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ABSTRACT: A study of the crystallization behavior of isotactic propylene-hexene copolymers prepared with
metallocene catalysts is reported. These copolymers crystallize from the melt as mixtures ofR andγ forms of
isotactic polypropylene (iPP). The amount ofγ form first increases very rapidly with increasing hexene
concentration, up to 2-3 mol %, and then rapidly decreases for hexene concentrations higher than 4-5 mol %,
and samples with hexene contents higher than 10 mol % (and lower than 15-16 mol %) crystallize from the melt
exclusively in theR form. This is due to the fact that at high concentrations hexene units enter to high extents
into crystals ofR form, driven by density increase, favoring crystallization of theR form instead of that of the
γ form. These data have confirmed that the crystallization ofγ form of iPP is not only related to the value of the
average length of the regular propylene sequences but also related to the different degrees of inclusion of
stereodefects and constitutional defects in the crystals ofR andγ forms.

Introduction

The structure of isotactic propylene-hexene random copoly-
mers (iPPHe), prepared with metallocene catalysts, has been
described in recent papers.1-4 It has been observed that iPPHe
copolymers crystallize in theR form of isotactic polypropylene
(iPP) for low concentrations of hexene comonomeric units, up
to nearly 10 mol %, and in the new trigonal form for hexene
contents higher than 10 mol %.1-4 Hexene units are partially
included in both crystals ofR form and of the trigonal form.1,2

The crystallization of the new trigonal form at high hexene
concentrations allows incorporation of amounts of hexene units
higher than in crystals ofR form.1-4 The inclusion of hexene
units in the crystals induces a suitable increase of density that
allows crystallization of 3-fold helical chains in the trigonal
form, where the helical symmetry of the chains is maintained
in the crystal lattice (space groupR3hc),1,2 giving a structure
similar to that of form I of isotactic polybutene (iPB).5 This
form has never been observed for iPP homopolymer because,
in the absence of bulky side groups, it would have a too low
density.1,2

The phase transformation of theR form into the trigonal form
with increasing hexene concentration represents a clear example
of the influence of the presence of defects on the polymorphic
behavior of iPP. A study of the effect of the presence of ethylene
and butene comonomers on the crystallization behavior of iPP,
in particular the crystallization ofR and γ forms, has been
recently reported.6 It has been found that the crystallization of
γ form is favored by the presence of ethylene, and samples of
propylene-ethylene copolymers with ethylene concentration
higher than 10 mol % crystallize from the melt completely in
the γ form. For propylene-butene copolymers, instead, the
amount ofγ form decreases for butene concentrations higher
than 10-14 mol %, and samples with butene contents higher

than 25-30 mol % crystallize from the melt exclusively intoR
form because of inclusion of butene units in crystals ofR form.6

These data indicated that the crystallization ofγ form of iPP is
not only related to the value of the average length of the regular
propylene sequences but also related to the different degrees of
inclusion of defects in the crystals ofR andγ forms of iPP.

In this paper we report a study of the effect of the presence
of hexene units on the crystallization ofR andγ forms of iPP.
Since the inclusion of hexene units in the crystals ofR form of
iPP has been demonstrated in our recent papers,1,2 the study of
the crystallization behavior of iPPHe copolymers affords the
opportunity to analyze the double role played by defects on the
crystallization of iPP, that is, the interruption of regular
propylene sequences and the inclusion of defects in crystals of
R andγ forms.

Experimental Part

Samples of iPPHe copolymers have been prepared in liquid
monomers or hexane solutions at temperatures between 50 and
70 °C with theC2-symmetric metallocene catalysts shown in Chart
1, activated with methylalumoxane (MAO). All samples are listed
in Table 1. The numberN in the symbol iPPHeN indicates the
hexene concentration in mol % in the copolymer.

The highly isoselectiveC2-symmetric metallocenesA7,8 andB9

produce high molecular mass and highly stereoregular iPP ho-
mopolymer and iPPHe copolymers containing very small concen-
trations of stereoerrors (about 0.2 mol % ofrr triad defects) and
regiodefects due to secondary 2,1-erythro (2,1e) insertions of
propylene units (nearly 0.8 mol % in the homopolymer sample
iPPA; see Table 1).7-9 Regioinverted hexene units could not be
identified by 13C NMR. The microstructural data of all samples
have been obtained from13C NMR analysis.10

The mass average molecular masses were evaluated from size
exclusion cromatography (SEC). The SEC curves of all samples
show narrow molecular weight distributions, withMw/Mn ≈ 2,
typical of single-center metallocene catalysts. Narrow molecular
weight distributions andr1r2 values, evaluated according to ref 11,
close to 1 indicate that copolymers have a random distribution of
comonomers and homogeneous intermolecular composition.
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The melting temperatures were obtained with a differential
scanning calorimeter (DSC) Perkin-Elmer DSC-7 performing scans
in a flowing N2 atmosphere and heating rate of 10°C/min. X-ray
powder diffraction profiles were obtained with Ni filtered Cu KR
radiation with an automatic Philips diffractometer.

The various iPPHe copolymer samples were isothermally crystal-
lized from the melt at different temperatures. Powder samples were
melted at 200°C and kept for 5 min at this temperature in a N2

atmosphere; they were then rapidly cooled to the crystallization
temperature,Tc, and kept at this temperature, still in a N2

atmosphere, for a time long enough to allow complete crystallization
at Tc. The samples were then rapidly cooled to room temperature
and analyzed by X-ray diffraction.

The relative amount of crystals in theγ form present in our
samples was determined from the X-ray diffraction profiles, by
measuring the ratio between the intensities of the (117)γ reflection
at 2θ ) 20.1°, typical of theγ form, and the (130)R reflection at
2θ ) 18.6°, typical of theR form: fγ ) I(117)γ/[I(130)R + I(117)γ].

Results and Discussion

The X-ray powder diffraction profiles of some samples of
iPPHe copolymers isothermally crystallized from the melt at
different crystallization temperatures are reported in Figure 1.
The diffraction profiles of the samples as-polymerized and aged
at room temperature for long time are also reported in Figure 1

(profiles a) for comparison. While as-polymerized and aged
samples are crystallized in theR form, all samples crystallize
from the melt as mixtures ofR and γ forms, as indicated by
the presence in the diffraction profiles of Figure 1 of both (130)R
and (117)γ reflections at 2θ ≈ 18.6° and 20° of R andγ forms,
respectively. For each sample, the fraction ofγ form with respect
to theR form increases with increasing crystallization temper-
ature, as indicated by the increase of the intensity of the (117)γ
reflection of theγ form with increasing crystallization temper-
ature. For hexene contents higher than 9-10 mol % the as-
polymerized and aged samples contain small amount of crystals
of the trigonal form, as indicated by the presence of the (110)T

reflection at 2θ ) 10° of the trigonal form in the diffraction
profile a of Figure 1E, but the samples always crystallize from
the melt only in theR form (Figure 1E).

Contrary to all data reported in the literature that show
increase of the amount ofγ form crystallized from the melt
with increasing concentration of microstructural defects, that
is stereo- andregio-irregularities12-17 and comonomeric units,18-21

for iPPHe copolymers the amount ofγ form in melt-crystallized
samples increases with increasing hexene concentration only
up to 2-3 mol % (Figure 1A,B). A clear decrease of concentra-
tion of γ form is observed for hexene concentrations higher
than 3-4 mol % (compare parts B-D of Figure 1) and samples
with hexene contents higher than 10 mol % (and lower than
15-16 mol %) crystallize from the melt exclusively in theR
form at any crystallization temperature (Figure 1E). Samples
with hexene concentration higher than 15-16 mol % do not
crystallize from the melt, and amorphous samples crystallize
in the trigonal form by aging at room temperature.2 This
behavior is different from that of samples of propylene-ethylene
copolymers that crystallize from the melt completely in theγ
form at any crystallization temperature when the ethylene
concentration is higher than 10 mol %.6,19b The behavior of
iPPHe copolymers is instead similar to that of propylene-butene
copolymers, for which the amount ofγ form in melt-crystallized
samples decreases for butene concentrations higher than 14-
15 mol % and samples with butene contents higher than 25-
30 mol % crystallize from the melt exclusively intoR form at
any crystallization temperature.6 The only difference is the
formation of the trigonal form in iPPHe copolymers for hexene
contents higher than 15-16 mol % and continuation of theR
form in propylene-butene copolymers at high butene concen-
tration.

The values of relative amount of theγ form with respect to
the R form, fγ, in the various samples of iPPHe copolymers,
are reported in Figure 2 as a function of the crystallization
temperature. Data of amount ofγ form for melt-crystallized
samples of the homopolymer iPPA, prepared with the same
catalystA, already reported in the literature,15aare also reported
in Figure 2 for comparison.

As already observed in the literature for stereoirregular
samples of iPP homopolymer12-17 and iPP-based copoly-
mers,6,18-21 for each sample the content ofγ form increases
with increasing crystallization temperature and a maximum
amount of γ form, which depends on the concentration of
defects, is obtained at different crystallization temperatures. The
values of the maximum amount ofγ form (fγ(max)), evaluated
from the maximum of the curves of Figure 2, are reported in
Figure 3 as a function of hexene concentration (Figure 3A) and
of the total concentration of defectsε ) [rr ] + [2,1e]+ [hexene]
(Figure 3B), compared with the values offγ(max) obtained in
the literature for propylene-ethylene (iPPEt) and propylene-
butene (iPPBu) copolymers prepared with the same catalystA.6

Chart 1. Structures of Metallocenes Used in This Study

Table 1. Compositions (mol % Hexene), Weight-Average Molecular
Masses (Mh w), Polydispersities (Mh w/Mh n), Melting Temperatures of

As-Polymerized Samples (Tm), Contents of Stereoerrors (rr ),
Concentrations of Secondary 2,1-Erythro Units (2,1e), and Total
Concentration of Defects (E) of Homopolymer Sample iPPA and

Propylene-Hexene Copolymers Prepared with the MAO Activated
Metallocenes of Chart 1

sample
mol %
hexene Mh w Mh w/Mh n

Tm

(°C)a
[rr ]
(%)b

[2,1e]
(%)c

ε

(%)d

iPPA 0 237 500 2.2 151 0.2 0.8 1.0
iPPHe1.2 1.2 699 600 2.3 143 0.2 0.1 1.5
iPPHe2.0 2.0 122 000 2.4 129 0.2 0.2 2.4
iPPHe2.5 2.5 430 800 2.0 127 0.2 0.2 2.9
iPPHe3.2 3.2 152 000 2.0 124 0.2 0.2 3.6
iPPHe3.7 3.7 333 200 2.0 120 0.2 0.2 4.1
iPPHe4.2 4.2 291 700 2.0 115 0.2 0.2 4.6
iPPHe6.8 6.8 239 500 2.2 99 0.2 0.1 7.1
iPPHe9.0 9.0 209 800 2.0 93 0.2 0.1 9.3
iPPHe11.2 11.2 266 300 1.9 65 0.2 0.1 11.5
iPPHe18e 18.0 217 400 1.9 49 3.5 0 21.5
iPPHe26 26.0 184 500 2.0 50 0.2 0.1 26.3

a Melting temperatures of as-prepared samples from DSC scans at heating
rate of 10°C/min. b [rr ] is the percentage of primary stereoerrors over all
monomer units, [rr ] ) [mrrm] + [mrrr]. It is not determinable for iPPHe
samples and is assumed to be the same as that found in the corresponding
homopolymer iPPA.c Secondary insertions 2,1e are only of the erythro type,
and their amount is normalized over all monomer units.d ε ) [rr ] + [2,1e]
+ [hexene].e Sample prepared with aC1-symmetric catalyst (metallocene
D of ref 6).
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It is apparent that for iPPHe copolymersfγ(max) first increases,
rapidly achieves a nearly constant maximum value offγ ≈ 100%
already for hexene content of 2-3 mol %, and then decreases
with increasing hexene content (Figure 3).

This behavior is similar to that of iPPBu copolymers but
different from that of iPPEt copolymers for which the value of
fγ(max) increases with increasing ethylene concentration up to
achieve the maximum valuefγ(max) ) 100% that remain
constant for all ethylene concentrations compatible with the
crystallization (Figure 3B).6 Moreover, the increase offγ(max)
for iPPHe copolymers is much faster than for iPPBu copolymers,
so that at low comonomer concentration in the range 2-3 mol
% iPPHe copolymers produce maximum amount ofγ form
higher than that of iPPBu copolymers and even higher than that
of iPPEt samples (Figure 3B). Furthermore, for iPPHe copoly-
mers also the decrease offγ(max) at higher comonomer
concentration is faster than for iPPBu copolymers and starts at
comonomer concentration lower than for iPPBu samples (4-5
mol % for iPPHe against 14-15 mol % for iPPBu, Figure 3B).

Finally, samples with hexene content higher than 10 mol %
(and lower than 15-16 mol %) crystallize exclusively in theR
form, whereas iPPBu copolymers crystallize totally in theR
form only at butene concentrations higher than 30 mol %.6 Since
all copolymers of Figure 3B are synthesized with the same
highly isoselective catalystA, the macromolecular chains of
iPPEt, iPPBu, and iPPHe copolymers present similar and very
small concentration ofstereo- and regio-defects, the different
behavior of Figure 3B may be only related to the different
influence of ethylene, butene, and hexene on the crystallization
of iPP.

Figure 1. X-ray powder diffraction profiles of some samples of iPPHe copolymers isothermally crystallized from the melt at the indicated
crystallization temperatureTc. The (130)R reflection of theR form at 2θ ≈ 18.6° and the (117)γ reflection of theγ form at 2θ ≈ 20° are indicated.
In (E) the (110)T and (300)T reflections at 2θ ) 10° and 17° of the trigonal form are also indicated. The diffraction profiles of samples as-prepared
and aged at room temperature (profiles a) are reported for comparison.

Figure 2. Relative amount ofγ form of iPP, fγ, evaluated from the
X-ray diffraction profiles of Figure 1, in samples of iPPHe copolymers
prepared with the catalystA, isothermally crystallized from the melt,
as a function of the crystallization temperatureTc: (b) sample iPPA;
(O) sample iPPHe1.2; (4) sample iPPHe2.0; (2) sample iPPHe2.5;
(0) sample iPPHe3.2; (9) sample iPPHe3.7; (]) sample iPPHe4.2;
([) sample iPPHe6.8; (3) sample iPPHe9.0. The concentrations (mol
%) of hexene units (He) are indicated.

Figure 3. Maximum amount ofγ form (fγ(max)) obtained in iPPHe
copolymers crystallized from the melt as a function of concentration
of hexene units (A) and of total concentration of defects (ε ) [rr ] +
[2,1e] + [comonomer]) (B). Data offγ(max) obtained in the ref 6 for
the homopolymer sample iPPA (A,B) and for iPPEt and iPPBu
copolymers (B) prepared with the same catalystA are also reported
for comparison.
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These data are consistent with recent results of studies on
iPPEt and iPPBu copolymers prepared with various metallocene
catalysts6 that have shown that the role of defects on the
crystallization of iPP is not only limited to the effect of
shortening the length of regular fully isotactic sequences but
also related to their possible inclusion into crystals ofR andγ
forms. The crystallization ofγ form is, indeed, believed to be
favored when the regular isotactic sequences are short,6,12-21

and, therefore, when the total concentration of any type of
defects is high. However, differences in the degree of inclusion
of different comonomers in the crystals of iPP leads to contents
of theγ phase that differ among the copolymers.6,19,20According
to a widely accepted view, butene enters to high extents in the
iPP crystalline lattice, while ethylene, hexene, and octene enter
to very limited degrees, causing substantial crystallinity reduc-
tion.19b,20 The more excluded the comonomer unit is from the
crystalline lattice, the higher would be the concentration of the
γ form.19b

For iPPHe copolymers it has been demonstrated that hexene
units are included in the crystals of iPP.2 The accepted
hypothesis that the amount of incorporated hexene units is much
lower than those of butene and ethylene in the crystals of the
corresponding copolymers is consistent with the data of Figure
3B that the amount of crystallizedγ form of iPPHe copolymers
at low hexene concentration, up to 2-3 mol %, is higher than
that observed in iPPEt and iPPBu copolymers, but is not
consistent with the fast decrease of the concentration ofγ form
with further increasing hexene concentration (Figure 3B).

A relationship between the maximum amount ofγ form fγ-
(max) and the average length of regular propylene sequences
〈LiPP〉 has been recently found for stereodefective iPP ho-
mopolymer samples, containing one type of defects (rr triads)
in a wide range of concentration and free from any other
microstructural defects.14 The values of maximum amount ofγ
form fγ(max) obtained for iPPHe copolymers (Figure 3) are
reported in Figure 4 as a function of the average length of the
regular polypropylene sequences〈LiPP〉 and compared with the
relationship found for iPP homopolymer samples14 and for iPPEt
and iPPBu copolymers taken from ref 6. For copolymer samples,
containingrr stereodefects, 2,1 regiodefects, and comonomers,

the average length of regular isotactic polypropylene sequences
can be roughly evaluated as〈LiPP〉 ) 1/ε, whereε ) [rr ] +
[2,1e] + [comonomer] is the total concentration of defects
(Table 1).

Figure 4 clearly indicates that the data of iPPHe copolymers
give a relationship betweenfγ(max) and〈LiPP〉 different from
those found for iPPEt and iPPBu copolymers6 and for stereo-
defective iPP samples.14,15aAs shown in ref 6, the data offγ-
(max) obtained for iPPEt copolymers are well-interpolated by
the same curve corresponding to the data of the stereoirregular
iPP samples. Samples of iPP homopolymers containing onlyrr
defects and iPPEt copolymers characterized by the same value
of 〈LiPP〉 give the same maximum amount ofγ form, regardless
of the relative concentrations ofrr and ethylene units. Therefore,
ethylene comonomeric units andrr stereodefects exert a similar
effect on the crystallization of iPP, producing a similar effect
of shortening the regular fully isotactic propylene sequences
and inducing crystallization ofγ form. At high defect concen-
tration (ε higher than 5-7 mol %) and low average length of
iPP sequences (〈LiPP〉 lower than 15-20 monomeric units)
crystallization of the pureγ form is observed in both iPP
homopolymer14 and iPPEt copolymer samples.6

The data of fγ(max) for samples of iPPHe and iPPBu
copolymers are, instead, not fitted by the master curve corre-
sponding to the data of the stereoirregular iPP homopolymer
and iPPEt copolymer samples (Figure 4), and different relation-
ships betweenfγ(max) and〈LiPP〉 are obtained depending on the
comonomer. Moreover, iPPBu copolymers always produce
values of maximum amount ofγ form lower than those obtained
for stereodefective iPP homopolymers, iPPEt and iPPHe
copolymers having the same value of〈LiPP〉,6 at least for〈LiPP〉
higher than 20 monomeric units. Samples of iPPHe copolymers
show instead a peculiar behavior because they produce the
highest values of maximum amount ofγ form for low hexene
concentration and high values of〈LiPP〉, even higher than those
obtained for stereodefective iPP homopolymers and iPPEt
copolymers, and the lowest values of maximum amount ofγ
form already for values of〈LiPP〉 lower than 15-20 monomeric
units and hexene concentration higher than 3-4 mol % (Figure
4). It is, indeed, sufficient that the hexene concentration achieves
values not particularly high (around 4 mol %) to observe a fast
decrease of the amount ofγ form (Figures 3 and 4) and samples
with hexene contents higher that 10 mol % (and lower than
15-16 mol %) crystallize exclusively in theR form (fγ(max)
) 0). Surprisingly, as in the case of iPPBu copolymers, we find
that for iPPHe copolymers the crystallization ofR form is
favored for low values of the average length of the regular
propylene sequences〈LiPP〉.

These data confirm the idea that the crystallization ofγ form
of iPP is related not only to the value of the average length of
the regular fully isotactic propylene sequences〈LiPP〉 but also
to the inclusion of defects in the crystals and the different
compatibility of the different defects within the crystalline
lattices ofR andγ forms of iPP, which produces differences in
the partitioning of defects between crystals ofR andγ forms.6

According to a more general view, the crystallization proper-
ties and polymorphic behavior of iPP and corresponding
copolymers depend on a double role played by stereodefects,
regiodefects, and constitutional defects. The first effect is the
interruption of the regular fully isotactic propylene sequences
with shortening of the average length of the crystallizable
sequences〈LiPP〉, which favors crystallization ofγ form. This
effect is common to any defects (stereo- andregio-defects and
comonomeric units) and may be more or less efficient depending

Figure 4. Maximum amount ofγ form, fγ(max), crystallized by
isothermal crystallizations from the melt, evaluated from the maxima
of the curves of Figure 2, as a function of the average length of fully
isotactic propylene sequences〈LiPP〉, for samples of iPPHe copolymers
prepared with the catalystA (b) compared with data obtained for iPPBu
(9) and iPPEt (4) copolymers in ref 6 and for samples of iPP
homopolymer of different stereoregularity (including the sample iPPA),
characterized by the presence of variable amount ofrr stereodefects,
taken from refs 14 and 15a (O). The average length of fully isotactic
propylene sequences has been evaluated as〈LiPP〉 ) 1/ε, whereε is the
total concentration of defectsε ) [rr ] + [2,1e]+ [comonomer]. In the
case of stereodefective homopolymer samples the values of〈LiPP〉 have
been evaluated from the13C NMR data,14 as〈LiPP〉 ) (2[mm]/[mr]) +
2.
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on the effective disturbance of the defect, which, in turn, is
related, in the case of copolymers, to the size of the comono-
meric units. The second effect is due to the possible inclusion
of defects in the crystals ofR andγ forms of iPP. This favors
crystallization of the crystalline form that better tolerates the
defect within its crystalline lattice.

As discussed above, butene enters to high extents in the iPP
lattice, while ethylene and hexene enter to limited degrees.19b,20

However, in the case of hexene this is true only at low
concentrations. It has been, indeed, recently demonstrated that
the degree of inclusion of hexene units into crystals of iPP is
different depending on the composition.2 In iPPHe copolymers
with low hexene concentration, up to 3-4 mol %, hexene units
are only partially included into crystals acting as a real defect,1,2

whereas in samples with higher hexene concentration a higher
amount of hexene units tends to enter into crystals ofR form,
acting as structural features, because this produces an increase
of crystalline density, which, in turn, induces crystallization of
the trigonal form of iPP.1,2 The density-driven crystallization
of the trigonal form, therefore, forces hexene units to enter to
high extents even in the crystals ofR form at hexene concentra-
tion in the range 4-11 mol %, before the crystallization of the
trigonal form.

Therefore, for iPPHe copolymers with low hexene concentra-
tion (up to 2-3 mol %), hexene units are included to limited
degrees in the crystals ofR and γ form; hence, the effect of
interruption of the regular fully isotactic propylene sequences,
with shortening the average length of the crystallizable se-
quences〈LiPP〉, prevails and induces crystallization ofγ form.
This effect of interruption of hexene units is more efficient than
that of rr defects or ethylene and butene units because of the
bigger size and greater disturbance of hexene units and explains
the fast increase of the maximum amount ofγ form for iPPHe
copolymers with increasing hexene content (Figure 3) and
decreasing〈LiPP〉 in the range 150-50 monomeric units (Figure
4) and the higher amount ofγ form that crystallize in iPPHe
copolymers at low comonomer concentrations with respect to
stereodefective iPP homopolymers and iPPEt and iPPBu
copolymers (Figure 4). For hexene contents higher than 3-4
mol %, the effect of inclusion of hexene units into crystals of
R form, driven by the density increase, prevails over that of the

shortening of〈LiPP〉 and induces crystallization ofR form. This
explains the fast decrease of the amount ofγ form observed
for 〈LiPP〉 lower than 15-20 monomeric units (Figure 4) and
the crystallization of iPPHe copolymers with hexene content
higher than 10 mol % (and lower than 15-16 mol %) in the
pureR form.

The crystallization of the iPPHe copolymers has also been
studied in nonisothermal conditions to compare the thermody-
namic and kinetic factors that drive the crystallization ofR and
γ forms. The X-ray diffraction profiles of some samples of
iPPHe copolymers crystallized by cooling the melt at cooling
rates of 40, 20, 10, 5, and 2.5°C/min are reported in Figure 5
as examples.

The absence of the (117)γ reflection of theγ form in all
profiles of Figure 5 clearly indicates that all samples tend to
crystallize by cooling the melt in theR form at any cooling
rate. Only in the case of samples with low hexene concentrations
and only at the lowest cooling rate, a low amount ofγ form
crystallize from the melt (for instance the sample iPPHe2.0 with
2.0 mol % of hexene at cooling rate of 2.5°C/min, profile a of
Figure 5A). At higher hexene concentration and high cooling
rates a strong decrease of crystallinity is observed (Figure 5C,D)
and samples with hexene content higher than 9 mol % do not
crystallize, and amorphous samples are obtained by cooling the
melt to room temperature.2

The comparison between the data of Figure 5 and those of
the isothermal melt-crystallizations of Figures 1-3 indicates
that in iPPHe copolymers, as in stereodefective iPPs homopoly-
mers,13,15b the R form is always kinetically favored because it
forms at high crystallization rates, as by fast cooling the melt
(Figure 5). The formation ofγ form is instead thermodynami-
cally favored because it crystallizes in the slow isothermal
crystallizations, but only for hexene concentrations lower than
3-4 mol %, for which the effect of interruption of the regular
propylene sequences prevails. At hexene concentrations higher
than 6-7 mol %, theR form turns out to be also thermody-
namically, besides than kinetically, favored because it prefer-
entially crystallizes in both slow isothermal (Figures 1-3) and
fast nonisothermal crystallizations. At these hexene contents,
indeed, the effect of inclusion of hexene units in the crystals of

Figure 5. X-ray powder diffraction profiles of some samples of iPPHe copolymers crystallized from the melt by cooling the melt at the indicated
cooling rates. The (130)R reflection of theR form at 2θ ≈ 18.6° and the (117)γ reflection of theγ form at 2θ ≈ 20° are indicated.
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R form, driven by density increase, prevails over that of
interruption of the propylene sequences.

Concluding Remarks

Samples of iPPHe copolymers crystallize from the melt as
mixtures of R and γ forms; the relative fraction ofγ form
increases with increasing crystallization temperature. The
maximum amount ofγ form first increases very rapidly with
increasing hexene concentration, up to 2-3 mol %, and then
rapidly decreases for hexene concentrations higher than 4-5
mol %, and samples with hexene contents higher than 10 mol
% crystallize from the melt exclusively in theR form. For
concentrations higher than 15-16 mol % iPPHe copolymers
do not crystallize from the melt, but amorphous samples
crystallize into the trigonal form at room temperature.1,2

These data and the comparison with the amount ofγ form
crystallized from the melt in stereodefective iPP homopolymer
samples and iPPEt and iPPBu copolymers reported in the
literature6,14 have confirmed that the crystallization ofγ form
of iPP is not only related to the value of the average length of
the regular fully isotactic propylene sequences〈LiPP〉, which in
turn depends on the total concentration of defects, but also
related to the different degrees of inclusion of stereodefects and
constitutional defects in the crystals ofR andγ forms of iPP.

Stereodefects, regiodefects, and constitutional defects play a
double role. The first effect that favors crystallization ofγ form
is the interruption of the regular isotactic propylene sequences
with shortening the average length of the regular isotactic
sequences〈LiPP〉. The second effect is due to the possible
inclusion of defects in the crystals of the polymorphic forms of
iPP that favors crystallization ofR or γ forms depending on
which of the two forms better tolerate the defect within its
crystalline lattice. Depending on which effect is prevalent,rr
stereodefects and ethylene, butene, and hexene comonomeric
units exert different influences on the crystallization ofR and
γ forms of iPP.

Ethylene comonomeric units andrr stereodefects are included
in crystals of bothR andγ forms, but probably, they are more
easily included in crystals ofγ form and in R/γ disordered
modifications ofγ form and, hence, favor crystallization ofγ
form. Therefore, in iPPEt copolymers and in stereodefective
iPP homopolymers the two effects of crystal inclusion and of
shortening the regular fully isotactic propylene sequences are
added and produce the same result of favoring the crystallization
of γ form.6 This results in a similar polymorphic behavior of
stereodefective iPPs and iPPEt copolymers (Figure 4). In the
case of iPPBu copolymers, butene units are included indiffer-
ently in crystals ofR andγ forms, but probably more easily in
the R form at high concentrations. Therefore, at low butene
concentration, up to nearly 10 mol %, the effect of shortening
the length of regular isotactic propylene sequences prevails and
induces crystallization ofγ form, whereas for butene concentra-
tions higher than 10 mol % the effect of inclusion of butene
units in crystals ofR form and the complete compatibility of
propylene and butene units in crystals ofR form prevails over
that of the shortening of〈LiPP〉 and induces crystallization ofR
form.6 Hexene units are instead preferably included in crystals
of R form driven by the density increase and, therefore, favor
crystallization ofR form at high concentrations (lower than 15-
16 mol %). At low hexene concentrations the degree of inclusion

in the crystals is low and the effect of shortening of〈LiPP〉 is
very efficient, because of the bigger size of hexene units, and
prevails over that due to the crystal inclusion. This induces
crystallization of the highest concentration ofγ form. This view
explains the results that iPPHe copolymers develop by melt-
crystallization amounts ofγ form higher or much lower than
those obtained in iPPEt and iPPBu copolymers and in stereo-
defective iPPs,6,14 at low (up to 2-3 mol %) or high (higher
than 4-5 mol %) hexene concentration, respectively.
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