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Abstract A random propylene-based copolymer contain-
ing 1.0 mol% 1-butene as co-unit, synthesized with
Ziegler-Natta catalyst and then fractionated to make the
sample having a uniform in molecular microstructure, was
investigated by differential scanning calorimetry (DSC),
wide-angle X-ray scattering (WAXD), and atomic force
microscopy (AFM). In the DSC curves, one can see clearly
the endothermic peaks corresponding to the melting of α-
iPP crystals and a group of broad endothermic peaks
associated to the melting of the γ-iPP crystals. Wide-angle
X-ray diffraction results indicate that both the α and γ
modifications can be formed in the copolymer in a wide
temperature range. The γ fraction increases first with
increasing the crystallization temperature at the expense
of its α component, which has been explained according to
crystalline structures of iPP in its α and γ forms, and then
decreases with increasing crystallization temperature as the
crystallization of iPP in its γ phase has been suppressed at

high temperatures. The γ-iPP content in the copolymer
reaches maximum at the temperature of 130 °C. The in situ
X-ray diffraction characterization on the isothermal crys-
tallization process at 130 °C indicates that, as long as the
γ-iPP can be detected, it takes always ca. 25% of the
overall crystallinity. This leads to the conclusion that α-
and γ-iPP crystals grow simultaneously during the crystal-
lization process. The fact that the α and γ phases cannot be
distinguished by morphological observation leads to the
conclusion that they may intermix within one spherulite.
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Introduction

Isotactic polypropylene (iPP) is one of the semicrystalline
polymers that exhibit pronounced polymorphisms and mor-
phologies depending on its tacticity, molecular weight,
thermal treatments, and mechanical handling. At least three
different crystalline structures of iPP, designated as α, β, and
γ forms, have been reported [1–7]. Among them, the
structural and morphological studies on the monoclinic α-
form of iPP, conventionally produced by melt crystallization,
were followed extensively since its first synthesis and
characterization by Natta et al. in the 1960s [8]. The
morphological studies on the γ phase of iPP have, however,
received much less attention, and the early work had not been
well continued for a long time [9, 10]. Even though the γ
phase is a substantive phase of iPP, it usually co-crystallizes
with its α counterpart under special conditions, such as, low
Mw specimen, crystallization of conventional iPP under high
pressure and incorporation of a few percent of comonomer
at atmospheric pressure [3, 11, 12] Therefore, the γ phase of
iPP had remained rather elusive for many years.
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The real breakthrough in our understanding of the γ
phase structure dates from 1989 when Meille and
Bruckner proposed the non-parallel chain packing in a
orthorhombic unit cell with parameters a=0.854 nm, b=
0.993 nm, and c=4.241 nm [2]. The chemical and physical
requirements of its formation are, however, the subject of
ongoing research. This has been revived by the recent
development of the new metallocene catalyst systems,
which allow incorporation of large contents of comono-
mers, for producing well-defined iPP copolymers with
high stereoregularity. As a result, interest in the structural
and morphological characterizations of γ iPP has in-
creased in the past few years. During the recent years, a
number of studies have been focused on the structure
formation and characterization of the α and γ phase of iPP
[13–21].

Through systematic studies on the dependence of γ
phase upon chain defects and comonomer units, it is
reported that the chain defect, which brings on structural
irregularities in the long chains of propylene polymer, is a
very important factor governing in the information of γ
phase [14]. For example, 100% of the γ structure has been
developed with a chain defect concentration greater than
4.4%. The effect of the incorporated co-units, independent
of the chemical nature of the co-unit, in enhancing the
fractional content of the γ modification is found to be the
same as the role of chain defects in the iPP homopolymer.
However, differences in the partitioning of the co-units,
such as ethylene, l-butene, l-hexene and l-octene, between
the crystalline and noncrystalline regions lead to contents of
the γ phase that differ among the copolymers. As the
gamma phase is favored in low Mw specimen, higher
gamma contents have been found in propylene–hexene and
propylene–octene copolymers, in which the co-units are
rejected from the crystal lattice.

The kinetics study demonstrated that endotherms
corresponding to both α and γ-iPP increase with time at
different temperature. Analysis on the heat of fusion of two
endothermic peaks integrated from differential scanning
calorimetry (DSC) experiments, it was found that the α-iPP
quickly reaches a constant value, which decreases with
increasing crystallization temperature, while its γ-iPP
counterpart increases continuously with time at any
crystallization temperature. Moreover, a temperature de-
pendence of γ-iPP content was also reported. Normally, the
γ-iPP content increases with increasing crystallization
temperature in low temperature range, then reaches a

maximum value, and finally decreases with further increase
of the crystallization temperature. The reason for this
phenomenon is, however, not quite clear so far.

In the present work, X-ray diffraction was employed to
characterize the α and γ iPP structures in a propylene-1-
butene random copolymer with low 1-butene content, ca.
1.0 wt%, which was not covered in literatures. In particu-
larly, we focus our attention on the in situ crystallization
process to elucidate kinetic influence on the γ crystallization
of the copolymer. The purpose of this manuscript is to
present the experimental details and some new results
regarding the formation mechanism of the γ-iPP.

Experimental

Materials

The propylene-1-butene random copolymer used in the
present study was synthesized through a gas-phase poly-
merization process with an isospecific Ziegler-Natta cata-
lyst. To make the sample uniform in molecular weight,
temperature rising elution fractionation (TREF) technique
was used for fractionating the sample. C13NMR technique
was employed to characterize the propylene sequence
length in the copolymer and the 1-butene content. The
characteristic data of the used copolymer are summarized in
Table 1. The results show that the sample exhibits
essentially high isotacticity without head-to-head or tail-
to-tail monomeric units.

WAXD

For crystalline structure characterization, a Philips diffrac-
tometer (Philips X’pert Pro with X’Celerator detector) with
CuKα radiation (λ=1.542 Å) was used in this study. The
sample stage was set horizontally, and the diffraction peak
positions were calibrated with silicon powder (2θ>15°) and
silver behenate (2θ<10°), respectively. A temperature
control unit (Paar Physica TCU 100), calibrated by Philips
Company, in conjunction with the diffractometer, was
utilized to study the structure evolution of the propylene-
1-butene random copolymer during isothermal crystalliza-
tion process at different temperatures. Peak assignment for
the γ and α phases follows the previous designations by
Bruckner and Meille and Turner-Jones [2, 3]. The overall
crystallinity and the percentage of γ phase in total crystal

Table 1 Characteristics of
propylene-1-butene random
copolymer sample

Molecular mass Mn, g/mol Mw/Mn Melting point (°C) Butene content (mol%) PP sequence length nP

1.82×105 2.35 155.80 1.0 96.20
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were calculated according to the method reported by
Turner-Jones [3]. We take the peak heights of the character-
istics 117ð Þg reflection at 2θ=19.8° and the typical 130ð Þa
reflection at 2θ=18.3° to calculate the γ content according
to the following equation: Hγ

�
Hα þ Hγ
� �

, where the Hg

and Ha represent the peak heights of 117ð Þg and 130ð Þa,
respectively.

To characterize the temperature influence on the crystal-
lization behavior of the copolymer, the samples were first
heated up to 180 °C for 10 min in flowing nitrogen
atmosphere, and then cooled down to the predefined
temperatures for isothermal crystallization. The period of
crystallization at each temperature was set fivefold the
crystallization time as determined by DSC measurement.
For in situ tracking, the isothermal crystallization process of
the sample at 130 °C, the sample was first heated to 180 °C
for 10 min in flowing nitrogen atmosphere, and subse-
quently cooled to 130 °C at a cooling rate of approximately
10 °C/min for isothermal crystallization. During the
isothermal crystallization process, series 1D WAXD inten-
sity profiles were recorded from the beginning of crystal-
lization over 240 min.

DSC

Calorimetric measurements were performed in a differential
scanning calorimeter (Perkin Elmer DSC-7) under nitrogen
flow. Temperature calibration was carried out with indium
as a standard. At first the samples were heated up to 200 °C,
held at the temperature at least 10 min, and subsequently
cooled down to the desired temperature at a rate of 100 °C/
min for isothermal crystallization.

AFM

The crystalline morphologies were monitored by Nano-
Scope III, Tapingmode SPM from Digital instruments. The
sample was prepared by spin-coating its xylene solution on
freshly cleaved mica surface. After evaporation of the
solvent, the copolymer thin film was heated to 180 °C for
10 min and then quenched to predetermined crystallization
temperature for 48 h. Then, the phase images were captured
in tapping mode at ambient conditions.

Results and discussion

In this report we selected a propylene-1-butene random
copolymer with relatively uniform molecular microstructure
treated by use of a TREF technique because no detailed
investigation of this kind of copolymer was given in the
literatures. Figure 1 shows a set of DSC endothermic curves
of the propylene-1-butene random copolymers isothermally

crystallized at a series of crystallization temperatures for a
sufficiently long time to ensure the completion of the
crystallization. From Fig. 1, it can be seen that there exists
an obvious peak on each DSC curve, which is normally
associated to the melting of α-iPP. As expected, the main
melting peaks shift to higher temperature, and become
sharper with increasing isothermal crystallization tempera-
ture. In the lower temperature range, ca. 10 °C lower than
the main melting peaks, a group of broadened endothermic
peaks with a melting range of about 20 °C can be
recognized with careful inspection.

These broadened peaks display a trend of becoming
narrower and clearer as the crystallization temperature
increases from 90 to 135 °C. These parts correspond to
the melting of its γ-iPP counterpart. It should be pointed
out that these peaks are not as clear as that observed by
Alamo et al. [14]. This originates from the fact that the
propylene-1-butene copolymers have a lower γ phase
content compared with other propylene-based copolymers,
even though the amount of γ-iPP increases with the
increasing 1-butene content. On the other hand, it was
reported that the chain defects (regio and stereo) encourage
the formation of γ-iPP. For example, 100% of the γ
structure could be developed with a chain defect concen-
tration greater than 4.4%. In the present study, the sample
used has a relatively lower content of 1-butene, ca. 1.0 mol
%, and no artificial induced chain defects, e.g., region and
stereo defects. Moreover, the different catalysts may also
play a specific role on the regularity of the copolymers. As
a result, the obtained DSC curves are not at all similar to
that reported by Alamo et al. [14].

It should be pointed out that an exact integration of the
heat of fusion for the peaks associated to the α and γ
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Fig. 1 DSC endothermic curves of the propylene-1-butene random
copolymers crystallized isothermally at different crystallization tem-
peratures for sufficient long time. The crystallization temperatures are
indicated in the diagram
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polymorphs can be hardly performed as the severe overlap
of the main peaks and the broadened peaks. Therefore,
calculation of the contents of the α and γ polymorphs from
the heat of fusion as conducted by Alamo et al. is very
difficult here. To get extract content of the α and γ
polymorphs and elucidate the growth processes of the α-
and γ-iPP crystals in the propylene-1-butene copolymer, in
situ WAXD experiments have been conducted to track the
crystallization process of the propylene-1-butene copoly-
mer. Figure 2 presents a set of 1D WAXD intensity profiles
of the propylene-1-butene copolymer as a function of
isothermal crystallization temperature. The peak assign-
ments for the α and γ polymorphs follow the previous
designations of Bruckner et al. and Turner-Jones, namely,
the peaks at 2θ=19.8° and 2θ=18.3° are attributed to the
characteristic reflections of γ (117) lattice plane and α
(130) lattice plane, respectively [2, 3, 20].

From Fig. 2, it can be found that crystallization temper-
ature is an important and sensitive factor governing the
formation of the γ-iPP. At temperatures below 90 °C, the
characteristic peak of γ phase is hardly identified on the X-ray
density profiles. With increase of crystallization temperature,
the γ117 peak appears gradually and gets highest at temper-
ature of 130 °C. With further increase of the crystallization
temperature, e.g., at 140 °C, the γ117 peak decreases again,
indicating that the formation of γ-iPP at this temperature has
been depressed. For clarity, the dependence of the γ phase
content, defined as Hγ117

�
Hα130 þ Hγ117

� �
, on the isother-

mal crystallization temperature is shown in Fig. 3.
One can note that the content of γ-iPP increases at first

quickly up to ca. 25%, and then decreases sharply down
with further increase of crystallization temperature. A
maximum of γ-iPP content is obtained at isothermal

crystallization temperature of about 130 °C, suggesting that
130 °C is the optimum crystallization condition for
generating γ-iPP in the used propylene-1-butene copolymer.
This is in good agreement with the results of Alamo et al. on
the study of propylene−ethylene and propyelene-1-hexene
copolymers [13]. According to the above X-ray diffraction
result, a question may be raised about the fact that neither
high nor low crystallization temperature is favorable of
formation of γ-iPP in the propylene-1-butene copolymer.
This can be explained on the basis of the molecular aspects
of iPP in its α and γ crystal modifications.

It is well documented that α-iPP exhibits a unique wide-
angle lamellar branching, which is an intrinsic property of it
and manifests itself under many crystallization conditions,
e.g., growth from thin molten layer (see Fig. 4a) and in
solution crystallization (see Fig. 4c). The phenomenon was
observed in the early 1960s, but an understanding of it on a
molecular level was achieved only nearly 20 years later [9,
22–24]. Taking the molecular subgroups, i.e., the side
methyl groups, and the hand of helices into account, Lotz et
al. [9, 24] has successfully explained that the branching
takes place whenever two successive ac layers are made of
chains of the same hand, whereas the crystallographic unit
cell requires that they are of opposite hand. On the other
hand, the crystalline structure of γ-iPP has long been a
puzzle problem. Until 1989, Meille and Bruckner have
proposed a structure, which departs from common princi-
ples of polymer crystallography, in that the chain axes in
the structure are not parallel [2].

The non-parallelism of the γ-iPP chains proposed by
Meille and Brückner can be actually summarized in simple
terms with respect to the α-phase lamellar branching, in a
way that chain axis rotation leading to lamellar branching
of α-iPP has become a crystallographic element of
symmetry in the γ-phase unit-cell. Taking all those into

Fig. 2 WAXD experimental results of the copolymers crystallized
isothermally at different temperatures as indicated in the diagram for
sufficient long time
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Fig. 3 Fractional content of the γ polymorph in the propylene-1-
butene copolymer as a function of crystallization temperature
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account, one may suggest that the formation of γ phase
plays a similar role in avoiding steric conflicts of the helical
chains as the wide-angle branching. In this case, the
increment of γ phase with increasing crystallization
temperature can be explained as follow. As shown in
Fig. 4, the wide-angle lamellar branching of α-iPP
decreases with increasing crystallization temperature; com-
pare Fig. 4b with a. This can be more clearly seen from the
transmission electron micrographs of the solution cast
ultrathin films; compare parts c and d of Fig. 4.

The decrease of lamellae branching leads to the change
of optical property of the spherulites from positive to
negative. Considering that the content of γ-iPP in the
copolymer first increases with crystallization temperature
while its overall crystallinity remains almost unchanged, it
is concluded that the fractional content of the γ polymorph
increases at the expense of the alpha phase. We can
therefore imagine that the decline of branching ability in
the α form of iPP with increasing temperature is compen-
sated by the formation of γ-iPP crystals for avoiding steric
conflicts of the helical chains encountered during crystal-
lization. At even higher temperature, e.g., 140 °C, the
crystallization of iPP in its γ phase may be suppressed due
to the lower melting point compared with its α counterpart.
This leads to not only the depression of γ-iPP but also a
reduction in overall crystallinity; see Fig. 3.

To confirm this, an experiment was performed with the
sample first crystallized at 140 °C to a time point at which
the intensity of the X-ray diffraction profile did not change
anymore, and then cooled down to room temperature. The
X-ray intensity profile of thus prepared sample is given in

Fig. 5. It is clear that the characteristic γ117 diffraction at 2θ=
19.8° appears after cooling the sample to room temperature.
Meanwhile, the overall crystallinity increases with respect to
that shown in Fig. 3. Nevertheless, the γ-iPP takes still ca.
25% of the overall crystallinity. This confirms that the
crystallization of γ-iPP is suppressed at 140 °C.

As the maximum γ-iPP is obtained at about 130 °C
during the in situ isothermal crystallization process, the
isothermal crystallization kinetics of the propylene-1-butene
copolymer was in situ studied at this temperature by X-ray
diffraction. Figure 6 shows the time-resolved WAXD
intensity profiles of the propylene-1-butene copolymer
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Fig. 5 The X-ray intensity profile of a propylene-1-butene copolymer,
which was first crystallized at 140 °C for 48 h, at the time point the
intensity of the X-ray diffraction profile did not change anymore, and
then cooled down to room temperature

Fig. 4 Scanning electron micro-
graphs (a and b) and transmis-
sion electron micrographs (c and
d) of α-form iPP crystallized
isothermally at (a) 110 °C, (b)
138 °C, (c) 100 °C, and (d)
130 °C. The samples of (a) and
(b) were melt-crystallized, while
the samples of (c) and (d) were
solution-cast films
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crystallized isothermally at 130 °C. In the first 10 min,
except for the amorphous background contributed by the
isotropic melt, no characteristic diffraction peaks either for
the α- or γ form can be found. This indicates that the
crystallization of propylene-1-butene copolymer has not
been started yet. The diffraction spectra of α-form iPP can
be clearly seen after 20 min crystallization, while the
characteristic peak of γ-form iPP at 2θ=19.8° is only visible
after 30 min crystallization at 130 °C. Hereafter, the
diffraction intensities of both α- and γ-iPP crystals get
higher and higher with the lapse of time.

According to this result, one may argue that the α-iPP
crystals form about 10 min earlier than its γγ counterpart
and initiate the crystal growth of the γ component.
However, considering the relatively lower intensity of the

characteristic reflection of γ-iPP with respect to the α-iPP
and the very weak reflections of the α-iPP crystals
displayed in Fig. 6 after 20 min crystallization, there is
the possibility that the formation of γ-iPP has been
overlooked. Therefore, more detailed analysis is of great
importance. For this purpose, the overall crystallinity of the
propylene-1-butene copolymer together with the content of
the γ-iPP as a function of crystallization time is presented
in Fig. 7. From Fig. 7, it is found that the overall
crystallinity increases rapidly at the beginning, then slows
down gradually after 10 min of crystallization, and finally
reaches an equilibrium state after ca. 150 min.

Fig. 8 Atomic force micrographs of the propylene-1-butene copoly-
mers crystallized isothermally at (a) 130 °C and (b) 90 °C,
respectively
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Fig. 7 Crystallinity and content of the γ-modification of the
propylene-1-butene copolymer as a function of isothermal crystalliza-
tion time at 130 °C
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Fig. 6 WAXD intensity profiles of the propylene-1-butene copolymer
recorded at different times during the isothermal crystallization
process at 130 °C
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This implies that the crystallization of the used propylene-
1-butene copolymer has basically finished in about 150 min
at 130 °C. The crystallinity of the sample at present condition
is somewhat less than 40%. Another issue concerns the ratio
of γ-iPP in the crystallized copolymer during the crystalli-
zation process. As can be seen from Fig. 7, once it is
detectable, the γ-iPP takes up ca. 25% of the overall
crystallinity. This keeps unchanged all the time during the
whole crystallization process. From this result, we can
conclude that the growth of α and γ-iPP crystals proceeds
simultaneously. Moreover, it is found that the iPP α and γ
phases are difficult to be distinguished via AFM observa-
tion (see Fig. 8), even after selective melting of the lower
melting point γ-iPP crystals (data not given in the text).
These results suggest that in bulk crystallized iPP, the α and
γ phases should be intermixed.

Conclusions

The crystallization behavior of a TREF-fractionated random
copolymer of propylene with a small amount of 1-butene
comonomer, synthesized with a Ziegler-Natta catalyst, was
investigated. The results indicate that both the α and γ
modifications can be formed in the copolymer in a wide
temperature range. It is found that the γ fraction increases
first with the crystallization temperature at the expense of
its α component, which can be explained according to
crystalline structures of iPP in its α and γ forms, and then
decreases with increasing crystallization temperature as the
crystallization of iPP in its γ phase has been suppressed at
high temperatures. The in situ X-ray diffraction character-
ization on the isothermal crystallization process at 130 °C,
which has been attested to be the optimal condition for γ
crystallization, indicates that as long as the γ-iPP can be
detected, it takes always ca. 25% of the overall crystallinity.
This leads to the conclusion that α- and γ-iPP crystals grow
simultaneously during the crystallization process. These

phases can, however, not be distinguished by morpholog-
ical observation as they may intermix.
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