFAu2!
1 u1 2 FAu2~1 2 uFCu2!

u1 2 FCFAu2

(2)

I0~s! 5
~rc 2 ra!

2

2p2s2DN ReHFA~1 2 FC!2~1 2 ~FAFC!N!

~1 2 FAFC!2 J
(3)

In these equations, FC and FA represent the Fou-
rier transforms of the distribution functions of the
lamellar thickness C and of the amorphous re-
gions A; rc and ra are, respectively, the electron
densities of the crystalline and amorphous re-
gions; and N is the number of the lamellae in the
stack, and D, the average long period.

The optimized parameters were the average
lamellar thickness C, the distribution standard
deviation of the lamellar thickness sC, FSAXS
5 C/D, and N. The average thickness of the
amorphous regions A 5 [(1 2 FSAXS)/FSAXS]C
and its distribution standard deviation sA 5 (sC/
C) A were calculated using the optimized param-
eters.

Nuclear Magnetic Resonance

The solution 13C-NMR spectra of the polymer
samples were recorded with a Bruker DPX 400

spectrometer operating in Fourier transform
mode at a frequency of 100.61 MHz. Spectra were
acquired at 120°C in dideuterated 1,1,2,2-tetra-
chloroethane, applying a 90° pulse, with 12 s of
delay between pulses, and CPD (waltz 16) to re-
move 1H–13C coupling. The signal of the mmmm
pentad at 21.8 ppm was used as an internal ref-
erence.

The 13C-NMR spectra of the M1 and M3 sam-
ples are shown in Figure 2(a,b). In the methyl
region of the 13C-NMR spectrum of i-PP, the res-
onance peaks due to different steric sequences,
made up of five monomeric units called pen-
tads,29–31 are present. The percentage of the
mmmm pentad is taken as a measure of the iso-
tacticity of the investigated polymers.

Owing to the presence of regioirregularities,
the content of the mmmm pentad of the samples
synthesized with zirconoceres was determined as-
suming that the polymerization follows the “en-
antiomorphic site” statistical model using the
method described in ref. 32. On the other hand,
the percentage of mmmm pentad of the samples
from heterogeneous catalysis was calculated con-
sidering that the only sequences existing in
meaningful quantity, besides the mmmm, are the
mmmr, mmrr, and mrrm pentads having an
mmmr:mmrr:mrrm 5 2:2:1 intensity ratio. The
following expression was then used:

mmmm 5 100 2 5mrrm (4)

From the 13C-NMR spectra of the samples of i-PP,
the percentages of regio-irregular structural units
along the chain, due to insertions of the types 2,1
and 3,1,16–20 were calculated as reported in ref.
32.

RESULTS AND DISCUSSION

The acquisition and the elaboration of the WAXS
spectra allowed the determination of the weight
crystallinity degree, from which the volumetric
crystallinity can be obtained, using the density
values for crystalline and amorphous phases re-
ported in the literature2 (rc 5 0.94 g/cm3; ra
5 0.865 g/cm3). The percentage of the crystalline
phase in the g form was also calculated. These
data for the powders and thin plates are reported
in Tables III and IV, respectively.

It can be noticed that for every sample the thin
plate has a higher degree of crystallinity with
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respect to the powder. This can be explained con-
sidering that the thin plates were prepared by
melting and subsequent slow cooling, allowing
the macromolecules to settle themselves in a sit-
uation of greater order in comparison to the start-
ing conditions. This leads to a crystallinity in-
crease.

Table III shows that powders contain only the
a form, except for the samples M3, M4, and M5, in
which a certain percentage of the g phase is
present (less than 20%). Furthermore, the thin

plates have a higher content of the g form, with
respect to the corresponding powders. This result
is in agreement with the observations of Turner
Jones,8 who reported that the formation of the g
phase depends on the conditions of crystallization
and is particularly favored by slow cooling.

The WAXS study also revealed that there is a
notable difference, as far as the tendency to crys-
tallize in g form is concerned, between the poly-
mers obtained with homogeneous catalysts and
those resulting from heterogeneous catalysts. In

Figure 1 (a) WAXS spectrum of sample M2 (powder); (b) WAXS spectrum of sample
M2 (plate).
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fact, the thin plates of the i-PP samples synthe-
sized with zirconocenes contain a much higher
percentage of the g phase in comparison to the
thin plates of the polymers obtained by heteroge-
neous catalysis (G1 and G2).

In Figure 3, the percentage of the g phase of the
plates, with respect to the melting temperature,
is shown. It clearly appears that, as the melting
temperature decreases, the content of the g form
increases, as demonstrated by some previous
studies.14,15 Such behavior can be explained on
the basis of the different melting temperatures
characterizing the two polymorphous structures.

In fact, the g phase has a lower melting temper-
ature in comparison to the a form.

In Table V, the percentages of regioirregular
units (2,1 and 3,1) in the chain determined by the
13C-NMR analysis are reported. It can be seen
that, while the polymers synthesised with zir-
conocenes have regiodefects of types 2,1 and 3,1,
in the two TREF fractions (G1 and G2) such de-
fects are not found. All the polymers have a high
isotacticity, samples G1 and G2 having the high-
est percentage of the mmmm pentad.

Now let us compare the results of the NMR
analysis with those obtained using the WAXS

Figure 2 (a) 13C-NMR spectrum of sample M1; (b) 13C-NMR spectrum of sample M3.
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technique. The thin plates of the G1 and G2 sam-
ples, which do not have any regioirregularity,
show a considerably smaller percentage of the g
phase in comparison to the other thin plates. This
is true also for samples of a similar molecular
weight as is evident comparing G1 with M1 or G2
with M2 and M5. Therefore, the existence of re-
giodefects in the chain favors the crystallization
of i-PP in the g phase. The regioirregular inser-
tions cause interruptions in the polypropylene
chain, which according to the literature,8,9 are
responsible for the development of the g form.
These results are also in accordance with the
observations of Marigo et al.,12 who, studying ran-
dom copolymers of propylene with ethylene, al-
ready demonstrated the existence of defects hav-
ing the same structure as that of the 3,1 ones, but
derived from the insertion of the comonomer after
a regioirregular propene unit, in samples able to
crystallize in the g form.

In the thin plates of the samples obtained from
homogeneous catalysis, the content of the g phase

seems to increase as the percentage of regiode-
fects increases. Therefore, the existence of a di-
rect proportionality between the percentage of the
g form and the number of “chain defects” can be
hypothesized.

In fact, the samples having the higher content
of the g phase (nearly 100% in the thin plates) are
the M3 and M4 samples presenting all the three
types of defect. The high content of the g form
could also be due to their low molecular weight, as
it was reported in the literature that polymers
with a low molecular weight are able to give a
high amount of the g form.5–7 The long-period
values DBragg were directly determined from the
scattering curve, by elaborating the SAXS pro-
files.

Both the thin plates and the powders were
analyzed. For the powders, the formation of dif-
fraction peaks was not observed. This can be as-
cribed to the existence in the powders of small
lamellae, which are not organized in lamellar
stacks. The DBragg values for the thin plates of the
i-PP samples are shown in Table VI.

Table III Weight Crystallinity (Xc), Volumetric
Crystallinity (FWAXS), and Percentage of g Form
(Cg) for the Powder i-PP Samples

Sample Xc FWAXS Cg (%)

M1 0.58 0.56 0
M2 0.52 0.50 0
M3 0.57 0.55 6
M4 0.53 0.51 13
M5 0.53 0.51 19
G1 0.66 0.64 0
G2 0.66 0.64 0

Table IV Weight Crystallinity (Xc), Volumetric
Crystallinity (FWAXS), and Percentage of g Form
(Cg) for the i-PP Samples in Plate

Sample Xc FWAXS Cg (%)

M1 0.74 0.72 68
M2 0.69 0.67 84
M3 0.73 0.71 95
M4 0.67 0.65 96
M5 0.70 0.68 89
G1 0.74 0.72 28
G2 0.73 0.71 37

Figure 3 Percentage of g phase as a function of the melting temperature.
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The SAXS spectrum of the thin plate of the G1
sample (Fig. 4) is constituted by two partially
superimposed peaks. Such a phenomenon is due
to the existence of two populations of lamellar
stacks, characterized by a different long period.
The existence of superimposed signals requires
the use of a technique able to consider the peaks
with a certain degree of independence and having
the purpose to evaluate their contribution to the
total curve. A suitable procedure for an indepen-
dent evaluation of the scattering signals is the
calculation of the distribution that could lead us
to reconsider some parameters such as, for in-
stance, the position of the intensity maximums.

For the samples M2, M3, M4, and M5, the best
fit was obtained using a “single-population mod-
el”; for the others, a “double-population model”
gave a more satisfactory fit. The resulting fits for
the thin plates of the G1 and M3 samples are
shown in Figure 5(a,b), while the results obtained
are collected in Table VII.

Examining the data of Tables IV and VII, it is
possible to make some important observations.
The samples showing a double population are
those having the smallest content of the g phase.
The SAXS diffraction profiles of the other thin
plates, showing a higher percentage of the g form,
and which were reconstructed using a single peak
(single population), have periodicities comparable
to that of population 2 in samples M1, G1, and G2.
The fact that the analysis of the SAXS profile of
the M2, M3, M4, and M5 thin plates needs a
single distribution model is probably due to their
high percentage of the g phase, which prevents
distinguishing the two populations (i.e., only the
lamellae of the g phase are visible).

We can therefore affirm that population 1 cor-
responds to the a phase, and population 2, to the
g phase. The two crystalline structures give rise
to lamellar stacks characterized by a different
periodicity. In particular, the a phase has a
higher value of the long period in comparison to

Table VI Long-period Values (DBragg) Obtained
for the i-PP Samples in Plate

Sample DBragg (Å)

M1 139
M2 119
M3 119
M4 113
M5 119
G1 155
G2 139

Table V 13C-NMR Analysis of the i-PP Samples

Sample
mmmm

(%)
2,1E
(%)

2,1T
(%)

3,1
(%)

M1 91 0.25 0.14 0
M2 88 0.30 0.19 0
M3 92 0.94 0.24 0.24
M4 88 0.61 0.24 0.71
M5 91 0.14 0 0.80
G1 99 0 0 0
G2 99 0 0 0

Figure 4 SAXS spectrum of the sample G1 (plate).
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the g form. Moreover, both the periodicity and the
thickness of the crystalline layer (C) decrease,
passing from the a phase to the g phase.

In analyzing the results of the M1, G1 and G2
samples, as far as the distribution values are
concerned, it can be noticed that population 1 (a
form) has a narrower distribution of sC/C lamel-
lar thickness in comparison to that of population
2 (g form). The same is true for the sD/D distri-
bution.

The calculation of the distribution of the lamel-
lar thickness also allows us to evaluate the volu-
metric crystallinity of the thin plates. A compar-
ison of the FWAXS (Table IV) and FSAXS values
(Table VII) shows that the crystallinity obtained
with the high angle is nearly equal to the one
obtained with the small angle (Fig. 6).

It is now necessary to consider that the WAXS
technique allows the detection of all the crystal-
line forms in the sample, while the SAXS analysis

Figure 5 (a) Fit of the SAXS spectrum of sample M3 (plate); (b) fit of the SAXS
spectrum of sample G1 (plate).
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is only sensitive to the crystalline regions orga-
nized in lamellar stacks. Therefore, with FWAXS
' FSAXS, it can be supposed that, in the case of
the examined i-PP thin plates, all crystalline re-
gions are organized in stacks.

CONCLUSIONS

X-ray diffraction techniques and 13C-NMR spec-
troscopy appear to be definitely useful for the
structural investigation of i-PP. The WAXS anal-
ysis confirmed that the i-PP samples synthesized
with zirconocene-based homogeneous catalysts
are able to give high percentages of the g form.
Besides, it was also observed that as the melting
temperature decreases the content of the g phase
increases. The 13C-NMR technique allowed the
correlation of the development of the g phase with
the existence of regioirregular (2,1E, 2,1T and
3,1) units along the chain. These defects can
cause interruptions in the isotactic sequences,

which are probably responsible for the crystalli-
zation of i-PP in the g form.

In the case of the SAXS technique, the study of
the distribution of lamellar thickness was very
helpful, allowing the independent evaluation of
the contributions of different families of lamellae
to the diffraction spectrum. It was found that the
two a and g polymorphous structures can give
rise to lamellar stacks characterized by a differ-
ent periodicity. In particular, the a phase has a
higher value of the long period in comparison to
the g form. From the analysis of the results re-
lated to the M1, G1, and G2 samples, it was also
observed that the a phase has a narrower distri-
bution of lamellar thickness with respect to that
of the g phase.

The authors gratefully acknowledge Dr. Giampiero
Morini and Dr. Luigi Resconi for providing the polypro-
pylene samples and Dr. Fabrizio Piemontesi for pre-
cious discussions.
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