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ABSTRACT: Isotactic propylene-1-octene (iPPC8) and propylene-1-octadecene (iPPC18) copolymers
have been synthesized with a highly isospecific C2-symmetric metallocene catalyst. iPPC8 copolymers
crystallize in the R form of iPP for octene concentration up to 12-13 mol %, whereas iPPC18 copolymers
crystallize in the R form for very low octadecene concentration and in a new mesomorphic form for
octadecene contents higher than 2-3 mol %. In both copolymers crystals of R form transform into the new
mesophase by stretching at high deformations. This mesophase is different from the quenched mesomorphic
form of the iPP homopolymer. In fact, the diffraction patterns of the new mesophase of iPPC18 copolymers
present a strong equatorial reflection at 2θ=20�, which is absent in the diffraction pattern of the mesophase
of iPP. The new mesophase is characterized by parallel chains in 3/1 helical conformation packed at average
interchain distances of about 6 Å, defined by the self-organization of the flexible side groups, and high degree
of disorder in the lateral packing of the chains.

Introduction

Samples of isotactic polypropylene (iPP) and of copolymers of
propene with other 1-olefins prepared with single-center metal-
locene catalysts have shown crystallization behavior andmechan-
ical properties different from the properties of analogous samples
prepared with Ziegler-Natta catalysts. Extensive investigations
have been focused on the study of the influence of the presence of
comonomeric units on the crystallization ofR and γ forms of iPP
and on the mechanical properties.1-34 These metallocene-based
iPP copolymers are more chemically homogeneous than the
samples prepared with Ziegler-Natta catalysts and show low
levels of solubles even at relatively high comonomer incorpora-
tion. Moreover, metallocene catalysts afford incorporation of
large contents of comonomer, copolymerization of cyclic and
other comonomer types that are not easily incorporated with
classical Ziegler-Natta catalysts, and excellent control of stereo-
regularity. In addition, they may yield copolymers with a truly
random comonomer distribution, uniform intermolecular distri-
bution of the comonomer content, and narrow molecular weight
distribution.

To date, metallocene-based propylene copolymers have been
synthesized with a variety of comonomers (ethylene, butene,
hexene, octene, etc.), giving awide range of interestingmaterials.1-34

These characteristics of metallocene-based iPP copolymers
have allowed studying the effects of different comonomers
on the crystallization of R and γ forms of iPP2-4,8-10,14,15,26,29

and on the mechanical properties19-23,27,30,32 and, more re-
cently, discriminating between the influences of stereo defects
(for instance, rr triad defects) and constitutional defects on the
crystallization behavior and material properties.26,27,29,30

Copolymers with ethylene, butene, hexene, and octene comono-
meric units show decrease of melting temperature and crystallinity

and great enhancement of ductility, flexibility, and toughness
compared to highly stereoregular iPP, but with important differ-
ences in the values of elasticmodulus and strengthdependingon the
comonomerandon the contemporarily presenceof stereoand regio
defects.27 The different mechanical behavior is related to the
different degrees of inclusion of stereo defects and constitutional
defects in the crystals ofR and γ forms of iPP and differences in the
partitioning of defects between crystals of R and γ forms. This
results in a different degree of disturbance of crystals with forma-
tion of more or less defective crystals, even for similar values of
degree of crystallinity.27,30

These properties are related to the structure, the crystal
morphology, and the polymorphic transitions occurring during
stretching, which are all affected by the presence of comonomers.
For copolymers with butene and hexene units, crystals of R and γ
forms present in the unstretched compression-molded film trans-
form by stretching into the mesomorphic form,27,30 which facil-
itates successive further deformation of the sample up to very
high strains, resulting in highly flexible materials. The transfor-
mation of R or γ forms into the mesomorphic form by stretching
has also been observed in stereodefective iPP homopolymer
samples containing high concentration of rr triad stereo defects
(higher than 5-6 mol %).35,36 It has been suggested that this
transition occurs through the destruction of the lamellar crystals
by pulling chains out from the original crystals and successive
reorganization of chains in crystalline aggregates of the meso-
morphic form,37 which is characterized by bundles of parallel
chains in 3/1 helical conformation and small order in the lateral
packing.38 Moreover, it has been argued that the replacement of
monoclinic lamellae anda spherulitic superstructureby randomly
arranged isometric nodules of the mesophase leads to a distinct
increase of the ductility and toughness.39

Studies of copolymers of propylenewith longbranchedR-olefins
(from 1-octene to 1-octadecene) are less frequent.2,9,12,13,18,19,21

For copolymers with 1-octadecene a considerable decrease
of crystallinity with comonomer content is observed, and at high
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comonomer concentration a transformation of the R form into
mesomorphic-like ordered entities has been observed.21Moreover,
the crystallitemorphology changes fromalmost perfect spherulites
to bundlelike crystals. All these variations in crystal structure
(number, size, and perfection of crystallites, crystal lattice, and
morphological details) significantly influence the mechanical be-
havior of these copolymers, with decrease of rigidity and impact
strength and increase of ductility with increasing comonomer
content.21

In this paper we report a study of the structures of copolymers
of iPP with 1-octene (iPPC8) and 1-octadecene (iPPC18) como-
nomers in powder melt-crystallized samples and in fiber speci-
mens, aimed at demonstrating that in these copolymers a new
mesomorphic form crystallizes at high comonomer concentra-
tions. This new mesophase crystallizes already in the powder
samples without quenching and stretching and is different from
the well-known mesophase of iPP that normally is obtained by
quenching the melt or by stretching at high deformations.

Experimental Section

The iPP homopolymer sample and propene-1-octene (iPPC8)
and propene-1-octadecene (iPPC18) copolymer samples have
been prepared at a temperature of 25 �C with the C2-symmetric
metallocene catalyst, shown in Chart 1. The catalyst precursor is
the metallocene complex dimethylsilyl-2,20-dimethyl-4,40-diphe-
nylindenile zirconium dichloride, Me2Si(2-Me-4-Ph-Ind)2ZrCl2,
which is activated with methylalumoxane (MAO). The C2-sym-
metric metallocene of Chart 1 is highly isospecific but not
completely regioselective and produces highly isotactic iPP
homopolymer sample, containing no detectable rr triad stereo
defects and only very small amount (about 0.2 mol %) of regio
defects due to the presence of secondary 2,1 propene units.

All copolymerizations were run at 25 �C in a 250 mL Pyrex
reactor, agitated with magnetic stirrer, containing toluene
(100mL),MAO(1.5mL), and liquid 1-octene (C8) or 1-octadecene
(C18). All procedures were conducted in an argon atmosphere,
and the residual inert gas was removed up to a final vacuum
pressure of 15 mbar. Propene was bubbled through the liquid
phase at pressure of 2.5 bar. The polymerization was started
by syringing into the reactor a toluene solution of the catalyst
(2-3 mg), and the Al/Zr molar ratio was maintained at about
1000.Thepolymerizationwas stoppedwhen the propenepressure
decreases at 2.3 bar. Under such conditions, total monomer
conversions were lower than 10%, ensuring a nearly constant
feeding ratio. The copolymers were coagulated with excess
methanol acidified with enough HCl(aq, conc) to prevent the
precipitation of alumina fromMAO hydrolysis, filtered, washed
with further methanol, and vacuum-dried. Typical yields
were 2-3 g. All the synthesized copolymer samples are listed
in Table 1.

The microstructural data of all samples have been obtained
from13CNMRanalysis.All spectrawereobtainedusing aBruker
DPX-400 spectrometer operating in the Fourier transformmode
at 120 �C at 100.61 MHz. The samples were dissolved with a 8%

w/v concentration in 1,1,2,2-tetrachloroethane-d2 at 120 �C. The
carbon spectra were acquired with a 90� pulse and 12 s of delay
between pulses and CPD (WALTZ 16) to remove 1H-13C
coupling. About 1500-3000 transients were stored in 32K data
points using a spectral window of 6000 Hz. For the iPP sample,
the peak of the mmmm pentad in the 13C spectra (21.8 ppm) was
used as a reference. For copolymers, the peak of the propylene
methine carbon atomswas used as internal reference at 28.83 ppm.
The resonances in the spectra of iPPC8 and iPPC18 copolymers
were assigned according to refs 40-42, and the 1-octene or
1-octadecene concentrations in the copolymers were determined
from the constitutional diads PP, PX, XX distribution (P =
propene, X = octene or octadecene). The NMR data also
indicate that all copolymer samples have a random distribution
of comonomers and homogeneous intermolecular composition.

The calorimetric measurements were performed with a differ-
ential scanning calorimeter (DSC) Mettler DSC-30 in a flowing
N2 atmosphere.

Films used for theX-ray fiber diffraction characterization have
been prepared by compression-molding. Powder samples have
beenheated at temperatures higher than themelting temperatures
under a press at low pressure and slowly cooled to room
temperature. Oriented fibers of the copolymer samples have been
obtainedby stretching at room temperature compression-molded
films.

X-ray diffraction patterns were obtained with Ni filtered Cu
KR radiation. The powder profiles were obtained with an auto-
matic Philips diffractometer, whereas the fiber diffraction pat-
terns were recorded on a BAS-MS imaging plate (FUJIFILM)
using a cylindrical camera and processed with a digital imaging
reader (FUJIBAS 1800).

The indices of crystallinity (xc) were evaluated from the X-ray
powder diffraction profiles by the ratio between the crystalline
diffraction area (Ac) and the total area of the diffraction profile
(At), xc = Ac/At. For the iPP homopolymer sample and for the
iPPC8 and iPPC18 copolymer samples with low comonomer
concentration, the amorphous halo has been obtained from the
X-ray diffraction profile of an atactic polypropylene. For iPPC8
copolymer samples with higher octene concentration the amor-
phous halo has been obtained from the X-ray diffraction profile
of the amorphous sample iPPC8-6 with the highest octene con-
centration (15.9 mol %). For iPPC18 copolymer samples with
high octadecene concentration (samples iPPC18-3, iPPC18-4,
and iPPC18-5), the amorphous halos have been obtained from
theX-ray diffraction profiles of the same samples in themelt state
recorded at temperatures higher than the corresponding melting
temperatures and extrapolating the 2θ position of the maxima of
the diffuse scattering to room temperature. The amorphous
scattering was then scaled and subtracted from the X-ray diffrac-
tion profiles of the semicrystalline samples to obtain the crystal-
line diffraction area.

Densities of the copolymer samplesweremeasuredby flotation
of compression-molded films at 25 �C in solutions of water and
ethyl alcohol.

Results and Discussion

The highly isoselective C2-symmetric metallocene of Chart 1
produces high molecular mass and highly stereoregular iPP
homopolymer and iPPC8 and iPPC18 copolymers. In fact, the
concentration of rr triad stereo errors is below the limit detectable
by the 13CNMR(lower than 0.01%),whereas a very small amount
of regio defects, due to secondary 2,1-erythro (2,1e) insertions of
propylene units (nearly 0.2 mol %), has been identified from the
13C NMR spectra.

The X-ray powder diffraction profiles of as-prepared
(precipitated form the polymerization solution) andmelt-crystal-
lized samples of iPPC8 and iPPC18 copolymers, compared with
those of the iPP homopolymer sample (iPP-25), are reported in

Chart 1. Structure of the Metallocene Complex Dimethylsilyl-2,20-
dimethyl-4,40-diphenylindenile Zirconium Dichloride, Me2Si(2-Me-4-
Ph-Ind)2ZrCl2, Used as Catalysts for the Preparation of iPPC8 and

iPPC18 Copolymer Samples
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Figures 1 and 2, respectively. The melt-crystallized samples have
been obtained by compression-molding and cooling to room
temperature at cooling rate of 10 �C/min. The DSC melting
curves of as-prepared samples of iPPC8 and iPPC18 copolymers
are reported in Figure 3. The melting temperatures decrease with
increasing comonomer concentration, and iPPC18 copolymers
show melting temperatures lower than those of iPPC8 samples.

It is apparent that both as-prepared and melt-crystallized
samples of iPP homopolymer and iPPC8 copolymers are crystal-
lized only in the R form, up to octene concentration of nearly
10mol%, as indicated by the presence of 110, 040, 130, and (111þ
131 þ 041) reflections at 2θ ≈ 14�, 17�, 18.6�, and 21-22�, re-
spectively, of R form of iPP and the absence of the 117 reflection of
γ form at 2θ=20.1� in the diffraction profiles a-e of Figure 1A,B.
For octene concentrations higher than 15-16 mol % the diffrac-
tion profiles show only a diffuse scattering, indicating that for these
compositions iPPC8 copolymers are basically amorphous and are
not able to crystallize in both as-prepared samples (profile g of
Figure 1A) and samples cooled from the melt at 10 �C/min (profile
g of Figure 1B). However, very small and broad reflections are still

observed at 2θ ≈ 14�, 17�, and 21� in the diffraction profile of the
as-prepared sample iPPC8-5with 12.8mol%of octene (profile f of
Figure 1A), whereas the amorphous scattering of the sample
iPPC8-6 with 15.9 mol % of octene is clearly asymmetric with a
broad peak at 2θ=14� (profile g of Figure 1A). This indicates that
in these samples a very small level of crystallinity is still present.This
is confirmed by the DSC melting curves of Figure 3A which show
the presence of small melting peaks at 47 and 45 �C in the curves of
the samples iPPC8-5 and iPPC8-6, respectively. Moreover, in the
sample iPPC8-5 a small amount of defective R form crystallizes
from the melt, as indicated by the presence of the small peak at
2θ= 17� in the diffraction profile f of Figure 1B.

These data indicate that the presence of octene comonomeric
units even at high concentrations induces neither the crystallization
of the γ form, as occurs in copolymers of iPP with ethylene,26

butene,26 and hexene,29 nor the crystallization of the trigonal
form, as in the case of propylene-pentene28 and propylene-
hexene24,25,29 copolymers.

In the case of iPPC18 copolymers, as-prepared samples having
low octadecene content, up to nearly 1-2 mol%, are crystallized

Table 1. Conditions of Polymerization, Composition (mol % and wt % C8 or C18), and Melting Temperature of As-Prepared Samples (Tm) of
Samples of iPPC8 and iPPC18 Copolymers Prepared with the Catalyst of Chart 1, Me2Si(2-Me-4-Ph-Ind)2ZrCl2/MAOa

sample comonomer
feed composition (mL

C8 or C18)
composition

(mol % C8 or C18)b
composition

(wt % C8 or C18) weight polymer (g) Tm (�C)c

iPP-25 0 0 0 1.33 160
iPPC8-1 1-octene 1 1.9 4.9 2.37 132.5
iPPC8-2 1-octene 4 4.3 10.1 1.76 114.4
iPPC8-3 1-octene 6 7.1 16.9 2.16 91.8
iPPC8-4 1-octene 2 10.3 23.4 1.7 72.6/53.2
iPPC8-5 1-octene 8 12.8 28.1 1.39 47.3
iPPC8-6 1-octene 10 15.9 33.5 1.45 44.9
iPPC18-1 1-octadecene 2 0.8 4.6 1.3 133
iPPC18-2 1-octadecene 4 1.3 7.3 1.8 115.5
iPPC18-3 1-octadecene 8 2.8 14.7 2.4 85
iPPC18-4 1-octadecene 10 3.9 19.6 3.3 78.5
iPPC18-5 1-octadecene 15 8.1 34.6 3.8 51.3

aPolymerization temperatureT=25 �C, initial pressure of propylene in the reactorP=2.5 bar, solvent: toluene (100mL), volume reactor: 250mL,
volume MAO= 1.5 mL, conversion lower than 10%. bDetermined from solution 13C NMR analysis. cMelting temperatures of as-prepared samples
from DSC scans at heating rate of 10 �C/min (Figure 3).

Figure 1. X-ray powder diffraction profiles of as-prepared (A) and melt-crystallized compression-molded samples (B) of iPPC8 copolymers of the
indicated 1-octene concentration. The diffraction profiles of iPP homopolymer sample (iPP-25) prepared with the same catalyst (profiles a) are also
reported. The 110, 040, 130, and (111 þ 131 þ 041) reflections at 2θ ≈ 14�, 17�, 18.6�, and 21-22�, respectively, of R form of iPP are indicated.
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in the R form, as shown by the diffraction profiles b and c of
Figure 2Awhich present only the 110, 040, 130, and (111þ 131þ
041) reflections at 2θ≈ 14�, 17�, 18.6�, and 21-22�, respectively,
of the R form. The common crystallization ofR form is no longer
observed in as-prepared samples for octadecene concentrations
higher than about 2 mol%. In fact, the diffraction profiles of the
as-prepared samples of iPPC18 copolymerswith 2.8 and3.9mol%
of octadecene (profiles d and e of Figure 2A) do not present the
110, 040, 130, and (111þ 131þ 041) reflections of the R form but
show only two broad peaks at 2θ = 14� and 20�. These data
indicate that the iPPC18 copolymers with 2.8 and 3.9 mol %
ofoctadecene crystallize probably in ahighly disordered crystalline
form different from the crystalline R and γ forms. Similar data
have been reported in ref 21 and have been interpreted
as a transformation at high comonomer concentration of the

R form into the mesomorphic form of iPP,21 along with a
remarkable decrease of crystallinity. Moreover, the crystallite
morphology changes from almost perfect spherulites to bundlelike
crystals.21

For further increase of octadecene concentration (higher than
8 mol %), as-prepared samples of iPPC18 copolymers are
basically amorphous (profile f of Figure 2A). It is worth remark-
ing that the amorphous scattering halo of the sample iPPC18-5
with 8.1 mol % of octadecene presents a peak at 2θ ≈ 20�,
different from the amorphous halo of iPP, which shows a peak at
2θ = 15�. However, the DSC heating curves of samples iPPC18
of Figure 3B show that a small melting peak at 49 �C is still
present in themelting curve of the sample iPPC18-5with 8.1mol%
of octadecene, indicating that in this sample a very small level of
crystallinity is still present.

Figure 2. X-ray powder diffraction profiles of as-prepared (A) and melt-crystallized compression-molded samples (B) of iPPC18 copolymers of the
indicated 1-octadecene concentration. Thediffractionprofiles of iPPhomopolymer sample (iPP-25) preparedwith the same catalyst (profiles a) are also
reported. The 110, 040, 130, and (111 þ 131 þ 041) reflections at 2θ ≈ 14�, 17�, 18.6�, and 21-22�, respectively, of R form of iPP are indicated.

Figure 3. DSC heating curves of as-prepared samples of iPPC8 (A) and iPPC18 (B) copolymers recorded at heating rate of 10 �C/min. The melting
curve of the as-prepared sample of the homopolymer iPP-25 is shown in (B).
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All samples of iPPC18 copolymers with octadecene concentra-
tion up to nearly 4-5 mol% and lower than 8 mol%, crystallize
from the melt still in the R form (profiles b-e of Figure 2B). In
particular, the sample iPPC18-3 with 2.8 mol % of octadecene,
which is initially crystallized in a disordered mesomorphic
modification (profile d of Figure 2A), crystallizes from the melt
in the R form (profile d of Figure 2B). Samples with octadecene
contents higher than 8 mol % are amorphous and do not
crystallize from themelt by cooling themelt to room temperature
at 10 �C/min (profile f of Figure 2B).

These data indicate that, as in the case of copolymers with
1-octene, the presence of 1-octadecene comonomeric units even at
high concentrations does not induce the crystallization of the γ
form but produces the formation in the as-prepared samples,
rapidly crystallized from the polymerization medium, of a dis-
ordered mesomorphic form. From the data of Figure 1, it seems
that this disordered mesomorphic form does not crystallize in as-
prepared or melt-crystallized samples of iPPC8 copolymers.
However, since the diffraction profiles of the as-prepared samples
iPPC8-5 and iPPC8-6 with 12.8 and 15.9 mol % of octene,
respectively, show a very small and broad diffraction peak at
2θ ≈ 14� (profiles f and g of Figure 1A), and the corresponding
DSC curves present small melting peaks at 47 and 45 �C,
respectively, the presence in these samples of crystals of the
disordered mesomorphic form, also in mixture with defective
crystals of R form, cannot be excluded.

Inspection of the X-ray diffraction profiles of Figure 1 and 2
also indicate that the 2θ positions of the 110 and 040 reflections ofR
form in the samples of iPPC8 and iPPC18 copolymers are basically
the same as those in the diffraction profile of the iPP homopolymer
sample, in both as-prepared (Figures 1A and 2A) and melt-crystal-
lized (Figures 1B and 2B) samples. This indicates that 1-octene and
1-octadecene comonomeric units are excluded from the crystals ofR
form of iPP. We recall that in the case of copolymers of iPP with
butene,26 pentene,28 andhexene24,25,29 the comonomers are included
in the crystals of R form of iPP, as demonstrated by the increase of
the unit cell parameters with the comonomer concentration, and
induce crystallization of the R form and, for pentene and hexene at
high concentrations, of the trigonal form of iPP.

As mentioned above, the formation of the mesomorphic form
of iPP in iPPC18 copolymers when the octadecene concentration
achieves 2-3 mol % was suggested in ref 21 on the basis of the
X-ray diffraction profiles similar to that of profile d of Figure 2A,

which present only two broad peaks at 2θ = 14� and 20�. This
diffraction profile is, indeed, similar to the diffraction profiles of
the well-known solid mesophase of iPP that is generally obtained
in iPP homopolymer samples by quenching the melt to low
temperatures (nearly 0 �C).43 A comparison between the X-ray
powder diffraction profiles of the mesophase of iPP, obtained by
quenching the melt of the homopolymer sample iPP-25 to 0 �C,
and the X-ray powder diffraction profiles of the as-prepared
samples of the copolymers iPPC18-3 and iPPC18-4 with 2.8 and
3.9 mol % of octadecene (profiles d and e of Figure 1A) are
reported in Figure 4A. The X-ray fiber diffraction pattern of the
mesophase of iPP, taken from the literature,36a obtained by
stretching at high deformations a sample of iPP homopolymer
containing 5.9 mol % of rr stereodefects, crystallized initially in
the γ form,36a is reported in Figure 4B. It is worth noting that
similar fibers of the mesomorphic form of iPP and similar fiber
diffraction patterns have been obtained by stretching at high
deformations films of iPP homopolymer in the quenched meso-
morphic form.44 From the powder diffraction profile (profile a of
Figure 4A) and the fiber pattern (Figure 4B) the most important
structural features of the mesomorphic form of iPP have been
clarified.38,44,45 The two broad reflections observed in the powder
diffraction profile at 2θ=15� (d=5.88 Å) and 21.3� (d=4.17 Å)
(profile a of Figure 4A) are in the fiber diffraction pattern
confined along different layer lines (Figure 4B). The reflection
at 2θ = 15� is an equatorial reflection (l = 0), whereas the
reflection peak at 2θ=21.3� corresponds to a first layer line
reflection (Figure 4B).38,44 The layering of the diffracted intensity
in the fiber pattern of the mesophase and the corresponding
measured values of the chain axis c of 6.5 Å44 have indicated that
themesophase of iPP is composed of bundles of parallel chains in
the ordered 3-fold helical conformation.38,43,44 The order of the
atomic positions (and hence the correlation of interatomic dis-
tances) in the direction of the chain axes spans a range longer than
in the perpendicular directions. The lateral order is, indeed, not so
well developed as conformational order, though the relative
heights of the neighboring chains within each bundle are mainly
correlated. The local correlations between chains inside each
small mesomorphic aggregate are similar to those characterizing
the crystal structure of the monoclinic R form,38,45 that is, the
facing of enantiomorphous 3/1 helical chains. In these bundles of
chains any correlation about the relative position of the atoms is
lost at distances of the order of 40-50 Å.38

Figure 4. (A) X-ray powder diffraction profiles of the mesomorphic form of iPP, obtained from the sample of the homopolymer iPP-25 by quenching
the melt to 0 �C (a) and of the as-prepared samples of the copolymers iPPC18-3 with 2.8 mol % of octadecene (b) and iPPC18-4 with 3.9 mol % of
octadecene (c). (B, C) X-ray fiber diffraction pattern (B) and corresponding diffraction profile read along the equator (C) of fiber of iPP in the
mesomorphic form, obtained by stretching at 800% deformation a sample of iPP homopolymer containing 5.9 mol% of rr stereo defects, crystallized
initially in the γ form.36a
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Figure 5. X-ray powder diffraction profiles of the as-prepared samples of the copolymers iPPC18-3 with 2.8 mol % of octadecene (A) and iPPC18-4
with 3.9 mol % of octadecene (B) recorded at different increasing temperatures up to the melt.

Figure 6. X-ray diffraction patternsof fibers of iPPC8 copolymers, unstretched (A-F) and stretched up themaximumpossible deformation ε (A0-F0).
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The comparison of Figure 4 indicates that the ratio between
the intensities of the two broad peaks at 2θ=15� and 21.3� in the
powder pattern of themesophase of iPP (profile a ofFigure 4A) is
much higher than the ratio between the intensities of the two
broad peaks observed at 2θ = 14� and 20� in the diffraction
profiles of the mesomorphic form crystallized in the copolymers
iPPC18-3 and iPPC18-4 with 2.8 and 3.9 mol % of octadecene
(profiles b and c of Figure 4A). Moreover, the 2θ positions of the
peaks in the diffraction profiles of the mesophase in the copoly-
mer samples (2θ = 14� and 20�) are different from the positions
of the peaks in the diffraction profile of the mesophase of iPP
(2θ = 15� and 21.3�). These observations suggest that the
mesomorphic form that crystallize in the iPPC18 copolymers is
different from the well-known quenched mesophase of the iPP
homopolymer.

A further difference between the mesophase of iPPC18 copo-
lymers and the quenched mesophase of iPP can be evidenced
through thermal treatments experiments. It is well-known that
the quenchedmesophase of iPP transforms into the stableR form
by annealing in the temperature range 50-80 �C.43 The X-ray
powder diffractionprofiles of the as-prepared samples of iPPC18-3
and iPPC18-4 copolymers with 2.8 and 3.9 mol % of octadecene
recorded at different increasing values of temperature are shown
in Figure 5. It is apparent that both samples do not transform into
R form by thermal treatments and then melt at temperatures
higher than 90 �C. Only a small reflection at 2θ= 17� appears at
90-100 �C for the sample iPPC18-3 (Figure 5A) and at 70-80 �C
for the sample iPPC18-4 (Figure 5B), indicating that a small
amount of crystals of R form develops at high temperatures.

Details of the structural differences between the solid meso-
phases of iPP and of iPPC18 copolymers can be clarified through
analysis of the diffraction patterns of oriented fibers of iPPC8 and
iPPC18 copolymers. Compression-molded films of iPPC8 and
iPPC18 copolymers, which are crystallized in the R form for low
comonomer concentrations and are amorphous for high como-
nomer concentrations (Figures 1B and 2B), have been stretched
at room temperature, and the X-ray fiber diffraction patterns
have been recorded.

The bidimensional X-ray diffraction patterns of compression-
molded films of the iPPC8 copolymers before stretching
(deformation ε=0) and the fiber diffraction patterns of the same
film stretched up to the maximum possible deformation ε are
reported in Figure 6. For each pattern, the corresponding diffrac-
tion profiles read along the equatorial layer lines are reported
in Figure 7. As discussed above (Figure 1B), melt-crystallized
compression-molded films of iPPC8 copolymers with low octene
concentration, up to nearly 10 mol %, are crystallized in the R
form, as indicated by the presence of 110, 040, and 130 reflections
at 2θ ≈ 14�, 17�, and 18.6� of R form of iPP in the patterns of
Figure 6A-D and in the equatorial profiles a-d of Figure 7A. In
these samples crystals of R form, present in the compression-
molded films, transform by stretching into the mesomorphic form
of iPP, as indicated by the transformation of the three equatorial
reflections 110, 040, and 130 of R form into the broad halo in the
range 2θ = 14-16�, centered at 2θ = 15� (patterns A0-D0 of
Figure 6 and equatorial profiles a-d of Figure 7B). Also in the
case of the nearly amorphous sample iPPC8-4 with 10.3 mol %
octene (pattern D of Figure 6 and profile d of Figure 7A), the
stretching produces crystallization of the mesomorphic form
(patterns D0 of Figure 6 and d of Figure 7B). At high degrees of
deformation well-oriented fibers of the pure mesomorphic form
are obtained for the iPPC8 samples having octene concentrations
lower than12mol%(patternsA0-D0 ofFigure 6 andprofiles a-d
of Figure 7B). It is worth noting that the mesomorphic phase
obtained in these samples of iPPC8 copolymer corresponds to the
mesomorphic form of iPP of Figure 4B. In fact, the equatorial
diffraction profiles a-d of Figure 7B present only one broad peak
at 2θ=15�, as in themesophase of iPP (Figure 4B,C). The second
broad peak at 2θ= 21.3� of the mesophase is present on the first
layer line of the patterns A0-D0 of Figure 6 and is, therefore,
absent on the equatorial profiles of Figure 7B. In other words,
whereas the powder diffraction profile of the mesophase of
iPP show two broad peaks at 2θ = 15� and 21.3� (profile a of
Figure 4A), the equatorial profile of the X-ray fiber diffraction
pattern of a fiber of the mesophase must present only the
equatorial reflection at 2θ = 15�, as in Figure 4C.

Figure 7. X-ray diffraction profiles read along the equator of the fiber diffraction patterns of Figure 6 of iPPC8 copolymers: unstretched films (A) and
stretched up themaximumpossible deformation ε (B). The arrows indicate the reflection that is present on the equator of the diffraction patterns of the
new mesomorphic form and absent in the diffraction patterns of the classic mesophase of iPP.
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The compression-molded films of iPPC8 copolymers with
octene concentrations higher than 12 mol % are basically
amorphous (patterns E, F of Figure 6 and profiles e, f of
Figure 7A). As discussed above, in the sample iPPC8-5 a small
amount of defectiveR form crystallize from the melt, as indicated
by the presence of the small peak at 2θ = 17� in the diffraction
pattern of Figure 6E (profiles f of Figure 1B and e of Figure 7A).
The stretching at high deformation of these samples produces
crystallization of a well-orientedmesomorphic form, as indicated
by the transformation of the broad amorphous haloes
in the patterns E, F of Figure 6 into less broad diffraction peaks,
which are present on the equator and on the first layer line of the
patterns E0, F0 of Figure 6. In particular, on the equatorial
diffraction profiles e, f of Figure 7B, besides the diffraction
peak centered at 2θ = 15�, a new second diffraction peak at 2θ
≈ 20� appears. This peak is not present in the X-ray fiber
diffraction patterns of the mesomorphic form of iPP of
Figure 4B,C.

These data indicate that the solid mesophase that forms by
stretching of iPPC8 copolymers with high octene concentration is
different from the mesomorphic form of iPP. This second
equatorial diffraction peak at 2θ ≈ 20� is present in the fiber
diffraction patterns E0, F0 of Figure 6 and e, f of Figure 7B only as
a shoulder of the peak at 2θ = 15� and becomes much more
evident in the X-ray diffraction patterns of oriented fibers of
iPPC18 copolymers. This peak, indeed, recalls the reflection
observed at 2θ = 20� in the X-ray powder diffraction profiles
of the as-prepared samples of iPPC18 copolymers with 2.8 and
3.4 mol% of octadecene of Figure 2A (profiles d, e of Figure 2A
and Figure 5).

The bidimensional X-ray diffraction patterns of compression-
molded films of the iPPC18 copolymers before stretching (ε=0)
and the fiber diffraction patterns of the same films stretched up to
the maximum possible deformation ε are reported in Figure 8.
For each pattern, the corresponding diffraction profiles read
along the equatorial layer lines are reported in Figure 9. As also
shown in Figure 2B, compression-molded films of iPPC18
copolymers with low octadecene concentration, up to 2.8 mol %,
are crystallized in the R form of iPP (patterns A-C of Figure 8
and profiles a-c of Figure 9A), whereas the sample iPPC18-4
with 3.9 mol % of octadecene is crystallized in the mesomorphic
form, as indicated by the presence of the two broad peaks at 2θ=
14� and 20� (patternD of Figure 8 and profile d of Figure 9A). In
the samples iPPC18-1 and iPPC18-2 with very low octadecene
concentrations (0.8 and 1.3 mol %, respectively), crystals of R
form, present in the compression-molded films, transform by
stretching into themesomorphic form of iPP, as indicated by the
transformation of the three equatorial reflections 110, 040, and
130 of R form into the broad halo in the range 2θ = 14-16�,
centered at 2θ=15� (patterns A0, B0 of Figure 8 and equatorial
profiles a, b of Figure 9B) and the presence of a single peak at
2θ= 15� on the equator, even though with a small shoulder at
2θ = 19-20�.

The stretching of the sample iPPC18-3 with 2.8 mol % of
octadecene that is still crystallized in the R form (pattern C of
Figure 8 and profile c of Figure 9A) produces transformation of
the three equatorial reflections 110, 040, and 130 of R form into a
broad peak centered at 2θ = 14�, while a well-defined second
peak appears on the equator at 2θ ≈ 20� (pattern C0 of Figure 8
and profile c of Figure 9B), along with the usual first layer line
reflection at 2θ≈ 20-21� (patternC0 of Figure 8). The equatorial
reflection at 2θ=20� is not present in the X-ray fiber diffraction
patterns of the mesomorphic form of iPP of Figure 4B,C. These
data indicate that for this iPPC18 sample crystals ofR formof iPP
transforms by stretching into a mesophase different from the
mesomorphic form of iPP. The fiber diffraction pattern of the
new mesophase (patterns C0 of Figure 8 and c of Figure 9B)

presents the same reflections at 2θ=14� and 20� observed in the
X-ray powder diffraction profile of the as-prepared specimen of
the same sample iPPC18-3 with 2.8 mol % of octadecene (profile
d of Figure 2A). This indicates the iPPC18-3 copolymer sample
crystallizes in the new mesomorphic form in the as-prepared
sample (profile d of Figure 2A), then crystallizes in the R form of
iPP by melt-crystallization (profile d of Figure 2B, pattern
C of Figure 8, and profile c of Figure 9A), and, finally, the R
form transforms again into the new mesophase by stretching
(Figure 8C0 and profile c of Figure 9B).

Melt-crystallized compression-molded films of the sample
iPPC18-4 with 3.9 mol % of octadecene are crystallized in the

Figure 8. X-ray diffraction patterns of fibers of iPPC18 copolymers:
unstretched (A-D) and stretched up the maximum possible deforma-
tion ε (A0-D0).
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new mesomorphic form (pattern D of Figure 8 and profile d of
Figure 9A) (as in the as-prepared sample). The stretching of this
sample produces orientation of the mesophase and well-oriented
fibers of the new mesophase are obtained, and the two broad
peaks at 2θ = 14� and 20� become polarized on the equator
(patternD0 ofFigure 8 and profile d0 ofFigure 9B). This confirms
that the peak at 2θ=20� in the powder diffraction profiles of the
mesophase that crystallize in the as-prepared samples of the
copolymers iPPC18-3 and iPPC18-4 with 2.8 and 3.9 mol % of
octadecene (profiles d, e ofFigure 2A) and in themelt-crystallized
sample of the copolymer iPPC18-4 (profile e of Figure 2B) is an
equatorial reflection. Hence, this disordered modification that
crystallize in fibers of iPPC8 copolymers and in powder samples
and fibers of iPPC18 copolymers is a new mesophase different
from the mesomorphic form of iPP.

Samples of iPPC18 copolymers with octadecene concentration
higher than 7-8 mol % are amorphous and do not crystallize by
stretching.

From the X-ray fiber diffraction patterns of the new meso-
phase of iPPC8 and iPPC18 copolymers, in particular from the
diffraction pattern of the well-developed mesophase of the
samples iPPC18-3 and iPPC18-4 with 2.8 and 3.9 mol % of
octadecene of Figures 8C0 and 8D0, respectively, a value of the
chain axis of the new mesophase of 6.5-6.6 Å has been deter-
mined. This indicates that the chains of the newmesophase are in
the ordered 3/1 helical conformation, as for the classicmesophase
of the iPP homopolymer.43

As discussed above, we recall that the mesomorphic form of
iPP may be obtained by rapid quenching the melt to low
temperatures and by transformation of the R or γ forms by
stretching. The stress-induced transformation of R form into
the mesophase has been observed in iPP homopolymer
samples prepared with Ziegler-Natta37,39 as well as metallocene
catalysts35,36 and in copolymers of iPP with butene and
hexene.27,30 It has been suggested that this transformation occurs
through the destruction of the lamellar crystalline phase, prob-
ably by pulling chains out from crystals and successive reorgani-
zation of the chains in the crystalline mesomorphic aggregates.37

In the case of iPPC18 copolymers the new mesomorphic form is
also obtained by stretching crystals of R form (Figure 8C,C0),

whereas in the case of iPPC8 copolymers it is obtained by stress-
induced crystallization of amorphous samples (Figure 6F,F0). We
can assume that the formation of the mesomorphic form may
occur not only via the pulling out of the chains from the lamellae
of pre-existing crystalline form and successive reorganization of
the chains in the crystalline mesomorphic aggregates, but also
by direct crystallization of the amorphous chains in the case
of iPPC8 copolymers. Moreover, for longer branched iPPC18
copolymers with octadecene concentration in the range 2-4 mol
%, the new mesophase can also be obtained in as-prepared and
melt-crystallized samples without quenching. It is worth recalling
that in the case of other copolymers of iPP with less branched
comonomers, like butene and hexene, the mesomorphic form
of iPP has been obtained by stretching, but it has never been
observed in as-prepared or melt-crystallized samples of the
copolymers.27,30 As for the iPP homopolymer, for these copoly-
mers the mesophase can be obtained by quenching the melt.23,39

The data of Figures 6-9 indicate that, whereas in unoriented
powder as-prepared or melt-crystallized samples there is a clear
difference between samples that crystallize in theR formof iPP (at
low comonomer concentrations) and samples that crystallize in
the new mesophase (at higher comonomer concentration), in
fiber specimens there is a nearly continuous variation of structur-
al organization from the mesophase found in pure iPP to the new
mesophase of the fibers of the sample iPPC18-4, as suggested by
the continuous increase of the intensity of the equatorial reflec-
tion at 2θ = 20� (Figures 7B and 9B).

These observations suggest that the easy formation of the
mesomorphic form in highly branched iPP copolymers and the
corresponding structure are related to the presence of the long
flexible side groups. This behavior seems similar to the comblike
polymers, as poly(di-n-alkylsiloxanes) and poly(phosphazenes)
which show pseudohexagonal mesophases characterized by a
high degree of conformational disorder not only of the polymer
backbone but also of the flexible side groups.46-48 According to a
generalized view given byAllegra andMeille,48 these mesophases
gain entropy from optimization of the organization of the side
groups and the chain backbone; the flexible main chains, indeed,
become quite rigid as a consequence of their “self-compacting”
elastic nature, due to the presence of lateral groups.48 In the case

Figure 9. X-ray diffraction profiles read along the equator of the fiber diffraction patterns ofFigure 8 of iPPC18 copolymers: unstretched films (A) and
stretched up themaximumpossible deformation ε (B). The arrows indicate the reflection that is present on the equator of the diffraction patterns of the
new mesomorphic form and absent in the diffraction patterns of the classic mesophase of iPP.
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of iPPC18 copolymers, the long flexible C16 side groups do not
disturb the 3/1 helix of the main chain and make the chain
backbone quite rigid, favoring the organization of the 3/1 helical
chains in the mesomorphic aggregates.

The structure of these mesomorphic aggregates is different
from that of the quenched solid mesophase of the iPP
homopolymer.38 In fact, the dominant constituent of the meso-
morphic aggregates of iPP are bundles of chains in the ordered
3-fold helical conformation, which are locally packed at very
short-range distances as in the crystals of R form.38,45 These local
lateral correlations are rapidly lost at distances higher than
40-50 Å, so that the mesomorphic aggregates are mainly
characterized by conformational order and high degree of dis-
order in the lateral packing of chains.38

In the case of the new mesophase of iPPC18 copolymers, the
presence of the equatorial reflections of strong intensity at 2θ=
14� and 20� (d=6.33 and 4.44 Å, respectively), of other two low-
intensity equatorial reflections at 2θ = 25.2� and 28.4� (d = 3.6
and 3.1 Å, respectively) (Figure 8D0 and profile d of Figure 9B)
and of the first layer line reflection at 2θ≈ 20�, indicates that the
structure of the mesomorphic aggregates is characterized by
parallel chains in 3/1 helical conformation packed at average
interchaindistances of about 6 Å, defined by the self-organization
of the flexible side groups, which, in turn, produces the equatorial
reflection at 2θ= 20� (d= 4.44 Å). This reflection is, indeed, at
nearly the same 2θ position as that of themaximum of the diffuse
halo observed in the X-ray diffraction profiles of amorphous
iPPC18 copolymer samples having octadecene content higher
than 7-8 mol % (profile f of Figure 2A,B) and probably reflects
the average distance of about 4.4 Å between the disordered
branches or between the main chains and branches. Moreover,
the presence of the small equatorial reflections at 2θ=25.2� and
28.4� indicates that some lateral short-range correlation between
the chains is maintained. We have determined by flotation the
values of the experimental densities of the samples iPPC18-3 and
iPPC18-4 with 2.8 and 3.9mol%of octadecene, which crystallize
in the newmesophase (Figures 2d,e and 5). The values of 0.887 g/
cm3 for the sample iPPC18-3 and 0.877 g/cm3 for the sample
iPPC18-4 have been found, which correspond in both cases to a
density of the crystalline mesomorphic phase of nearly 0.9 g/cm3,

for degrees of crystallinity of nearly 50-55%, and assuming the
value of 0.854 g/cm3 for the density of the amorphous phase.49

The relatively high value of the crystalline density, higher than the
density of the amorphous iPP, indicates a dense, although
disordered, crystalline mesomorphic phase, according to the
presence of the short-range order in the lateral packing of parallel
3/1 helices.

It is worth remarking that the characteristic equatorial reflec-
tion at d=6.33 and 4.44 Å of the newmesophase, which develop
in our long branched iPP copolymers, do not correspond to the
typical 100 and 110 reflections of a pseudohexagonal structure
that is generally observed in many solid mesophases, as, for
instance, in long branched poly(di-n-alkylsiloxanes) and poly-
(phosphazenes).48 They rather reflect the average interchain
distance and the average distance between branches or between
main chains and branches, respectively. Therefore, at variance
with the pseudohexagonal mesophases characterized by long-
range order in the lateral packing of the chain axes and disorder
along directions parallel to the chain axes,46-48 due to the
disorder in the conformation of the chains and the absence of
any lateral correlations between atoms, in the new mesophase of
long branched iPP copolymers there is short-range order in the
lateral packing of the chain axes and long-range order is main-
tained only in the regular conformation of the 3/1 helices with
periodicity of nearly 6.5 Å. The random placements of comono-
merswith long side groups along the chains and the high degree of
stereoregularity of the isotactic copolymers, achieved resorting to
metallorganic catalytic systems, allowmaintaining the regular 3/1
helical conformation over long portions of the copolymer chains.
The presence of the long branches prevents crystallization of the
normal R and γ forms of iPP and induces formation of the
mesomorphic aggregates with absence of any lateral order. The
parallel arrangement of defective portions of chains in 3/1 helical
conformation in the mesomorphic domains not only maximize
the entropy from optimization of the organization of the side
groups and the chain backbone but also produces a neat increase
in enthalpy.48 The long alkyl side groups, indeed, have low
affinity with the chain backbone and prefer to maximize
their interaction facing each other as sketched in the model of
Figure 10.

Conclusions

Isotactic propylene-1-octene and propylene-1-octadecene
copolymers have been synthesized with a highly isospecific C2-
symmetric metallocene catalyst. The crystallization properties of
the copolymers in as-prepared and melt-crystallized samples and
in oriented fibers have been analyzed as a function of the
comonomer concentration. iPPC8 copolymers crystallize in the
R form of iPP for octene concentration up to 12-13 mol %,
whereas iPPC18 copolymers crystallize in theR form for very low
octadecene concentration and in a new mesomorphic form for
octadecene contents higher than 2-3mol%. In both copolymers
crystals of R form transform into the new mesophase by stretch-
ing at high deformations.

The powder diffraction profile and the fiber diffraction pattern
of the mesophase have indicated that the mesomophic form that
crystallize in these long branched copolymers is different from the
classic mesophase of the iPP homopolymer that is, generally,
obtained by quenching the melt to low temperatures. In fact, the
diffraction patterns of the newmesophase of iPPC18 copolymers
present a strong equatorial reflection at 2θ=20�, which is absent
in the diffraction pattern of the mesophase of iPP. Moreover,
from the fiber diffraction pattern a value of the chain axis of
6.5-6.6 Å of the new mesophase has been evaluated, indicating
that this mesophase is characterized by chains in the ordered 3/1

Figure 10. Schematic model of the organization of chains of iPPC18
copolymers in the new mesophase. The mesomorphic aggregates are
characterized by parallel chains in the ordered 3/1 helical conformation
with periodicity of nearly 6.5 Å packed at average interchain distances
of about 6.3 Å, defined by the self-organization of the flexible dis-
ordered side groupswith average distance between branches or between
main chains and branches of about 4.4 Å.
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helical conformation, and high degree of disorder in the lateral
packing of the chains.

The easy formation of the mesomorphic form in highly
branched iPP copolymers and the corresponding structure are
related to the presence of the long flexible side groups. In the
iPPC18 copolymers, the long flexible C16 side groups do not
disturb the 3/1 helix of the main chain and make the chain
backbone quite rigid, favoring the organization of the 3/1 helical
chains in the mesomorphic aggregates. These mesomorphic
aggregates are characterized by parallel chains in 3/1 helical
conformation packed at average interchain distances of about 6
Å, defined by the self-organization of the flexible side groups.
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