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Several isotactic propene-a-olefin copolymers using 1-octene, 1-dodecene and 1-tetrade-
cene as comonomers (CiPO, CiPDD and CiPTD, respectively) have been synthesized and their
structure and thermal/mechanical/viscoelastic properties have been evaluated. At interme-
diate comonomer molar content ranged from around 4 to 9, the mesomorphic phase is
developed under rather mild quenching conditions and independently of length of the
comonomer. Thermal and mechanical parameters diminish as a-olefin content increases
and their dependence on composition changes as function of existence of three-dimensional
monoclinic crystallites or less ordered entities.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Isotactic polypropylene, iPP, exhibits an interesting
polymorphic behavior, depending on microstructural fea-
tures, crystallization conditions and other factors like the
use of specific nucleants. Thus, three different polymorphic
modifications, a, b and c, all sharing a three-fold conforma-
tion [1–4], have been reported. In addition, fast quenching
of iPP leads to a phase of intermediate or mesomorphic
order [1,4–7].

The monoclinic a form is the most common and stable
modification [8], being found in all kinds of solution-crys-
tallized iPP samples and also in most melt-crystallized
specimens [1,2,4,8,9]. The trigonal b modification [10,11]
is a metastable phase and it is developed only under spe-
cial crystallization conditions or in the presence of selec-
tive b nucleating agents [1–4,12–14]. The orthorhombic c
form [15] has been found in the case of low-molecular
. All rights reserved.

: +34 915644853.
ada).
weight iPP and in random copolymers of propylene and
a-olefins [1,2,4,11,16] or by the effect of pressure [17].
Moreover, the c modification is especially favored in the
case of iPP synthesized by metallocene catalysts, because
of the presence of errors homogeneously distributed
among the different polymer chains [18–23].

In addition to those four modifications, a new form has
been recently reported [24–30] in the case of copolymers
of iPP with medium and high contents of 1-hexene or 1-
pentene as comonomers, crystallized at moderate rates
and annealed at room temperature. The new modification,
reported to have a trigonal unit cell [26,27,30], is the only
one obtained for comonomer contents above around
14 mol.%, while variable proportions of it with the a mod-
ification were found in the comonomer range from around
8 to 13 mol.% in 1-hexene. However, it has been also re-
ported that propylene-1-hexene and propylene-1-octade-
cene copolymers prepared by a relatively fast cooling
from the molten state with comonomer molar contents
ranging from 5 to 10 develop the aforementioned meso-
morphic structure [31–33]. The formation of this phase of
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intermediate order in these copolymers is much easier
than that observed in either effective-quenched or
stretched iPP [1,4,34,35].

It has been recently established [36] that the a crystals
are not the only competitors of the trigonal form in an iPP-
1-hexene copolymer with 8.6 mol.% content but the meso-
morphic phase is also a key player.

The aims of this investigation are, on one hand, to learn
if the arrangement in the mesomorphic form is a general
event in fast cooled propylene copolymers synthesized by
an isospecific metallocene catalyst with medium comono-
mer contents, independently of the comonomer type
incorporated, and, on the other hand, to know how length
of the lateral chain branching affects thermal and mechan-
ical parameters. To reach these two main goals metallo-
cene copolymers of propylene with 1-octene, 1-dodecene
and 1-tetradecene with different comonomer contents
have been synthesized and compared with those obtained
previously using 1-hexene and 1-octadecene as comono-
mers at a given composition. The structural and thermal
characterization has been carried out by wide-angle X-
ray diffraction experiments and calorimetric analyses,
whereas the evaluation of the viscoelastic behavior has
been performed by dynamic-mechanical thermal analysis,
and the mechanical response, using uniaxial tensile stress–
strain measurements.
2. Experimental part

Copolymerization of propylene with the different high
a-olefins considered (1-octene, 1-docedene and 1-
tetradecene) was performed as described elsewhere [37]
with toluene as a solvent in a Slurry system in 1 L Buchi
glass reactor, using the rac-Me2Si(2-Me-Ind)2ZrCl2/MAO
catalytic system. The results about either comonomer in
the different samples analyzed, determined by 13C NMR
spectroscopy, are shown in Table 1. The different copoly-
mers were labeled as CiPO, CiPDD and CiPTD for 1-octene
1-dodecene and 1-tetradecene comonomer units, respec-
tively, followed by a number that specifies their comono-
mer molar contents. The copolymers [33] with 1-hexene
and 1-octadecene used as comparison at a given composi-
tion were named CiPH and CiPOD, respectively. A sample
of iPP homopolymer was also prepared under the same
conditions.
Table 1
NMR and GPC characterization of the different propylene copolymers.

Sample Type of
comonomer

Comonomer
content
(mol.%)

Comonomer
content
(wt.%)

Mw

(kg/
mol)

iPP – – – 224
CiPO2.2 1-Octene 2.2 5.7 142
CiPO5.6 1-Octene 5.6 13.7 135
CiPO7.2 1-Octene 7.2 17.1 118
CiPDD4.6 1-Dodecene 4.6 16.2 163
CiPDD9.3 1-Dodecene 9.3 29.1 151
CiPTD2.0 1-Tetradecene 2.0 8.7 150
CiPTD4.7 1-Tetradecene 4.7 18.7 134
CiPH4.6 1-Hexene 4.6 8.8 120
CiPOD5.3 1-Octadecene 5.3 25.1 206
The molecular weights were determined by gel perme-
ation chromatography in a Waters 150 CV-plus system
equipped with an optical differential refractometer (model
150 C). A set of three columns of the Styragel HT type (HT3,
HT4, and HT6) was used with 1,2,4-trichlorobenzene as a
solvent. Standards of polystyrene and polyethylene with
narrow molecular mass distribution were used for
calibration.

Sheets of each polymer were prepared by compression
molding between hot plates at a temperature about 20 �C
above the melting point in a Collin press at a pressure of
around 20 bar for 3 min. The samples were rapidly cooled
from the molten state to room temperature between water
plates at the same pressure. The thickness of the different
films ranged from 0.2 to 0.3 mm.

Wide-angle X-ray diffraction (WAXD) patterns were re-
corded in the reflection mode at room temperature by
using a Philips diffractometer with a Geiger counter, con-
nected to a computer. Ni-filtered CuKa radiation was used.
The diffraction scans were collected over a period of
20 min in the range of 2h values from 3� to 43�. The goni-
ometer was calibrated with a silicon standard. The WAXD
degree of crystallinity, f WAXD

c , was determined from the
X-ray diffractograms after subtraction of the amorphous
profile [38].

Synchrotron experiments at wide angle were performed
on the Non-Crystalline Diffraction Station of the Spanish
Collaborative Research Group (CRG) beamline BM16-CRG
at the ESRF (Grenoble, France). X-ray photographs were ac-
quired using a MarCCD 165 detector (in 1024 � 1024 pix-
els mode) located at 250 mm from the polymer sample.
The X-ray beam was monochromatized at the Selenium
K-edge energy (k = 0.0978 nm). The 2D X-ray diffracto-
grams were processed using the FIT2D program of Dr. A.
Hammersley of ESRF (http://www.esrf.fr/computing/scien-
tific/FIT2D). The profiles were normalized to the primary
beam intensity and the background from an empty sample
was subtracted. The corresponding profiles represent rela-
tive intensity units as a function of the scattering vector,
q = 2p/d = 4p(sin h)/k.

The synchrotron studies at small angle were per-
formed in the Soft-Condensed Matter beamline A2 at
Hasylab (Hamburg, Germany), working at a wavelength
of 0.150 nm. The experiments were carried out at room
temperature and a MarCCD detector was used for acquir-
ing SAXS patterns (sample-to-detector distance being
260 cm). The different orders of the long spacing of rat-
tail (L = 65 nm) were utilized for the SAXS detector
calibration.

Calorimetric analyses were carried out in a TA Instru-
ments Q100 calorimeter connected to a cooling system
and calibrated with different standards. The sample
weights ranged from 6 to 9 mg and the heating rate used
was 20 �C min�1. For crystallinity determinations, a value
of 209 J g�1 has been taken as enthalpy of fusion of a per-
fect crystalline material [39].

Dynamic mechanical relaxations were measured with a
Polymer Laboratories MK II Dynamics Mechanical Thermal
Analyzer, working in a tensile mode. The storage modulus,
E0, loss modulus, E00, and the loss tangent, tan d, of each
sample were obtained as function of temperature over

http://www.esrf.fr/computing/scientific/FIT2D
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the range from –150 to 150 �C at fixed frequencies of 1, 3,
10, 30 Hz, and at a heating rate of 1.5 �C/min. Strips of
2.2 mm wide and 15 mm length were cut from the molded
sheets.

Stress–strain measurements were performed using an
Instron dynamometer equipped with a load cell and an
integrated digital display that provided force determina-
tions. Dumbbell samples with an effective length of
15 mm and a width of 1.9 mm were cut from the compres-
sion-molded sheets. These specimens were then stretched
at a strain rate of 10 mm/min at 23 �C, and Young’s modu-
lus (E), yield stress (rY) and strain (eY) and stress and strain
at break (rB and eB) were determined. The Young’s modu-
lus was measured from the slope of the curve at very small
deformations (the initial linear part of the curve). On the
other hand, the yield stress and strain values were usually
calculated from the maximum on the stress–strain curves
obtained. If a maximum was not observed, the yield point
was estimated by the tangent method. The values reported
for Young’s modulus, yield stress and strain are averages
from, at least, three different specimens of each sample.
5 10 15 20 25 30

iPP

PiPTD2.0
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Fig. 1. X-ray diffraction patterns, at room temperature, in rapidly cooled
and compressed-molded specimens of iPP and the different copolymers
analyzed: CiPO, CiPDD and CiPTD from top to bottom plots, respectively.

Table 2
Overall degree of crystallinity, fc, (obtained by WAXD), content of mono-
clinic crystallites, f WAXD

a , long spacing, LSAXS, and most probable size of
ordered entities, lc, determined at room temperature.

Sample f WAXD
c f WAXD

a LSAXS (nm) lc (nm)

iPP 0.60 0.60 11.8 7.1
CiPO2.2 0.40 0.40 9.3 3.7
CiPO5.6 0.22 0.07 9.0 2.0
CiPO7.2 0.16 0.02 10.1 1.6
CiPDD4.6 0.22 0.06 8.7 1.9
CiPDD9.3 0.15 0.00 11.1 1.7
CiPTD2.0 0.27 0.27 9.3 2.5
CiPTD4.7 0.18 0.03 9.2 1.7
CiPH4.6 0.20 0.08 – –
CiPOD5.3 0.24 0.00 – –
3. Results and discussion

3.1. Structural and thermal properties

Table 1 shows the main characteristics of the propylene
copolymers synthesized with the different comonomeric
units. It is noteworthy that the values of the molecular
weight are rather similar for all of these copolymers and,
moreover, no significant differences are expected in the
content of stereo and regio-regularity defects because of
the synthetic method used [33]. Therefore, these variables
will not be relevant for explanation of the different varia-
tions in the copolymer structure and properties.

On the other hand, Fig. 1 shows the WAXD profiles at
room temperature for the different copolymers and that
found in the iPP homopolymer for comparison. It has to
be reminded that all these specimens have been rapidly
cooled under compression molding. It can be observed that
the profiles of the neat iPP and CiPO2.2 and CiPTD2.0
copolymers exhibit the main diffractions characteristic of
the a monoclinic iPP crystalline modification [7,40]. In
addition, it is noticeable that no evidence of the c modifi-
cation is observed, most probably because of the relatively
high cooling rate used during processing of these copoly-
mers. The intensity of the different reflections decreases
and, consequently, crystallinity becomes smaller as como-
nomer is incorporated (see also Table 2). Moreover, a
broadening of diffractions and a shift of their location to
lower angles are also evident if compared with the iPP pro-
file. These two features are related to the existence of thin-
ner ordered entities as comonomer content is raised in the
copolymer. This assumption can be confirmed by determi-
nation of the long spacing at room temperature of these or-
dered entities by SAXS. For instance, Fig. 2 shows the SAXS
profiles for the homopolymer and the copolymers with 1-
octene. From these maxima, the long spacings, LSAXS, have
been determined, and are listed in Table 2. With these val-
ues and the total WAXD crystallinity of the sample, f WAXD

c ,
the most probable crystallite size in the direction normal
to the lamellae, lc, can be determined by assuming a simple
two-phase model, i.e. lc = f WAXD

c { LSAXS. The results for lc are
also listed in Table 2. On one hand, long spacing is ob-
served in all of the specimens and, on the other hand, the
higher comonomer content is the smaller size of ordered
entities becomes.

The profiles exhibited by the copolymers with molar
content of around 5% under study – CiPO5.6, CiPDD4.6
and CiPTD4.7 – and those taken from literature, CiPH4.6
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and CiPOD5.3 for comparative reasons [33], are depicted in
Fig. 3. The coexistence of very imperfect a crystals and the
mesomorphic modification seems to take place simulta-
neously at these intermediate contents. However, if como-
nomer molar content is further increased the mesomorphic
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Fig. 3. X-ray diffraction patterns, at room temperature, in rapidly cooled
and compressed-molded specimens of different copolymers with similar
comonomeric content. Those profiles related to 1-hexene and 1-octade-
cene have been taken from literature to establish a complete comparison.
form is the only observed, as seen in Fig. 1 and in agreement
with literature data [32,33]. This mesomorphic profile is,
evidently, somewhat different to that found for iPP homo-
polymer [41] due to the fact that now in these CiPO7.2
and CiPDD9.6 samples, with around 17 and 32 wt.% como-
nomer content, the non-crystalline profile is expected to
have an important contribution at around 19–20�, arising
from the comonomer. Another interesting difference with
iPP homopolymers is the experimental conditions at which
this mesomorphic form is developed. The mesomorphic
phase in iPP homopolymer is obtained under very fast
quenching conditions [1–4] and from the stretching of the
c polymorph [23,42,43] in metallocene iPP. However, the
cooling conditions are getting milder when either content
increases for a given copolymer type or comonomer length
is enlarged at an almost constant molar content. Thus, Fig. 1
indicates that copolymers CiPO7.2 and CiPDD9.6, as also
observed in CiPH8.6 and CiPOD7.6 copolymers [33,36], lead
almost to the pure mesomorphic modification by cooling in
the press with refrigerating water, while the homopolymer
and the other copolymers with smaller comonomer content
lead to the a polymorph. Fig. 4 depicts the content of the a
polymorph, f WAXD

a , deduced from the diffractograms.
Therefore, (a) at low contents, around 2 mol.%, the or-

dered entities that exist are exclusively a crystallites –
no presence of c polymorph is detected because of the fast
cooling rate applied; (b) coexistence of a crystals and the
mesomorphic form is observed at intermediate contents,
the proportion of the former diminishing as comonomer
length increases, and (c) at higher contents, around 8–
9 mol.%, the mesomorphic form is the only one developed
(see Table 2).

Fig. 5 shows the DSC curves corresponding to the first
melting process exhibited by the different samples. As ob-
served, Tm values are significantly shifted to lower temper-
atures as comonomer content is increased (see results in
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Fig. 4. Dependence of a crystallites content on comonomer content for
the different copolymers under study. Values found in CiPH4.6 and
CiPOD5.3 copolymers are also included.
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Table 3 and upper plot of Fig. 6). The same decreasing trend
is found for crystallization temperatures. The non-inclusion
of comonomer units within crystallites reduces the length
of the main chain able to crystallize as comonomer content
increases and, consequently, crystal thickness decreases,
crystal lattice is substantially distorted, as aforementioned,
and overall crystallinity is lowered, as deduced from results
listed in Table 3.

In addition, a clear endothermic peak at around 50 �C is
observed in the different quenched samples and its inten-
sity increases as comonomer content does, becoming the
Table 3
DSC values for the different thermal transitions existing in the first melting
process: glass transition, Tg, and melting, Tm, temperatures. Crystallization
temperature during cooling, Tc, is also reported. The DSC crystallinity, f DSC

c ,
is also evaluated in the first melting.

Sample Tg (�C) Tm (�C) Tc (�C) f DSC
c

iPP 1 150 104 0.48
CiPO2.2 �6 129 85 0.34
CiPO5.6 �7 107 45 0.27
CiPO7.2 �17 77 5 0.20
CiPDD4.6 �16 100 44 0.25
CiPDD9.3 �27 75 �1 0.16
CiPTD2.0 �8 122 75 0.33
CiPTD4.7 �19 96 42 0.24
CiPH4.6 �4 114 56 0.30
CiPOD5.3 �29 84 17 0.24
most prominent peak of the curve in the copolymers with
the highest contents, i.e. CiPO7.2 and CiPDD9.3. This peak
has been traditionally assigned to the melting of those
crystals reorganized during the long time annealing at
room temperature. There is an important fraction of the
sample that has crystallized into rather small and imper-
fect a crystallites because of the fast cooling applied during
processing. Therefore, these crystalline entities are able to
melt and recrystallize during the stay of samples at room
temperature prior to their analysis and, consequently, the
initial small a crystallites are slightly enlarged, leading to
the appearance of that peak located at 40–50 �C, which is
present even in the neat iPP. This hypothesis is valid for
the homopolymer and copolymers with low comonomer
contents. However, it is well known that in mesomorphic
iPP homopolymer [7] there is a crystal-like (mesomorphic
phase) to crystal (a crystallites) phase transition, which
presumably may also occur in the present samples. In fact,
it has been reported for a propylene-1-hexene copolymer
with a molar fraction of 8.7 that a melting-recrystallization
process from the mesomorphic entities to the a crystals
takes place at around 50 �C, as deduced from real-time
X-ray measurements [36].

Consequently, real-time experiments, employing syn-
chrotron radiation, have been performed on sample
CiPO7.2 and the results are shown in Fig. 7. These diffrac-
tograms exhibit very good signal-to-noise ratio, and a cer-
tain amount of a crystals is present in the initial sample,
although it is mostly mesomorphic. With increasing tem-
perature, and at around 60 �C, the transformation meso-
morphic to a form is observed, these a crystals melting
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finally at around 95 �C. These transformations can be mon-
itored from the intensity of the peak at q around 11.7 nm�1

(corresponding to 2h around 16.5� for CuKa radiation, as in
Fig. 1). The variation with temperature of the area of that
peak is shown in the upper part of Fig. 8 compared with
the DSC melting curve (lower plot of Fig. 8). It is important
to note that the recrystallization of the mesomorphic
phase into the a crystals is not inferred from the DSC melt-
ing curve, since it does not go below the baseline (exother-
mic). However, a process is clearly observed from the
synchrotron results, being centered at around 60 �C. More-
over, there seems to be an initial decrease of the a peak
intensity up to 55 �C, so that the first melting peak can
be assigned both to the melting of some initial, rather
imperfect, a crystals plus to the melting-recrystallization
process of the mesomorphic entities into a crystallites.

Anyway, from these experiments and from the results
in Fig. 1, it can be anticipated that in all these copolymers,
when the comonomer content is higher than around 4–
5 mol.%, the majority of the ordered entities are of the
mesomorphic type, which will undergo, on heating, a
transformation into a crystals, prior to the final melting.

Coming back to the DSC heating curves in Fig. 5, another
very interesting feature is the behavior of the glass transi-
tion. A significant variation of Tg is observed with both the
comonomer content and the type of comonomer, as de-
picted in lower plot of Fig. 6 for the initial melting. It seems
clear that the depression of the glass transition is deeper as
either composition or length of comonomer increase in the
copolymer. Thus, a reduction of around 30 �C is observed in
the case of the copolymer CiPDD9.3, although it has to be
considered that this sample incorporates a 29% by weight
of 1-dodecene comonomer. In relation with the type of
chain branching, it is clearly seen that mobility within
the amorphous regions is considerably much higher as
length in comonomeric unit is increased when comparing
the different comonomers at a composition of around
5 mol.% (see Fig. 6).
3.2. Dynamic-mechanical response

Fig. 9 represents the DMTA curves for polypropylene and
the CiPTD copolymers as function of temperature. Several
relaxation processes are observed in plots of loss magni-
tudes, tan d and E00, for these copolymers. These relaxations
are also found in the copolymers with 1-octene and 1-dode-
cene, as seen in Fig. 10 for tan d, and. reported in Table 4.
The relaxation at the highest temperature, named as a, is
related to motions within the polymer crystalline phase,
especially to defect diffusion [44]. As the comonomer con-
tent increases, its location is shifted to lower temperatures,
as seen from the E0 and E00 plots, because of the reduction in
crystallinity and crystal size, as previously discussed. It has
been described that changes in the amorphous phase can
also explain the behavior of this relaxation in copolymers,
due to the drifts in properties of the interphase, helping
to relax the diffusion of ending defects in that region [44].

The relaxation placed at around 0 �C is ascribed to gen-
eralized motions of long chain segments that take place
along the glass transition. The cooperative nature of this
movement explains the great decrease in E0 found in this
temperature range. Its intensity in tan d rises as comono-
mer content does in the copolymer because of the increase
in the amorphous fraction within the polymeric material.
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Table 4
Location of relaxation processes on tan d basis at 3 Hz for the different
specimens under study.

Sample Ta (�C) Tb (�C) TCH3
c (�C) TCH2

c (�C)

iPP 80 2 �42 –
CiPO2.2 57 3 �62 –
CiPO5.6 55 �3 �77 �148
CiPO7.2 – �13 �86 �148
CiPDD4.6 47 �15 �81 �150
CiPDD9.3 – �30 �85 �150
CiPTD2.0 58 �6 �68 �144
CiPTD4.7 51 �17 �80 �148
CiPH4.6 57 �3 �77 –
CiPOD5.3 – �20 �58 �149
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Accordingly, the location of the b relaxation also changes
with composition, shifting down to lower temperatures
with increasing comonomer content, because of hindrance
reduction as the amount of ordered entities diminishes. At
approximately constant comonomer content, in agreement
with the Tg calorimetric values, the b relaxation takes place
at lower temperatures and its intensity is enlarged as
length of branching increases, as clearly depicted in the in-
set of Fig. 10 for CiPH4.6, CiPO5.6, CiPDD4.6, CiPTD4.7 and
CiPOD5.3 copolymers. This fact is associated, on one hand,
with the higher flexibility of lateral chains and, on the
other hand, with the larger free volume caused by the
longer comonomeric unit.

Other relaxation process, labeled as cCH3, ascribed to
rotational motions of methyl groups from polypropylene,
is observed at temperatures slightly lower than that re-
lated to cooperative motions. It does actually appear as a
shoulder and not as a well-defined peak in even in the
iPP homopolymer (see Fig. 9). In addition to this cCH3

mechanism, the copolymers with relatively high comono-
mer contents, independently of the type, show an extra
relaxation [31,45] named as cCH2, at around �150 �C. This
new process seems to have the same molecular cause than
the c-relaxation [31,46,47] in polyethylene, which re-
quires, at least, three or more consecutive methylene units.
Therefore, the more methylene units are the more intense
this relaxation is.

Fig. 9 also depicts the dependence of E0, related to the
elastic contribution to the complex modulus, on comono-
meric incorporation. Values are reduced from homopoly-
mer to the copolymers, this decrease being more
significant as comonomer composition is raised. Mono-
clinic crystallites are the stiffer component and their
amount and size are lowered as a-olefin content increases.
3.3. Stress–strain

Fig. 11 shows the results from stress–strain tests for
the different copolymers. Great changes are observed in
the main mechanical parameters when the comonomer
content varies, ascribed to the structural changes that
take place. The most relevant variations are observed in
the yield point and in the elastic modulus values, as seen
in Table 5. The former becomes diffuse and the latest is
reduced as comonomer content increases, indicating the
transition from the necking deformation process typically
exhibited by thermoplastic polymers to a ductile and
elastomeric-like mechanism [31,48,49]. In addition, the
decrease of a-crystal content and the appearance of a



0

10

20

30

40

50

0

10

20

30

40

0 20 300 600 900 1200
0

10

20

30

40

CiPO7.2

CiPO5.6

CiPO2.2

iPP

iPP

σ 
(M

Pa
)

CiPDD9.3

CiPDD4.6

iPP

CiPTD4.7

CiPTD2.0

ε (%)

Fig. 11. Stress–strain curves for the iPP and the different CiPO, CiPDD and
CiPTD copolymers.

Table 5
Main mechanical parameters obtained from nominal stress–strain mea-
surements for the different propylene copolymers.

Sample E (MPa) rY (MPa) eY (% e)

iPP 1100 29 7
CiPO2.2 476 16 9
CiPO5.6 277 11 12
CiPO7.2 101 6 20
CiPDD4.6 173 9 13
CiPDD9.3 37 4 25
CiPTD2.0 421 14 11
CiPTD4.7 171 8 14
CiPH4.6 352 13 11
CiPOD5.3 92 6 15
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softer mesomorphic form lead to a subsequent increase
of flexibility as comonomer content is enlarged. The
amorphous phase behaves as a viscoelastic liquid with
low stress resistance compared with that exhibited by
the ordered phase. Therefore, as ordering is reduced the
content of amorphous regions is enlarged and, conse-
quently, the stress resistance is lowered and the capabil-
ity of being deformed significantly enlarged.

A high mobility is found, as aforementioned, in the
amorphous regions of the copolymers as comonomer
length increases, and then mechanical parameters ob-
tained from the stress–strain curves consequently change
depending on content and type of chain branching. Thus,
focusing the attention in Table 5 at the copolymers with
around 5 mol.% comonomer content, both the Young’s
modulus and the stress at yield seem to decrease with
the increase in the branch length, which seems to be con-
nected with the fact that the mesomorphic phase ease of
formation follows also the same trend.

The decrease of the elastic modulus and yield stress
with increasing comonomer concentration and, therefore,
lowering crystallinity here commented has been also
found in some other ethylene or hexene copolymers
[28,50] whereas a different response is observed for
copolymers with 1-butene as comonomeric unit, then the
Young’s modulus being nearly constant with changing
1-butene composition [28].
4. Conclusions

A considerable decrease in crystallinity is observed with
comonomer content in these quenched copolymers. More-
over, the crystal lattice varies from a monoclinic cell at low
contents to mesomorphic-like ordered entities for the high-
est ones. These variations in crystal structure significantly
influence the location of thermal transitions as well as the
viscoelastic and mechanical behavior of these copolymers.

Several relaxation processes take place, their location
and intensity being strongly dependent upon composition.
As comonomer content increases, the intensity of a relax-
ation, ascribed to motions within crystalline regions,
diminishes and that related to the process associated with
cooperative movements within amorphous phase (b relax-
ation) increases. Moreover, a shift of their location to lower
temperatures is also observed for both processes. On the
other hand, a relaxation related to internal motions within
the comonomeric units (labeled as cCH2) is seen in the
range of very low temperatures as CH2 content is high
enough to be this movement detected. This process is
ascribed to movements of methylenic segments within
the comonomer and, consequently, is strongly dependent
on composition and length of incorporated units.

The cold-drawing deformation mechanism characteris-
tic for iPP evolves to another rather homogeneous-like
simply varying the composition when deformation takes
place at room temperature. Rigidity strongly diminishes
and toughness (estimated from integration of stress–strain
curves) increases with comonomer content, these changes
being more significant as comonomer length increases and
a crystallites are transformed into mesomorphic entities.

These results, joined to some others previously reported
for copolymers of propylene with 1-hexene and 1-octade-
cene, point out that a mesomorphic ordering is developed
in propylene copolymers at not very fast cooling rates.
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