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ABSTRACT: Syndiotactic polypropylenes and their copolymers with 1-olefins were syn-
thesized using two metallocene/MAO catalytic systems, and the effect of the different
microstructures on nonisothermal crystallization and subsequent melting was studied.
Using differential scanning calorimetry (DSC) it was observed that samples with lower
content of defects showed crystallization on cooling from the melt, and a double melt-
ing peak in the subsequent heating scan, the latter associated with melt, recrystalliza-
tion and remelt processes that it was confirmed by its nonreversing exothermic process
found by means of temperature modulated DSC (MDSC). However, polymers with high
amount of defects showed cold crystallization on heating followed by a melting process,
that it was observed by MDSC. Wide angle X-ray diffraction was used for characteriz-
ing the changes of crystalline forms in relationship with crystallization process. V

Keywords: cold crystallization; melting behavior; structure-property relations; syn-
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INTRODUCTION

Polyolefins are nowadays the most important
‘‘commodity’’ plastics at the industrial level,
with a large and steady growth in recent years.1

This extraordinary behavior is the result of the
constant development of new production proc-
esses together with novel catalytic systems that
allow the improvement of their range of applica-
tions by means of new polymeric materials
having interesting physical properties. In this
context, the development by Ewen et al.2 of

metallocene catalysts with Cs symmetry made it
possible to extend the studies to syndiotactic
polypropylene (sPP) with higher stereo and
regio-regularity, synthesized under relatively
normal conditions. In general, sPP has lower
crystallinity and higher impact strength than
isotactic polypropylene,3 and at least four lim-
ited-ordered crystal structures or polymor-
phism.4,5 The presence of either ordered or dis-
ordered polymorphism is highly dependent on
the crystallization conditions and the stereore-
gularity of polypropylene.6–8

With respect to the thermal behavior of sPP,
it is possible to see a systematic shift of the
melting temperatures to lower values when the
meso unit content is increased (associated with
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lower syndiotacticity).9,10 These changes in the
melting behavior can be explained mainly tak-
ing into account that the stereo-defects can be
considered as comonomer units,4,9,11 so they are
excluded from the crystals and therefore
decrease the melting temperature of the poly-
mer, as reported by Flory,12 although some
authors reported that could be tolerated within
the crystal, at least partially.13 The presence of
the stereo-defect is perhaps one of the reasons
for the uncertainty with respect to the true equi-
librium melting temperature for 100% sPP,
which has been published in the range between
182 and 220 8C.10,11,14,15

It has been reported that some sPP sam-
ples4,16,17 present double melting peaks which is
more evident in samples with lower syndiotactic-
ity,4,18,19 although could depends on the crystalli-
zation and melting conditions.20 In general, the
mechanisms and extent of the recrystallization
process, that explain the last phenomenon,
depends greatly on the stability of the primary
and secondary crystallites formed and on the
heating rate used.17,21 The double melting peak is
reported almost exclusively in the heating scan
after isothermal crystallization, but it is also
found in nonisothermal conditions.22 For syndio-
tactic propylene/1-olefin copolymers, the presence
of double melting peaks is also found when lower
comonomer content and crystallization tempera-
tures are used, regardless of the kind of comono-
mer,7,23 under isothermal conditions.

Another characteristic not well understood
yet is related to the presence of cold crystalliza-
tion (associated with an exothermic process in
the heating scan) found in some sPP samples
and their copolymers. Arranz-javier et al.24

found that the second melting of sPP homopoly-
mer shows a cold crystallization around 45 8C,
but when 1-olefins (1-hexene, 1-octene, and 1-
octadecene) are incorporated into the sPP main
chain this exothermic process disappears and
the samples become amorphous under those
crystallization conditions. Similar results are
reported by Graef et al.25 but in an opposite
way, since the sPP homopolymers do not present
any exothermic process on heating, but its
copolymers with 1-hexene showed an important
cold crystallization. Therefore, more detailed
studies need to be done to explain the complete
crystallization and melting behavior of syndio-
tactic propylene/1-olefin copolymers.

In this context, the purpose of the present
work is to study the effect of the microstructure

of different sPPs on their thermal behavior
when they are crystallized under nonisothermal
conditions, and to analyze the morphological
characteristics of these samples. For the latter,
a set of homopolymers synthesized with two
metallocene catalysts will be used, and the addi-
tion of several 1-olefins on the sPP main chain
by a copolymerization process will be discussed.

EXPERIMENTAL

Materials

The catalysts (Me)2C(Cp)(9-Flu)ZrCl2 (Cat A)
and Ph2C(Cp)(9-Flu)ZrCl2 (Cat B) from Boulder
Scientific, and methylaluminoxane (MAO) coca-
talyst from Aldrich (10 wt %/vol % in toluene),
were used as received. Toluene was distilled
over sodium and distilled in an inert atmos-
phere. The propene was purified by passing it
through three columns containing the BASF cat-
alysts R3-11G and R3-12, and a 4 Å molecular
sieve, respectively. The liquid monomers 1-hex-
ene and 1-octadecene (from Aldrich) were dried
under inert gas before use.

Homopolymerization

All polymerizations were carried out in a 1-L
Büchi glass reactor, at a pressure of 2 bar and
stirring at 1000 rpm. The Al/Zr mole ratio was
set at 1000. All reactions and manipulations
were carried out in an inert gas atmosphere
using a standard Schlenk technique. The poly-
mers were coagulated with excess methanol
acidified with HCl, filtered, washed with further
methanol, water and acetone, and then dried.

The sPP samples were synthesized with two
different metallocene/MAO catalytic systems.
Samples sPPA1 to sPPA3 were synthesized with
Cat A at 50, 30, and 20 8C, respectively. Samples
sPPB1 to sPPB3 were synthesized with Cat B at
50, 60, and 65 8C, respectively. The characteris-
tics of these polymers are reported in Table 1.

Copolymerization of Propene/1-Hexene
and Propene/1-Octadecene

Copolymers of propene with 1-hexene (CsP-H)
and 1-octadecene (CsP-O) were synthesized with
Cat B at 50 8C as described earlier, but the pre-
cipitate was filtered, washed several times with



acetone, and dried. The main properties are
shown in Table 2.

Characterization of Polymers

Weight average molecular weights and molecu-
lar weight distributions were determined by gel
permeation chromatography (GPC) on a Waters
Alliance GPC2000 system equipped with a dif-
ferential optical refractometer (model 150 C). A
set of three columns of Styragel type HT (HT3,
HT4, and HT6) was used with 1,2,4-trichloro-
benzene as solvent. The analyses were cali-
brated with narrow molecular mass distribution
polystyrene and polyethylene standards.

Tacticity and comonomer content were deter-
mined by 13C nuclear magnetic resonance spec-
tra (13C-NMR) recorded at 125 8C on a Varian
Inova 300 instrument operating at 75 MHz. Sol-
utions of the polymer samples were prepared in
o-dichlorobenzene and benzene-d6 (20 vol %/vol
%) using 5-mm sample tubes.

The nonisothermal melt-crystallization exo-
therms and subsequent melting endotherms
were obtained on a Modulated TA Instruments
DSC 2920 differential scanning calorimeter
(DSC) in an N2 atmosphere to minimize thermal
degradation. The experiment started by heating

each sample from 25 to 170 8C at a heating rate
of 40 8C/min, to delete the thermal history of the
samples. To ensure complete melting, each sam-
ple was melted-annealed at 170 8C for 5 min,
and it was then cooled at the desired cooling
rate. The subsequent melting behavior was then
observed by reheating the sample to 170 8C at a
rate of 10 8C/min. For the modulated differential
scanning calorimetry (MDSC) scan, the modula-
tion temperature amplitude is smaller relative to
the heating rate, so there is no local cooling dur-
ing the scan, which is referred to as heating-
only. The specific conditions are explained later
in the work.

For crystallinity fraction (Xc) determinations,
a value of 196.6 J/g has been taken as the en-
thalpy of fusion of the perfect crystal of sPP.14

Films with a thickness of 1 mm were pre-
pared by melting the polymer in a hot press at a
temperature 20 8C higher than its melting tem-
perature. The compression-molded film was then
cooled to 40 8C in the compression press by run-
ning cold water through channels in the press
plates. The films were kept at room temperature
for 1 week and were then analyzed by X-ray dif-
fraction. The as-prepared samples came directly
from the reactor after precipitation, without any
postreactor melting.

Table 1. Main Homopolymer Properties

Sample
Mw

[kg/mol] Mw/Mn

Tacticity
[% rrrr] Tg [8C] Tc [8C] Tm [8C] Xc

sPPA1 90 1.6 73.6 0 80 120–132 0.23
sPPA2 140 1.8 82.1 1 93 137–146 0.30
sPPA3 160 1.7 88 �1 96 143–149 0.31
sPPB1 300 1.8 76.8 3 68 119–129 0.19
sPPB2 220 1.8 71.9 1 44 118 0.14
sPPB3 180 1.7 65.7 1 53 101–113 0.11

Table 2. Main Properties of Copolymers Synthesized with Cat B

Sample
Mw

[kg/mol] Mw/Mn

Comomer
content [%]

Tacticity
[% rr] Tg [8C] Tc [8C] Tm [8C] Xc

sPPB1 300 1.8 – 88.3 3 68 119–129 0.19
CsP-H1 270 1.6 1.3 86.9 1 45 116 0.13
CsP-H2 240 1.7 2.6 88.2 1 63 104 0.11
CsP-H3 240 1.6 3 83.4 0 no no no
CsP-O1 240 1.6 0.3 87.9 �2 33 116 0.14
CsP-O2 250 1.6 1.6 86.8 �6 54 100 0.11
CsP-O3 240 1.6 3.1 84.2 �14 56 93 0.04

no ¼ not observed.



Wide-angle X-ray diffraction patterns were
obtained at room temperature with a Siemens
D5000 diffractometer with CuKa ¼ 1.54 Å and a
step scan of 0.028 at room temperature. The dif-
fraction scans were collected in the range of 2h
values from 28 to 408 for film and as-prepared
samples.

RESULTS AND DISCUSSION

Syndiotactic Polypropylene Homopolymers

The main characteristics of the homopolymers
obtained are presented in Table 1 and the DSC
curves in cooling scan from the melt and the
subsequent melting are shown in Figures 1 and
2, respectively. The melting point is not affected
by the molecular weight of the samples,16 as
seen when comparing samples sPPA1 and
sPPB1. It seems that the most important vari-
able is the number of stereo-defects present in
the polymer.6,9 Nevertheless, the crystallization
temperature not only depends on the syndiotac-
ticity but also of the molecular weight of the
polymer.

With respect to the nonisothermal crystalliza-
tion shown in Figure 1, a great change is
observed for the samples with higher content of
stereo-defects, sPPB2, and sPPB3, since this
process almost disappears, in contrast with the
rest of the samples in which a narrow crystalli-
zation peak appears, especially in samples syn-
thesized with Cat A (lower stereo-defect con-
tent). Moreover, samples that crystallized on

cooling present a melting point with a double
peak in the subsequent heating scan (Fig. 2).
However, samples sPPB2 and sPPB3 show first
an exothermic process at low temperatures and
subsequent melting on heating. So, polymer
microstructure not only changes both the crys-
tallization and melting temperatures of the sam-
ples, but also their crystallization behavior.

To get more evidence about the exothermic
process on heating, MDSC tests were carried
out. In MDSC, the heat flux into the sample is
monitored during a programmed temperature
change implying superposition of a linear
increase and an oscillatory part. In the resulting
heat flux it is possible to find one contribution
associated with the heat flux that is in-phase
with the time derivative of the temperature (in-
stantaneous heating rate), but also another part
associated with a phase lag of p/2. Obviously,
systems out of equilibrium will have some imag-
inary part associated with nonreversing proc-
esses. The MDSC for sample sPPB3 are shown
in Figure 3. It is seen that the exothermic pro-
cess on heating is associated almost exclusively
with a nonreversing process, and supports the
conclusion that the exothermic peak found on
heating for these samples is due to a cold crys-
tallization process related to macromolecular
segments that were not able to crystallize dur-
ing cooling.24,25 However, the subsequent melt-
ing process has both real and imaginary contri-
butions20 and we suppose that the out-of-phase
contribution is associated with a melt, recrystal-
lization, and remelt process, associated with the

Figure 1. Cooling scan at 10 8C/min from melting
for homopolymers.

Figure 2. Second heating at 10 8C/min for homopoly-
mers.



small endothermic peak around 100 8C in the
total heat flow in Figures 2 and 3. This phenom-
enon will be discussed later in this work. On the
other hand, the small endothermic peak seen in
the cold crystallization for the in-phase contribu-
tion may be associated with the melting process
of the smallest or lowest stable crystallites
formed during the cold crystallization.

To determine if it is possible to find cold crys-
tallization in other samples, it was made DSC
analysis at different rate for sample sPPA1.
Within the range studied (between 5 and 20 8C/
min), regardless of the scan rate used, the sam-
ple always has a normal exotherm and endo-
therm processes in the cooling and heating
scans, respectively. The opposite occurs with
sample sPPB2, where a great dependence exists
between the cooling scan rate and the crystalli-
zation behavior, as seen in Figure 4. It seems
reasonable that at lower cooling rates the sam-
ple has more time to relax from the melt and
will be able to crystallize on cooling. So, the cold
crystallization process is sensitive to the poly-
mer’s microstructure, molecular weight, and
crystallization conditions.

The exothermic process on heating found in
some samples, is possible to correlate it with
higher amount of defects. The presence of this
cold crystallization is not found in isotactic poly-
propylene, but had been reported in sPPs.24,25 It
is clear that with the incorporation of defects in
the polymer main chain the crystallinity and its
rate decreases,4,7,24,26,27 specially in polyole-

fins16,28–30 Therefore, when the number of
defects is high enough the sample is not able to
crystallize from the melt because of the short
time between the melt state and the glass transi-
tion temperature. However, it is not enough for
the sample not to have an exothermic peak on
cooling to show cold crystallization in the heating
scan, in sPPs the overall crystallization rate
measured in samples crystallized from the glassy
state is much faster than in samples crystallized
from the melt state.21,31 Therefore, since the
samples with large numbers of defects are not
able to crystallize on cooling, the cool scan pro-
cess acts as a quenching, and increases the total
number of activated nuclei that act as predeter-
mined homogeneous nuclei in the subsequent
heating scan, which greatly enhances the overall
crystallization rate from the glassy state.21,32,33

In relation to the presence of the double peak
in the melting process, MDSC was carried out
as shown in Figure 5 for sample SPPA3, at very
low scan rates (1 8C/min). If the total heat flow
of Figure 5 is compared with the melting behav-
ior of SPPA3 at 10 8C/min (Fig. 2), is seen that
by decreasing the heating rate, the height of the
lower melting peak decreases relative to the
higher melting peak which is indicative of a
recrystallization and remelting process. The
higher the heating rate used, the shorter is the
time available for the diffusion of the molecular
segments onto the growing recrystallizing lamel-
lae, so the remelt process is decreased.17,34 The
recrystallization depends on the stability of the
primary and secondary crystallites,21 and this is
confirmed by the results of Figure 2, since when

Figure 3. Nonreversing, reversing, and total signals
from MDSC for sPPB3 sample at a heating rate of
5 8C/min with a period of 1 min and a modulation am-
plitude of 0.796 8C.

Figure 4. Second heating at 10 8C/min for sPPB2 at
different cooling rates.



the number of defects in the polymer decreases
the relative weight of the higher endotherm is
lower.35 On the other hand, Figure 5 shows that
with the first endothermic peak at 140 8C in the
total heat flow there is one endothermic peak in
the in-phase contribution and one exothermic
peak in the out-phase contribution, the latter
associated with cold-crystallization, so it is pos-
sible to find new evidence to confirm that the
double melting peak is associated with recrystal-
lization processes. After that, both contributions
present a melting peak around 150 8C in the
total heat flow. So, similar to what is seen in
Figure 3, it seems that the remelt process
causes some nonreversing melting phenomena.

Syndiotactic Propylene/1-Olefin Copolymers

For studying the effect of another kind of defect,
a set of copolymerizations were carried out with
Cat B using two comonomers, 1-hexene, and 1-
octadecene. The main characteristics of these
copolymers are shown in Table 2. In general,
the relation between the concentration of como-
nomer in the reactor and its final incorporation
in the main polymer chain is well known,36 and
in this way it was possible to obtain several
comonomer incorporations. The lower syndiotac-
ticity found in copolymers had been explained
by the increase in skipped insertions or site
epimerization37 when comonomer units are
incorporated in the main chain because of the
lower rate of olefin insertion.25,36 The DSC
measurements of these copolymers are shown in
Figures 6 and 7 for cooling and heating scans,
respectively. Like in other systems, as the total
number of defects increases, the melting temper-
ature and crystallinity decrease or almost disap-
pear.24,25,38–40

Like in what was found for homopolymers
with large numbers of defects, all the copoly-
mers do not present significant crystallization
on cooling since they have higher numbers of
defects, but in heating scan they show cold crys-
tallization and subsequent melting, as seen in
Figures 6 and 7. However, the CsP-H3 sample
presents neither crystallization nor melting
processes in both the cooling and heating scans.
This sample has the largest number of defects,
so under the conditions of these tests the defects
prevent any crystallization process. It is not

Figure 5. Nonreversing, reversing and total signals
from MDSC for sPPA3 sample at a heating rate of
1 8C/min with a period of 1.3 min and a modulation
amplitude of 0.212 8C.

Figure 6. Cooling scan at 10 8C/min from melting of
copolymers.

Figure 7. Second heating at 10 8C/min for copoly-
mers.



shown here, but this sample presents an endo-
thermic peak when it is heated before melting
(as-prepared sample), so its apparent amorphous
behavior is related to the long relaxation time
needed to crystallize.

To analyze the dependence between the crys-
tallization conditions (cooling rate) and the pres-
ence of cold crystallization in copolymers, noniso-
thermal crystallizations at different cooling rates
were carried out, from 2.5 to 10 8C/min, and the
subsequent heating at 10 8C/min is shown in Fig-
ure 8 for sample CsP-O2. In the range studied,
no evidence was found of crystallization on cool-
ing, and in contrast to what was found for sample
sPPB2, cold crystallization is not influenced by
the kinetics of crystallization; indeed, the melt-
ing temperature is almost constant for the three
cooling scans. The difference in behavior found
between samples sPPB2 and CsP-O2 may be
related to the partial incorporation of stereo-
defects in the polymer crystals, so decreasing the
cooling rate increases the probability of incorpo-
rating the defect in the crystals, in contrast to
the comonomer, where regardless of the kinetics
it will not be able to incorporate it.

Morphological Characterization

The effect of both the number of defects and the
crystallization conditions was studied, Figures 9
and 10 present the X-ray diffractograms of sam-
ples SPPB1, CsP-H1, CsP-H3, and CsP-O3,
as-prepared and crystallized from the melt,
respectively; the other samples did not show any
difference with respect to sample SPPB1 or CsP-

H1, except for the degree of crystallinity, so they
are not shown. As-prepared samples sPPB1 and
CsP-H1 show (010) reflection around 2h ¼ 15.98,
that is associated with one orthorhombic unit
cell, with the chain in the s(2/1)2 antichiral heli-
cal conformation, called Form I.39 It is also seen
that the (211) reflection (at 2h ¼ 18.88) is com-
pletely absent, so the as-prepared sample sPPB1
crystallizes completely in the Form I disordered
structure. However, as-prepared sample CsP-H3
presents (110) reflection at 2h ¼ 178 associated
with Form II, which also means an orthorhom-
bic unit cell but with the chain in the s(2/1)2 iso-
chiral helical conformation. It is reported that
samples with large numbers of defects4 by como-
nomer incorporation8 or by stereo-defects40 pres-
ent some crystals in Form II, as reported here,

Figure 8. Second heating at 10 8C/min for CsP-O2.

Figure 9. X-ray diffraction of sPPB1 and some as-
prepared copolymers.

Figure 10. X-ray diffraction of sPPB1 and some
copolymers crystallized from the melt.



especially when they are crystallized from solu-
tion. CsP-O3 has low crystallinity, but it seems
that it is present to some extent as Form II. So,
samples with large amounts of comonomer con-
tent are able to crystallize in Form II from solu-
tion (as-prepared).

When the samples are melted and crystallized
in a press, no important changes are seen for
samples with lower defect content, and no evi-
dence is found related to the ordered Form I,
since the reflection at 2h ¼ 18.88 is always
absent, possibly due to the lower syndiotacticity
of these samples.8 However, samples CsP-H3
and CsP-O3 change from Form II to completely
disordered Form I when crystallized from the
melt. The latter results are in agreement with
those of Naga et.al.7 and Arranz-Javier et al.24

where it is found disordered Form I in sPP with
long 1-olefins in samples crystallized from the
melt under nonisothermal conditions, but with
weak evidence of the presence of disordered
Form II. Therefore, the dependence of the num-
ber of defects and the crystallization conditions
on the crystal structures of the samples is clear.

CONCLUSIONS

By means of two metallocene catalysts it was pos-
sible to synthesize sPPs and their copolymers
with 1-olefins of different molecular weight and
tacticities, and the effect of the polymer micro-
structure on nonisothermal crystallization was
studied. The number of total defects, associated
with both stereo-defects and comonomer incorpo-
ration, is the main parameter related to the
changes observed in the crystallization behavior
of the polymers. When the number of defects is
greater than some critical value, the crystalliza-
tion process is not seen in the cooling scan, and
cold-crystallization appears in the subsequent
heating scan. The cold crystallization found in
some samples was confirmed by temperature
modulated DSC, since the exothermic process on
heating is associated with nonreversing pro-
cesses. This phenomenon is due to the fact that
the overall crystallization rate measured in sam-
ples crystallized from the glassy state is much
faster than in samples crystallized from the melt
state. Also, MDSC showed new evidence to con-
firm that the double melting peak found in some
samples is related with the melt, recrystalliza-
tion, and remelt process, since it appears one exo-
thermic peak in the nonreversing contribution.

On the other hand, X-ray diffraction showed
that as-prepared samples with the highest
defect content have Form II crystals, but when
they were melted the crystals changed to disor-
dered Form I. The rest of the samples present
disordered Form I regardless of the kind of crys-
tallization.
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