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ABSTRACT: A study of the structure and mechanical properties of syndiotactic polypropylene prepared
with non-metallocene catalysts, based on titanium chlorides bearing phenoxyimine ligands, is reported.
This catalyst promotes living polymerization of propylene, producing high molecular weight syndiotactic
polypropylene, through a secondary (2,1) mechanism of enchainment of monomer and chain-end control
of stereoselectivity. The effect of the presence of m dyads defects of stereoregularity, consistent with the
chain-end mechanism, and defects of regioregularity, due to (1,2) misinsertions, on the crystallization
behavior and mechanical properties is analyzed. As-prepared samples crystallize in conformationally
disordered modifications of the isochiral helical form II containing kink-bands defects. This is probably
due to the presence of regiodefects, producing pairs of vicinal methylene groups along the polymer chains,
which favors, locally, the formation of trans-planar sequences that, in turn, induces the crystallization of
the sample in the kink-bands disordered modification of form II. This also explains the observed stability
of the trans-planar form III obtained in stretched fibers, which does not transform completely in helical
forms by releasing the tension or by annealing, as instead occurs in metallocene-made syndiotactic
polypropylene. The kink-bands disordered modifications are metastable and transform into the most stable
antichiral helical form I by crystallization from the melt. However, disordered modifications of form I
are obtained, even at high crystallization temperatures. The presence of m dyads defects of stereoregularity
prevents the crystallization of the fully ordered antichiral helical form I. These defects may induce
inversions of the helical chirality along the chains so that correlations at long distances between the
chirality of the helices along a and b axes of the unit cell are destroyed. The particular microstructure
also influences the mechanical properties. The analyzed sample presents values of elastic modulus lower
than that of metallocene-made syndiotactic polypropylene of similar stereoregularity, due to higher
flexibility of chains and the presence of higher degrees of disorder in crystals induced by the microstructural
defects. Unoriented compression-molded samples show a remarkable elastic recovery even though the
sample is crystalline and experiences plastic deformation during stretching. As a consequence, oriented
fibers present good elastic properties in a large deformation range. The elasticity is associated with
polymorphic transitions occurring in the crystals during the mechanical stress-relaxation cycles.

Introduction

Syndiotactic polypropylene (s-PP) was synthesized for
the first time in the 1960s by Natta and Zambelli using
a series of homogeneous vanadium-based catalysts at
low temperature.1 The propylene monomer was en-
chained with secondary (2,1) regiochemistry, and ste-
reocontrol was derived from a chain-end mechanism.2-4

Because of the poor syndiospecificity and regiospecificity
of the vanadium-based catalysts, the resulting polymer
had scarcely interesting physicochemical properties and
has received in the past only very little attention.

The mechanism of secondary insertion of monomer
is not common with Ziegler-Natta and metallocene
catalysts. The polymerization reactions are generally
agreed to proceed by coordination of the olefin to a
metal, followed by migratory insertion of the coordinated
olefin into the growing polymer chain. For heteroge-
neous Ziegler-Natta catalysts as well as metallocenes,
R-olefin insertions into metal-alkyl bonds occur pre-

dominately with primary (1,2) regiochemistry, where
the methylene carbon atom is bound to the metal. Small
amounts of regioerrors (<1%) are, however, observed
in polypropylenes prepared with isospecific metallocene
catalysts.5 In these cases (2,1)-insertions generally lower
catalyst activity and molecular weights of the polymers
because insertion rates of olefin into the more bulky
secondary metal-alkyl species are slowed, and â-hy-
dride elimination and chain-end isomerization (1,3-
insertion) become more competitive with chain growth.6

It has also been shown that few catalysts produce
higher levels of secondary insertion, as the zirconocene
rac-C2H4(4,7-Me2H4Ind)2ZrCl2 (Me ) methyl, Ind )
indenyl) activated with methylalumoxane (MAO) re-
ported by Spaleck,7,8 which gives about 19% regioinver-
sion, or the sulfur-bridged bis(phenolate)titanium cata-
lyst of Kakugo,9 which produces nearly completely
regioirregular polypropylenes. Moreover, Brookhart10

and Gibson11 have reported iron-based catalysts that
produce moderately isotactic polypropylene through a
secondary insertion and a chain-end control mech-
anism.12-14

These examples indicate that both exclusive second-
ary regiochemistry and chain-end stereocontrol mech-
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anism have not been obtained with metallocene or
Ziegler-Natta catalytic systems.

Remarkable degrees of chain-end control have been
observed for various C2v-symmetric catalyst precur-
sors. For instance, the Cp2TiPh2/MAO catalyst system
(Cp ) cyclopentadienyl, Ph ) phenyl) of Ewen produces
poorly isotactic polypropylene at low temperatures,15 but
chain-end stereocontrol is completely lost at elevated
temperatures, giving an atactic polymer. Also in the case
of a syndiospecific polymerization of propylene, besides
the vanadium-based catalyst of Natta and Zambelli,1
high degrees of chain-end control have been observed
by Pellecchia with nickel-based MAO-activated complex
at -78 °C.16 The polymerization proceeds by a primary
insertion mechanism, as in metallocene systems,17-19

but also in this case the stereocontrol is lost at ambient
temperatures, producing an atactic polymer.

An example of catalytic system able to produce
stereoregular polymers through a chain-end mechanism
even at ambient temperature is the iron-based complex
bearing bis(imino)pyridyl ligands, reported by Brook-
hart.14 This catalyst produces relatively high degrees
of isotacticity at -20 °C and moderately isotactic-
enriched polymers even at 20 °C13 due to the secondary
(2,1)-insertion mechanism.

Only recently, Coates et al. have found a new family
of nonmetallocene catalysts based on titanium chlorides
bearing phenoxyimine (PHI) ligands (Chart 1), which
are able to promote living polymerization of propylene
producing highly syndiotactic polypropylene with high
molecular weight,20 through exclusive chain-end control
of stereoregularity and secondary (2,1) mechanism of
monomer enchainment. These catalysts also produce
ethylene and propylene-based block copolymers21,22 and
are based on a class of compounds extensively studied
by Mitsui for ethylene polymerization.23-28 It is worth
noting that at variance with the chiral C2-symmetric
metallocenes discovered by Ewen15 and Brintzinger and
Kaminsky,29 which produce isotactic polymers, the C2-
symmetric nonmetallocene catalysts of Chart 1 produce
highly syndiotactic polypropylenes.20,21 Coates et al.20-22

have proposed that the selectivity was derived from
chain-end control enhanced by a secondary mechanism
of enchainment. Fujita and co-workers have recently
reported evidences of the presence of end groups of

polypropylenes consistent with elimination following
2,1-insertion of propylene.30 Moreover, end group analy-
sis revealed that insertion of propylene into the initiat-
ing titanium hydride occurs with high 1,2-regiochem-
istry. Subsequent insertions into primary titanium
alkyls are regiorandom, while insertions into secondary
titanium alkyls proceed with high 2,1-regioselectivity.22

Because of the chain-end stereocontrol and the sec-
ondary (2,1) insertion, s-PP prepared with phenoxy-
imine-based titanium catalysts of Chart 1 presents a
microstructure different from that of s-PP prepared with
Cs-symmetric metallocene catalysts.31 Chains of s-PP
prepared with nonmetallocene catalysts of Chart 1 are,
indeed, characterized by defects of stereoregularity
represented basically by isolated m dyads (..rrrmrrr..),
consistent with chain-end control, and pairs of vicinal
methylene groups as a result of occurrence of defects in
the secondary (2,1)-regiospecificity. Samples prepared
with Cs-symmetric metallocene catalysts are instead
characterized by mm triads stereodefects,31 whose
amount depends on the polymerization temperature,
consistent with the enantiomorphic site control mech-
anism, and m dyads defects as a results of skipped
insertion.

In the past years we have shown that the crystalliza-
tion and the physical properties of isotactic and syn-
diotactic polypropylenes prepared with metallocene
catalysts strongly depend on the microstructure of the
polymer chains, in particular on the kind of stereo- and
regiodefects and on the distribution of defects along the
polymer chains.32-40 It is, therefore, expected that the
different types of defects present in chains of s-PP
samples prepared with the nonmetallocene phenoxy-
imine-based catalysts (Chart 1) may induce different
crystallization and physical properties in the resulting
materials. Moreover, since these s-PPs are produced
with a living olefin polymerization, they are character-
ized by narrow molecular masses distribution and
controlled values of the molecular weight, with a
consequent expected effect on the elastic properties of
s-PP.39,40 The importance of studying the structure and
mechanical properties of s-PP from these non-metal-
locene catalysts is related to the possibility to form with
living olefin polymerization block copolymers having
crystallizable polyolefin blocks, made of polyethylene or
s-PP, with potential interesting properties. In this paper
the structural characterization and analysis of the
mechanical properties of this novel s-PP are reported,
and the effect of different defects is discussed.

Experimental Section
The syndiotactic polypropylene sample sPP(PHI) was pre-

pared as described in refs 20-22 using the bis(phenoxyimine)-
titanium-based catalyst 2 of Chart 1 activated with MAO.

Microstructural analysis performed by solution 13C NMR
has revealed that the polymer sample is highly syndiotactic
with fully syndiotactic pentad content [rrrr] ) 90%. A chain-
end control mechanism is operative, producing concentration
of m dyads stereodefects of 3.6%. The microstructural char-
acteristic and other physical properties of the sample are
reported in Table 1. The polymer sample exhibits a melting
temperature of 140 °C, a very high molecular weight Mn )
690 000 (Mw ) 814 000), and a narrow molecular weight
distribution (Mw/Mn ) 1.18). As demonstrated in refs 21 and
22, these data and a lack of olefinic end groups in both the 1H
and 13C NMR spectra indicate the living nature of the
polymerization.

The structure and the physical properties of the sample
sPP(PHI) have been compared with those of a s-PP sample

Chart 1. Catalyst Precursors Based on
Bis(phenoxyimine)titanium Complex for the Living
Polymerization of Propylene to Highly Syndiotactic

Polypropylene20-22
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prepared with the Cs-symmetric metallocene catalyst iso-
propylidene(cyclopentadienyl)(9-fluorenyl)ZrCl2 ((CH3)2C(Cp)-
(9-Flu)ZrCl2) activated with MAO,31 having a similar stereo-
regularity (sample sPP(Cs)). The sPP(Cs) sample was polym-
erized at 80 °C, producing a highly syndiotactic polymer with
a concentration of rrrr pentad of 91%, containing comparable
amounts of mm triad and m dyad stereodefects and no
measurable regiodefects. The microstructure and the physical
properties of the sample sPP(Cs) are summarized in Table 1.
This sample corresponds to sample s-PP(3) of ref 36.

The solution 13C NMR spectrum of the s-PP samples were
recorded on a Varian XL-200 operating at 50 MHz in the
Fourier transform mode of 10% w/v polymer solutions in
deuterated tetrachloroethane (also used as internal standard)
at 125 °C.

Molecular weights (Mw and Mn) and polydispersity (Mw/Mn)
were determined by high-temperature gel-permeation chro-
matography (GPC) in 1,2,4-trichlorobenzene at 140 °C relative
to standard polystyrene.21

The calorimetric measurements were performed with a
differential scanning calorimeter (DSC) Perkin-Elmer DSC-7
in a flowing N2 atmosphere. The melting temperatures were
taken as the peak temperature of the DSC curves.

The sample sPP(PHI) was isothermally crystallized from the
melt at different temperatures. The as-prepared sample was
melted at 200 °C and kept for 5 min at this temperature in a
N2 atmosphere; it was then rapidly cooled to the crystallization
temperature, Tc, and kept at this temperature, still in a N2

atmosphere, for a time tc long enough to allow complete
crystallization at Tc. The samples were then rapidly cooled to
room temperature and analyzed by X-ray diffraction and
differential scanning calorimetry. In the various isothermal
crystallizations, the crystallization time tc is different depend-
ing on the crystallization temperature. The shortest time is
24 h for the lowest crystallization temperature and increases
with increasing the crystallization temperature, up to 2 weeks
for the highest crystallization temperature.

The degree of order present in the structure of form I in
the samples crystallized from the melt was evaluated from the
measure of the ratio between the intensities of the 211 and
020 reflections, at 2θ ) 18.8° and 15.8°, respectively, R )
I(211)/I(020).36 The intensities of 211 and 020 reflections were
measured from the area of the corresponding diffraction peaks
arising above the diffuse halo in the X-ray powder diffraction
profiles.

Oriented fibers of the sample sPP(PHI) have been obtained
by stretching at room temperature and at drawing rate of 10
mm/min compression-molded samples. Compression-molded
films used for the measurements of the mechanical properties
and the preparation of oriented fibers were obtained by melting
the s-PP powder sample at 180 °C between perfectly flat brass
plates under a press at very low pressure and slowly cooling
to room temperature. Special care has been taken to obtain
films with uniform thickness (0.3 mm) and minimize surface
roughness, according to the recommendation of the standard
ASTM D-2292-85.

X-ray diffraction patterns were obtained with Ni-filtered Cu
KR radiation. The powder profiles were obtained with an
automatic Philips diffractometer, whereas the fiber diffraction
patterns were recorded on a BAS-MS imaging plate (FUJI-
FILM) using a cylindrical camera and processed with a digital
imaging reader (FUJIBAS 1800). The X-ray fiber diffraction
patterns have been recorded for stretched fibers soon after the
stretching and keeping the fiber under tension as well as for
relaxed fibers, that is, after keeping the fiber under tension

for 2 h and then removing the tension, allowing the complete
relaxation of the specimens.

The index of crystallinity was evaluated from the X-ray
powder diffraction profiles by the ratio of the crystalline
diffraction area and the total area of the diffraction profile.

Solid-state 13C NMR CPMAS spectra were recorded at room
temperature on a Bruker AC-200 spectrometer, equipped with
an HP amplifier 1H 200 MHz, 120 W continuous wave, and
with a pulse amplifier M3205. The samples (50 mg) were
packed into 4 mm zirconia rotors and sealed with Kel-F caps.
The spin rate was kept at 8.0 kHz, and the 90° pulse was 3.0
µs. The contact time for the cross-polarization, optimized in
order to maximize the signals in the rigid (crystalline) regions
of the samples, was 1 ms; the relaxation delay time was 4 s.
Spectra were obtained with 1024 points in the time domain,
zero-filled, and Fourier-transformed with size of 2048 points;
7200 scans were performed for each sample. Crystalline
polyethylene was used as external reference at 33.6 ppm from
tetramethylsilane.

Mechanical tests have been performed at room temperature
on compression-molded films and oriented fibers of the sample
sPP(PHI) with a miniature mechanical tester apparatus
(Minimat, by Rheometrics Scientific), following the standard
test method for tensile properties of thin plastic sheeting
ASTM D882-83.

Mechanical tests have been first performed on the un-
stretched compression-molded films. Rectangular specimens
10 mm long, 5 mm wide, and 0.3 mm thick have been stretched
up to the break or up to a given strain ε. Two benchmarks
have been placed on the test specimens and used to measure
elongation. Similar tests have been then performed at room
temperature on the strained and then stress-relaxed fibers.
Stress-relaxed fiber specimens have been prepared by stretch-
ing the compression-molded films of initial length L0 up to
strain of 500% (final length Lf ) 6L0), keeping the fibers under
tension for 10 min at room temperature, and then removing
the tension, allowing the specimens to relax.

Mechanical cycles of stretching and relaxation have been
performed at room temperature on these stress-relaxed fibers,
and the corresponding hystereses have been recorded. In these
cycles the stress-relaxed fibers of the s-PP sample, having the
new initial length Lr, have been stretched up to the final length
Lf ) 6L0, i.e., up to the elongation ε ) [(Lf - Lr)/Lr] × 100, and
then relaxed at a controlled rate. The values of the tension
set have been measured after each cycle according to the
standard test method ASTM D412-87. The final length of the
relaxed specimens Lr′ has been measured 10 min after the end
of the relaxation step, and the tension set has been calculated
by using the following formula: ts(ε) ) [(Lr′ - Lr)/Lr] × 100.

Values of tension set have been also measured on unoriented
compression-molded films after breaking. Specimens of initial
length L0 have been stretched up to the break. Ten minutes
after breaking the two pieces of the sample have been fit
carefully together so that they are in contact over the full area
of the break, and the final total length Lr of the specimen has
been obtained by measuring the distance between the two
benchmarks. The tension set at break has been calculated as
tb ) [(Lr - L0)/L0] × 100.

In the mechanical tests the ratio between the drawing rate
and the initial length was fixed equal to 0.1 mm/(mm × min)
for the measurement of Young’s modulus and 10 mm/(mm ×
min) for the measurement of stress-strain curves and the
determination of the other mechanical properties (stress and
strain at break and tension set). The reported values of the

Table 1. Melting Temperatures, Molecular Masses (Mw), Polydispersity Indices (Mw/Mn), and Distribution of Pentads
Stereosequences of Samples sPP(PHI), Prepared with Catalyst 2 of Chart 1, and Sample sPP(Cs), Prepared with the

Classic Cs-Symmetric Metallocene Catalyst (CH3)2C(Cp)(9-Flu)ZrCl2/MAO

sample Tm (°C) Mw Mw/Mn

[mmmm]
(%)

[mmmr]
(%)

[rmmr]
(%)

[mmrr]
(%)

[rmrr] + [mmrm]
(%)

[rmrm]
(%)

[rrrr]
(%)

[rrrm]
(%)

[mrrm]
(%)

sPP(PHI) 140 814 000 1.18 0.5 0 0 0 3.6a 0.9 89.8 3.8 1.4
sPP(Cs) 146 164 000 2.2 0 0 1.7 2.7 1.6a 0 91.0 3.0 0

a In both samples the observed signals in the 13C NMR spectra basically correspond to the pentad rmrr.
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mechanical properties are averaged over at least five inde-
pendent experiments.

Results and Discussion
Structural Characterization. Powder Samples.

The structure and properties of syndiotactic polypro-
pylene produced with single center metallocene cata-
lysts have been extensively studied.36-48 In particular,
deep analyses of the crystallization behavior and me-
chanical properties have been reported either for s-PP
prepared with Cs-symmetric catalysts, based on zir-
conium complexes bearing cyclopentadienyl and fluo-
renyl ligands,31 having medium-high stereoregularity
([rrrr] > 80%),36-48 or for high molecular weight s-PP
having low syndiotacticity ([rrrr] ) 50-60%),49-51 pre-
pared with constrained geometry catalysts.52

A very complex polymorphic behavior has been de-
scribed. Four different crystalline forms,36-48 shown in
Figure 1, and a mesomorphic form53-55 have been found.

The most stable form I (Figure 1A,B) and the metastable
form II (Figure 1C) are characterized by chains in
s(2/1)2 helical conformation, packed in orthorhombic
unit cells.36,37,41,44,56 The two metastable modifications,
form III (Figure 1D) and form IV (Figure 1D), present
chains in trans-planar42 and (T6G2T2G2)n

43,47 helical
conformations, respectively.

A polymorphic transition between the trans-planar
form III and the isochiral helical form II has been
observed in oriented fibers.37,39,40,48 The trans-planar
form III can be obtained by stretching at room temper-
ature highly stereoregular s-PP samples42,44 and trans-
forms into the isochiral helical form II upon releasing
the tension.37,39,40,48 This transition is reversible; the
trans-planar form III and the helical form II transform
each other by stretching and relaxing oriented fibers.40

The formation of the four crystalline modifications
depends on the condition of crystallization and the
stereoregularity of the sample.36-40,44,55 As-prepared and
melt-crystallized samples of s-PP having high degree
of stereoregularity (with [rrrr] higher than 90%) always
crystallize in the most stable form I (Figure 1A,B).36,41,44,46

As shown in ref 36, form I of s-PP crystallizes from the
melt in different modifications characterized by variable
amounts of disorder depending on the crystallization
temperatures. The limit ordered modification of form I,
characterized by a regular alternation of right- and left-
handed 2-fold helical chains along both axes of the unit
cell (Figure 1A),41 is obtained at high values of the
crystallization temperature. For lower stereoregular
samples, with [rrrr] in the range 88-75%, disordered
modifications of form I, characterized by disorder in the
alternation of right- and left-handed helical chains along
the axes of the units cell (Figure 1B), are always
obtained by melt-crystallization, even at high crystal-
lization temperatures.37,38

Different polymorphic behaviors in samples having
different stereoregularities have been observed also in
oriented fibers.37,39 The pure trans-planar form III
(Figure 1D) is, indeed, obtained only for highly syndio-
tactic samples ([rrrr] higher than 90%) by stretching
compression-molded films at room temperature37,39,42,44

or by cold-drawing at temperatures below the glass
transition temperature.42,44,57 The lower the syndiotac-
ticity, the more difficult is the formation of the trans-
planar form III by stretching.37,38 In the case of very
low stereoregular s-PP samples prepared with con-
strained geometry catalysts, with rrrr contents in the
range 40-50%, the trans-planar form III is never
observed in stretched fibers, and only the disordered
mesomorphic form can be obtained by stretching.49-51

The different polymorphic behavior upon stretching is
most probably linked to the different amounts of defects
of stereo- and regioregularity of the chains. It has been
suggested that defects of stereoregularity and, probably,
even regioregularity are highly tolerated within the
lattices of the crystalline modifications of s-PP with
chains in helical conformation,37,39,45 whereas such
defects would be hardly included in the crystalline
lattice of the trans-planar form III. Great influence of
the mm triad or m dyad stereodefects on the crystal-
lization of the isochiral helical form II, in both powder
and fiber samples, has been also suggested.37

These data indicate that different types of defects of
stereoregularity and/or regioregularity may give differ-
ent influences on the polymorphic behavior and, as a
consequence, on the physical properties of s-PP.

Figure 1. Models of packing of the limit ordered form I (A),
the limit disordered form I (B), form II (C), form III (D), and
form IV (E) of s-PP. R ) right-handed helix; L ) left-handed
helix.
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The solution 13C NMR spectrum of the sample sPP-
(PHI), prepared with the bis(phenoxyimine)titanium-
based catalyst 2 of Chart 1, is reported in Figure 2. The
main resonances observed in the region of methyl
carbon atoms are at 20.85, 20.32, and 20.19 ppm, which
correspond to the rrmr, rrrr, and rrrm pentad stereo-
sequences. The concentrations of pentads are reported
in Table 1. The ratio of concentrations of pentads rrrm
and rrmr is nearly 1, consistent with the chain-end
mechanism of stereocontrol,20-22 with a content of m
dyads defects of 3.6% (Table 1).

Moreover, the spectrum of Figure 2 also presents less
intense and broad resonances in the ranges 14.6-15.8
and 16.6-17.4 ppm, corresponding to vicinal threo and

erythro methyl carbon atoms,58 respectively, in the
range 34-36.4 ppm, corresponding to vicinal methylene
carbon atoms and vicinal threo and erythro methine
carbon atoms,58 and in the range 41.5-44.6 ppm,
corresponding to methylene carbon atoms close to
vicinal methine or methylene groups. This indicates the
presence of defects of regioregularity, due to primary
(1,2) insertions in a prevailingly secondary (2,1) en-
chainment.21,22 These resonances are spread between
14-17, 34-36, and 41-45 ppm because of the stereo-
irregular environment. The assignment of the reso-
nances present in the spectrum of Figure 2, arising from
the regioirregular sequences shown in Chart 2, is
reported in Table 2 according to the designation of ref
58. From the intensities of the PR,â signals an amount
of nearly 2% of defects of regioregularity has been
evaluated.

The X-ray powder diffraction profile and the solid-
state 13C NMR CPMAS spectrum of the as-prepared
sample sPP(PHI) are shown in Figure 3. The diffraction
profile (Figure 3A) presents both 020 and 110 reflections
at 2θ ) 16° and 17°, respectively, typical of the anti-
chiral helical form I (Figure 1A) and isochiral form II
(Figure 1C), respectively.41,44,46,56 This indicates that the
as-prepared sample is crystallized in mixture of the two
polymorphic helical forms. It is worth noting that the
isochiral helical form II is generally obtained only in
stretched fibers of s-PP,37,56 whereas powder samples
crystallized from the melt or solutions are always in the
antichiral form I.44 Only in special conditions, that is
for low stereoregular s-PP samples, quench precipitated
from solutions, conformationally disordered modifica-
tions of form II have been crystallized in powder
samples.59 The result of Figure 3 indicates that the
sample sPP(PHI) obtained with the phenoxyimine cata-
lyst provides a rare example of crystallization of the
isochiral helical form II in powder samples of s-PP.

The solid-state CPMAS 13C NMR spectrum of the as-
prepared sample sPP(PHI) (Figure 3B) is characterized

Table 2. Chemical Shifts of Resonances Observed in the 13C NMR Spectrum of the Sample sPP(PHI) of Figure 2,
Corresponding to Carbon Atoms in the Regioirregular Sequences of Chart 2a

carbon designation chemical shift (ppm) carbon designation chemical shift (ppm)

1′ PR,â(threo) 14.6-15.8 7 Tâ,γ 31.1
1 PR,â(erythro) 16.6-17.4 9 SγR,Rδ 41.5-42.4
2 TR,â 34.2-36.5 13 TR,γ 38.4-39.0
2′ TR,â 34.2-36.5 14 SâR,âδ 32.5
3 SγR,Râ 43.0-44.6 15 SγR,âγ 34.2-36.5
6 SγR,âδ 34.2-36.5 16 SâR,Rγ 41.5-42.4

a The designation of methyl, methylene, and methine carbon atoms is also reported.58

Figure 2. Solution 13C NMR spectrum of the sample sPP-
(PHI) prepared with the catalyst 2 of Chart 1 (A). Regions of
the spectrum of the methyl carbon atoms resonance (B,C). The
resonances of methyl (B) and methylene carbon atoms (A) in
regiodefective sequences (Chart 2 and Table 2) and the
assignment of methyl signals to pentads stereosequences (C)
are also shown.

Chart 2. Fischer Projections of Regioirregular
Sequences in Polypropylene Chains
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by the usual resonances of methyl, at δ ) 21.9 ppm,
methine, at 27.4 ppm, and methylene carbon atoms, at
40.0 and 48.6 ppm, typical of the 2-fold (TTGG)n helical
conformation of s-PP,60 and by additional resonances at
δ ) 19.7 and 22.7 ppm, for the methyl carbon atoms,
and at δ ) 44.5 and 50.1 ppm for the methylene carbon
atoms.

These features are similar to those present in the
spectra of low stereoregular s-PP samples quench-
precipitated from solutions and crystallized in kink-
bands disordered modifications of form II, described in
recent papers.59 We have indeed interpreted the pres-
ence of these additional resonances with the presence
of conformational disorder of the chains in the crystal-
line phase, which originates from the presence of trans-
planar sequences in chains having a prevailing 2-fold
(TTGG)n helical conformation.59 In particular, the reso-
nance at δ ) 44.5 ppm was assigned to CH2 groups in
a TT.TG or GT.TT conformational environment, which
experience one γ-gauche effect (the dots indicate the
methylene carbon atoms), whereas the resonance at 19.7
and 50.1 ppm was assigned to methyl and methylene
carbon atoms, respectively, in portions of chains in
trans-planar TTTT conformation,59 according to the
resonances found for the trans-planar form III of s-PP.61

Finally, the resonance at 22.7 ppm could be attributed
to methyl carbon atoms placed at the interface between
the trans-planar and the helical portions of chains or
belonging to the noncrystalline phase.59

The presence of these additional resonances in the
spectrum of Figure 3B indicates that crystals of form
II obtained in mixture with form I in the as-prepared
sample sPP(PHI), as evidenced by the diffraction profile
of Figure 3A, are actually in the kink-bands conforma-
tionally disordered modifications of form II, like, for
instance, that shown in the model of Figure 4.59 In this
model portions of chains in ordered s(2/1)2 helical
conformation, having the same chirality, are connected
by portions of chains in trans-planar conformation (in
the most probable model this portions of chain are T6
sequences), producing kink-bands defects in G2T6 con-
formation. According to this model, each chain contain-
ing a kink-band G2T6 defect contains two methylene
groups in a GT.TT conformational environment, giving

the resonance at 44.5 ppm, one methylene group in a
TT.TT sequence, one methylene carbon atom in a TG.GT
sequence, and two methyl groups in TTTT sequences,
corresponding to the resonances at ≈50, ≈49, and 19.7
ppm, respectively. The ratio between the intensity of
the methylene resonance at 44.5 ppm and that of the
resonance of the methyl groups in TTTT sequences at
19.7 ppm should be nearly 1, according with the intensi-
ties observed in the experimental spectrum of Figure
3B.

It is worth noting that kink-bands disordered modi-
fications of form II of the kind of Figure 4 have also been
observed in as-prepared samples of syndiotactic propyl-
ene-ethylene copolymers.62 The formation of these
disordered modifications is easier in the copolymers
than in the case of the s-PP homopolymer prepared with
the same Cs-symmetric catalysts because it is kinetically
favored by the easier local formation of trans-planar
sequences in the presence of ethylene units.62 The
inclusion of ethylene comonomeric units in the crystal-
line regions of copolymers favors, locally, the formation
of trans-planar sequences, which, in turn, induces the
crystallization of the samples in disordered modifica-
tions of form II containing kink-bands.62

The data of Figure 3 clearly indicate that the sample
sPP(PHI) produced with the phenoxyimine-based cata-
lyst 2 of Chart 1 presents a crystallization behavior
similar to that of the propylene-ethylene copolymers,
since kink-bands disordered modifications of form II are
more easily obtained in the as-prepared sample than
in the case of s-PP prepared with Cs-symmetric metal-
locene catalysts. This is probably due to the presence
of nonnegligible amount (about 2%) of defects in the
regular secondary (2,1) enchainment, which produce
vicinal methylene carbon atoms -CH2-CH2-, due to
secondary (2,1) insertion into a primary metal-alkyl
bond (after a primary (1,2) insertion).21,22 The presence
of pairs of methylene groups along the polymer chains

Figure 3. X-ray powder diffraction profile (A) and solid-state
13C NMR CPMAS spectrum (B) of the as-prepared sample
sPP(PHI) prepared with the catalyst 2 of Chart 1.

Figure 4. Model for the conformationally disordered modi-
fications of form II of s-PP containing kink bands. The chains
are in a prevailing 2-fold helical conformation with defects
characterized by trans-planar conformational sequences. The
defective portions of the chains are clustered in planes,
delimitated by the dashed lines, and correspond to conforma-
tional sequences G2T6. The chains are packed like in the form
II of s-PP, the helical portions of the chains being isochiral.
The chains drawn with thick and thin lines are at b ) 0 and
0.5, respectively.
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probably favors, locally, the formation of trans-planar
sequences, which, in turn, induces the crystallization
of the sample in the kink-bands disordered modification
of form II of Figure 4.

The X-ray powder diffraction profiles of samples
obtained by isothermal crystallizations from the melt
at various temperatures Tc of the sample sPP(PHI) are
reported in Figure 5. It is apparent that, while the as-
prepared sample is crystallized in the kink-bands
disordered modification of form II (Figures 3 and 4), the
sample crystallizes from the melt at any temperature
in the stable antichiral form I (Figure 1A,B). This is
demonstrated by the presence of the 200, 020, and 211
reflections at 2θ ) 12.2°, 16°, and 18.8°, respectively,
typical of the antichiral form I (Figure 1A),36,41 and the
absence of the 110 reflection at 2θ ) 17°, typical of the
isochiral helical form II (Figure 1C),44,56 in the diffrac-
tion profiles of Figure 5. As observed for the metallocene
s-PPs,59 and for propylene-ethylene copolymers,62 the
kink-bands disordered modifications of form II (Figure
4) are metastable and can be obtained only in the as-
prepared samples by fast crystallization from the reac-
tion medium. After melting and successive crystalliza-
tion the stable antichiral form I is obtained (Figure 5).

The data of Figure 5 indicate that at low crystalliza-
tion temperatures disordered modifications of form I,
characterized by a statistical disorder in the positioning
of right- and left-handed helical chains (Figure 1B), are
formed, as demonstrated by the absence and/or the low
intensity of the 211 reflection at 2θ ) 18.8° in the X-ray
powder diffraction profiles of Figure 5a,b. We recall that
the 211 reflection at 2θ ) 18.8° is typical of the packing
characterized by the regular alternation of 2-fold helices
of opposite chirality along the a and b axes (Figure
1A).36,41,46 This reflection is present only in the X-ray
diffraction profiles of the samples crystallized at high
temperatures, and its intensity increases with increas-

ing the crystallization temperature (Figure 5c-e). The
diffraction profiles of Figure 5 indicate that with in-
creasing the crystallization temperature crystals of form
I of s-PP, characterized by a certain degree of order in
the alternation of right- and left-handed helices along
the axes of the unit cell, are obtained. Quite ordered
modifications of form I of s-PP are formed only at high
crystallization temperatures. However, even at the
highest crystallization temperature, the intensity of the
211 reflection is still lower than that expected for the
limit ordered structure of form I of s-PP.36 This indicates
that for the sample sPP(PHI) the ordering process in
the alternation of right- and left-handed helices along
the axes of the unit cell and the formation of the ideally
ordered antichiral form I of Figure 1A36,41 are prevented.

The intensity of the 211 reflection at 2θ ) 18.8° can
be used as a measure of the degree of order present in
the crystals of form I.36 Precisely, since the intensity of
the 020 reflection is constant with Tc, we use the ratio
between the intensities of 211 and 020 reflections, at
2θ ) 18.8° and 16°, respectively, R ) I(211)/I(020), to
eliminate any dependence of the diffraction intensity on
the crystallinity and the thickness of the samples.36 The
values of R of the melt-crystallized samples are reported
in Figure 6 as a function of the crystallization temper-
ature and compared with the values of R of the sample
sPP(Cs), prepared with the common Cs-symmetric
metallocene catalyst, having similar stereoregularity
([rrrr] ) 91%), taken from the ref 36.

It is apparent that, while for the metallocene-made
s-PP the order parameter R increases with Tc from R )
0, corresponding to the limit disordered structure of
form I, characterized by a statistical positioning of right-
and left-handed helical chains in each site of the lattice
(Figure 1B), to a constant value R ≈ 1, corresponding
to the limit ordered structure of form I (Figure 1A),36

for the nonmetallocene sample sPP(PHI) the limit
values of R is lower than 1 and approaches to about 0.5.

In recent papers we have demonstrated that the
maximum degree of structural order in the alternation
of right- and left-handed helical chains in the stable
form I that can be achieved by melt-crystallizations
depends on the stereoregularity of the sample.36,37,51

Form I of s-PP, indeed, crystallizes from the melt in
different modifications characterized by variable amounts
of disorder depending on the crystallization temperature
and stereoregularity. For low stereoregular s-PP samples,
with [rrrr] lower than 80%, disordered modifications of
form I, characterized by disorder in the alternation of

Figure 5. X-ray powder diffraction profiles of specimens of
the sample sPP(PHI) isothermally crystallized from the melt
at the indicated crystallization temperatures Tc. The 020 and
211 reflections at 2θ ) 16° and 18.8°, respectively, of form I
are also indicated.

Figure 6. Values of the order parameter R of s-PP samples
crystallized from the melt are reported as a function of the
crystallization temperature Tc: (9) sample sPP(PHI) from
nonmetallocene octahedral catalyst 2 of Chart 1; (O) sample
sPP(Cs) from Cs-symmetric metallocene catalyst (data from
ref 36).
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right- and left-handed helical chains along the axes of
the units cell (Figure 1B), are always obtained by melt-
crystallization, even at high crystallization tempera-
tures.37,38,51 In these samples, small amounts of crystals
of form II are present37 and/or a mode of packing of form
II occurs as a defect in a prevailing mode of packing of
form I.37,38 This kind of defect corresponds to a disorder
in the stacking of bc layers of chains along the a axis,
implying b/4 shifts among consecutive bc layers piled
along a.41,45 Less stereoregular samples are therefore
not able to crystallize from the melt in the ordered form
I, owing to the tendency to form local arrangements of
the chains as in form II.37,38

The data of Figures 5 and 6 indicate that, even though
the sample sPP(PHI) from phenoxyimine-based catalyst
and the metallocene-made sample sPP(Cs) present
similar relatively high stereoregularity ([rrrr] ) 90-
91%), their polymorphic behavior is completely different.
In the sample sPP(PHI) the formation of the ordered
antichiral packing is prevented even at high crystal-
lization temperatures. This different behavior is prob-
ably related to the different microstructures of the two
samples, that is, the different types of microstructural
defects produced by the different catalysts. As discussed
above, the sample sPP(PHI) prepared with the catalyst
of Chart 1 is mainly characterized by the presence of
significant amount (3.6%) of isolated m dyads stereo-
defects, due to the chain-end stereocontrol, and of about
2% of regiodefects, due to primary insertion of the
monomer in a prevailingly secondary (2,1) enchainment.
The metallocene-made sample sPP(Cs) is instead char-
acterized by lower amount (1.7%, Table 1) of isolated
mm triads and m dyads stereodefects, and no measur-
able regiodefects are generally observed.31

The effects of the presence of stereodefects on the
ordering of the position of right- and left-handed helical
chains in the form I of s-PP may be explained consider-
ing the modeling of the origin of disorder in the various
polymorphic forms of s-PP proposed by us some years
ago.45 We argued that the experimental evidence that
s-PP may crystallize in statistically disordered modifica-
tions of both helical forms I and II, as for instance the
structure of Figure 1B for form I (described by the
statistical space group Bmcm),36 implying that chains
of opposite chirality may be found with the same
probability in each site of the lattice, poses the question
of whether each single macromolecular chain may take
successively right- and left-handed helical conformations
along the chain axis, while maintaining a correlation
in the position of the methyl groups. We have suggested
that such inversions of the chirality of the helical
conformation may occur along a single macromolecular
chain in correspondence of m dyads defects of stereo-
regularity (i.e., for ...rrrmrrr... sequences). A model of
conformational inversion in a s-PP chain pinned to a m
dyad defect is shown in Figure 7A.45

In this model it is assumed that right- and left-handed
portions of the chain are connected by the m defect and
are coaxial. Low conformational energy is achieved by
slight distortions of the torsion angles of bonds around
the m defects from the gauche value. The sequence of
torsion angles in the model of Figure 7A is, indeed,
...(G-G-TT)n(G′G′′)(TTG+G+)m..., where G′ and G′′ are
torsion angles slightly deviated from the G- value. The
positions of the methyl groups belonging to the two
enantiomorphic portions of chain, a few atoms beyond
the defect, are at the proper crystallographic positions

so that methyl carbon atoms are well interdigitated with
those of adjacent chains, at a low cost of free energy.45

Such type of defects are, therefore, probably tolerated
within the crystals of s-PP. In such crystals, however,
even in the case that one or more inversions of helical
chirality are present along each chain axis, we can
always imagine a core of the crystal where a strong
correlation between chiralities of neighboring chains is
maintained in the short range, and more external parts,
in which the precise correlation fades away and, finally,
disappear at long distances. A possible model of the
crystal is shown in Figure 7B. The crystals are consti-
tuted by blocks characterized by a core where some kind
of short-range order in the alternation of right- and left-
handed helical chains (corresponding to a limit ordered
structure of form I of Figure 1A) is achieved. At the
periphery of the blocks the higher level of order of the
core may fade out (because configurational errors along
the chain cause inversions in the sense of spiralization),
while only the order in the parallelism of the chains,
corresponding to a limit disordered structure of Figure
1B, is maintained. The lower degree of order may be
maintained at longer distances within each block and
among different blocks within each single crystal.

The presence of m defects in the sample sPP(PHI)
may induce inversions of the helical chirality along the
chains, as in the model of Figure 7. Since the macro-
molecular chains are very long, due to the very high
molecular weight produced by the living polymerization,
the occurrence of a not negligible amount of inversions
is expected. As a consequence, correlations at long
distances between the chirality of the helices along a
and b axes of the unit cell are destroyed. This produces
departure from the fully antichiral packing of form I of
Figure 1A, introducing disorder in the regular alterna-
tion of right- and left-handed helical chains. Antichiral
packing of first neighboring chains may still be pre-
served locally and lost in the long range, preventing the
formation of the fully ordered form I of Figure 1A.

The presence of defects of regioregularity may also
play a role. As also found for syndiotactic propylene-

Figure 7. (A) Model of inversion of the chirality in the
s(2/1)2 helical conformation of s-PP. The conformational inver-
sion corresponds to an inversion in the succession of configura-
tions and occurs in correspondence of configurational defect
of the kind rrrrmrrrr. Left (L)- and right (R)-handed helical
portions of the s-PP chain are connected by the m dyad defect
and are coaxial, while the methyl groups on both sides of the
conformational inversion are in register with the crystal-
lographic positions. (B) Schematic model of a crystal of s-PP
with long chains containing inversions in the helical chirality.
Helices of opposite chirality (right and left) are indicated with
solid and dashed lines. In the crystal there may be a core of
helices packed with opposite chirality in the short range, as
in the form I. The correlation between the chirality is lost at
long distances.
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ethylene copolymers,62 the presence of vicinal methylene
groups (ethylene units in the copolymers), produced by
(1,2) misinsertions, may induce the development of
disorder in the stacking of bc layers of chains piled along
a, characterized by shift of bc layers of b/4 along b (b/4
shifts disorder),36,41 which in turn produces local ar-
rangement of the chains as in the C-centered form II of
s-PP (Figure 1C). Also, this kind of disorder, already
observed for metallocene-made s-PP samples crystal-
lized at low temperature,41,36 destroys any correlation
at long distances between the chirality of the helices
along the a and b axes of the unit cell, preventing the
crystallization of the fully ordered antichiral form I of
Figure 1A.

The DSC melting curves of samples crystallized from
the melt of Figure 5 are reported in Figure 8A in
comparison with the DSC curve of the as-prepared
sample sPP(PHI). It is apparent that the as-prepared
powder presents a melting temperature (about 140 °C,
curve a of Figure 8A) higher than those of the samples
crystallized from the melt (curves b-f of Figure 8A).
Only at the highest crystallization temperature of 130
°C a slightly higher melting temperature of 143 °C
(curve g of Figure 8A) is obtained. Moreover, for the
melt-crystallized samples only a slight increase of the
melting temperature with increasing crystallization
temperature is observed. Therefore, crystals of form I
of the sample sPP(PHI) obtained by melt-crystallization
present low melting temperatures, even at high crystal-
lization temperatures, lower than those of crystals of
form I of metallocene-made s-PP samples with similar
stereoregularity.38 This is in agreement with the model
of Figure 7 and the X-ray diffraction results of Figures
5 and 6 that disordered crystals of form I of the sample
sPP(PHI) always crystallize from the melt and no
improvement of the degree of order is achieved with
increasing crystallization temperature. The presence of
helix reversals probably also prevents a great increase
of lamellar thickness with increasing crystallization
temperature.

It is worth noting that the DSC curves of samples
crystallized at low crystallization temperatures (90-

100 °C) present melting endotherms with multiple
peaks (curves b-d of Figure 8A). This is due to the
occurrence of recrystallization phenomena during heat-
ing, as demonstrated by the DSC scans of the sample
crystallized at 90 °C recorded at different heating rates,
shown as an example in Figure 8B. It is apparent that
the area of the peak at high temperature decreases,
whereas that of the peak at low temperature increases,
with increasing heating rate, as expected for the pres-
ence of recrystallization during melting. At high heating
rates less amount of melted material is, indeed, able to
recrystallize during heating and the area of the high-
temperature peak, corresponding to the melting of the
recrystallized material, decreases (Figure 8B).

Oriented Fibers. Fibers of the sample sPP(PHI)
have been prepared by stretching at room temperature
and at drawing rate of 10 mm/min compression-molded
samples. The X-ray fiber diffraction patterns of fiber
specimens of the sample sPP(PHI), obtained by stretch-
ing at different values of deformation, and keeping the
fiber under tension, are reported in Figure 9. The
corresponding intensity profiles read along the equato-
rial line are also reported in Figure 9. It is apparent
that the helical form I present in the initial unstretched
melt-crystallized compression-molded sample (Figure 5)
rapidly transforms into the trans-planar form III by
stretching already at low values of deformation. The
intensity of the 200 reflection at 2θ ) 12°, typical of the
helical form I (see Figure 5), indeed, has become very
low already at 100% deformation (Figure 9A′) and
further decreases with increasing deformation and
finally disappears at high values of the strains (Figure
9D). Correspondingly, the equatorial (020)t, (110)t, and
(130)t reflections at 2θ ) 16°, 18°, and 30°, respectively,
of the trans-planar form III, along with reflections on
the first layer line corresponding to the trans-planar
conformation periodicity (c ) 5.1 Å), appears already
at 100% deformation (Figure 9). The intensities of these
reflections increase with increasing deformation, and
fibers in the pure trans-planar form III are obtained at
500% deformation (Figure 9D).

These data indicate that in this sample the trans-
planar form III can be obtained more easily than in the
case of metallocene-made s-PP samples with similar
stereoregularity.39,40,48

The X-ray fiber diffraction patterns and the corre-
sponding diffraction profiles read along the equatorial
line of fibers stretched at 100 and 500% deformations,
kept in tension and after releasing the tension, are
reported in Figures 10 and 11, respectively. In the case
of the fiber stretched at 100% strain, which is basically
in the trans-planar form III with small amount of the
helical form I (Figure 10A), a partial loss of the orienta-
tion of crystals of the helical form is observed after
releasing the tension (Figure 10B). Moreover, an in-
crease of the intensity of the 200 reflection at 2θ ) 12°
of the helical form is observed after removing the
tension (Figure 10B′). These data indicate that crystals
of trans-planar form III transform into helical form upon
releasing the tension. The presence in the equatorial
diffraction profile of Figure 10B′ of a broad reflection
centered at 2θ ) 17° and the absence of any diffraction
peak at 2θ ) 16° indicates that the helical form obtained
is the isochiral helical form II (Figure 1C). However,
the diffraction pattern of Figure 10B still presents a
weak reflection on the first layer line corresponding to

Figure 8. DSC heating curves, recorded at heating rate of
10 °C/min of specimens of the sample sPP(PHI) isothermally
crystallized from the melt at the indicated crystallization
temperatures Tc (A). DSC heating curves of the sample
sPP(PHI) isothermally crystallized from the melt at Tc )
90 °C recorded at the indicated heating rates (B).
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the trans-planar conformation. This indicates that a
fraction of crystals remains in the trans-planar form
after removing the tension. The presence of the broad
equatorial reflection at 2θ ) 17° in the pattern of Figure
10B indicates that these trans-planar crystals are in the
mesomorphic form.53-55 Therefore, the removal of the
tension from 100% deformation produces transformation
of a fraction of crystals of the trans-planar form III into
the helical form II, while a fraction of crystals of form
III remains in the trans-planar conformation but trans-
forms into the disordered mesomorphic form.

As discussed above, for higher values of deformation
fibers in the pure trans-planar form III are obtained
(Figure 9D). The diffraction pattern of the fiber stretched
at 500% deformation after releasing the tension (Figure
11B) presents on the equator a very weak 200 reflection
at 2θ ) 12° of the helical form and a broad diffraction
peak at 2θ ) 16.3°, along with reflections on the first
layer line corresponding to both helical and trans-planar
conformations. Also in this case the trans-planar form
III (Figure 11A) transforms into the helical form and
into the trans-planar mesomorphic form (Figure 11B).

Figure 9. X-ray fiber diffraction patterns (A-D), and corresponding diffraction profiles read along the equator (A′-D′), of fibers
obtained by stretching compression-molded films of the sample sPP(PHI) at room temperature up to different deformations ε.
The 200 reflection of the helical form I, the (020)t and (110)t reflections of the trans-planar form III are indicated. On the first
layer line reflections arising from the diffraction of crystals of helical and trans-planar mesomorphic forms and of form III ((021)t,
(111)t reflections) are also indicated.

Figure 10. X-ray fiber diffraction patterns (A, B) and corre-
sponding profiles read along the equatorial lines (A′, B′), of
fibers of the sample sPP(PHI) obtained by stretching compres-
sion-molded films at 100% elongation, keeping the fiber under
tension (A) and after removing the tension (B). The 200
reflection at 2θ ) 12° typical of the helical form, and the (020)t
and (110)t reflections at 2θ ) 16° and 18°, respectively, of the
trans-planar form III, are indicated.

Figure 11. X-ray fiber diffraction patterns (A, B) and corre-
sponding profiles read along the equatorial lines (A′, B′), of
fibers of the sample sPP(PHI) obtained by stretching compres-
sion-molded films at 500% elongation, keeping the fiber under
tension (A) and after removing the tension (B). The 200
reflection at 2θ ) 12° typical of the helical form, and the (020)t
and (110)t reflections at 2θ ) 16° and 18°, respectively, of the
trans-planar form III, are indicated.
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The intensity of the 200 reflection at 2θ ) 12° of the
helical form is lower than that observed in the diffrac-
tion pattern of the fiber relaxed from 100% deformation
of Figure 10B′. The amount of helical form obtained
from the trans-planar form III by releasing the tension
is lower when the fibers are stretched at higher defor-
mation. In this condition crystals of form III formed by
stretching transform only marginally into the helical
form; they mainly remain in the trans-planar conforma-
tion and only transform into the disordered mesomor-
phic form. These data indicate that in the sample
sPP(PHI) the stretching at high deformations stabilizes
the trans-planar forms (form III and/or mesomorphic
from).

The X-ray fiber diffraction patterns, and the corre-
sponding equatorial profiles, of fibers stretched at
various deformations of Figure 9, annealed at 110 °C
for 20 min, keeping the fiber under tension, are reported
in Figure 12. It is apparent that the fiber stretched at
low deformation (100% strain), initially in the trans-
planar form III (Figure 9A), transforms by annealing
in a mixture of the antichiral helical form I and isochiral
helical form II (Figure 12A). This is indicated by the
strong increase of the intensity of the 200 reflection at
2θ ) 12° (common to forms I and II) and by the presence
of the 020 reflection at 2θ ) 16° of form I and of the
110 reflection at 2θ ) 17° of form II in the diffraction
pattern of Figure 12A,A′. It is worth mentioning that
the transformation of the trans-planar form III into both
helical forms I and II is a common behavior of s-PP and
has been extensively described in the literature.37,44

The diffraction patterns of fibers stretched at higher
values of deformation, initially in the form III (Figure
9B-D), after annealing (Figure 12B-D) still present
reflections of the trans-planar form III (in particular the
(020)t, (110)t, and (130)t at 2θ ) 16°, 18°, and 30°,
respectively, and the (021)t, (111)t reflections on the first
layer line) along with reflections of the helical forms I

and II (200 reflection at 2θ ) 12°, and the 020 and 110
reflections at 2θ ) 16° and 17° of forms I and II,
respectively). The annealed fibers, stretched at 200-
300% deformation, are therefore in mixtures of helical
forms I and II and trans-planar form III (Figure 12B).
In these annealed fibers the intensities of reflections of
the trans-planar form III increase with increasing
deformation, while the intensities of the reflections of
the helical forms decrease (Figure 12C,D). For instance,
in the diffraction pattern of the fiber stretched at 400%
deformation and annealed (Figure 12C) the intensity
of the peak at 2θ ) 16° becomes higher than that of the
200 reflection at 2θ ) 12° due to the contribution of the
(020)t reflection of the form III. This indicates that when
the fibers are stretched at high values of deformation
(ε > 300%), the trans-planar form III obtained by
stretching does not transform completely into the helical
forms by annealing. With increasing deformation the
amount of form III that transforms into the helical form
by annealing decreases. Moreover, in the diffraction
patterns of fibers stretched at high deformation and
annealed (Figure 12D) the observed reflections of the
helical forms are only at 2θ ) 12° and 16°, corresponding
to the 200 and 020 reflections of the antichiral form I,
whereas the 110 reflection at 2θ ) 17°, typical of the
helical form II, is no longer observed. This indicates that
when the fibers are stretched at high strains the trans-
planar form III transforms in part into the helical form
I and not into the isochiral form II. A remarkable
amount of crystals of the trans-planar form III, however,
does not transform and remains stable even at high
annealing temperature in fibers stretched at high
deformation (Figure 12D).

These data indicate that in the sample sPP(PHI) the
trans-planar form III obtained in stretched fibers is
more stable than in the case of the metallocene-made
s-PP. In the latter sample, indeed, the trans-planar form
III is stable only under stretching and always transform

Figure 12. X-ray fiber diffraction patterns (A-D) and corresponding diffraction profiles read along the equator (A′-D′), of fibers
obtained by stretching the sample sPP(PHI) at room temperature up to different deformations ε and annealed at 110 °C for 20
min. The 200 reflection at 2θ ) 12.2° of the helical forms, the 020 reflection at 2θ ) 16°, and the 110 reflection at 2θ ) 17° of
helical forms I and II, respectively, the (020)t, (110)t, and (130)t reflections at 2θ ) 16°, 18°, and 30° of the trans-planar form III
are indicated. On the first layer line reflections arising from the diffraction of crystals of helical forms and trans-planar form III
are also indicated.
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in more stable modifications upon releasing the tension
or by annealing.39,40,44 In particular, the result that the
trans-planar form III remains stable upon annealing
has never been observed for metallocene-made s-PP.
Moreover, it has been demonstrated that the structural
evolution of the trans-planar form III upon removing
the tension in stretched fibers strongly depends on the
memory of the crystalline forms present in the starting
unoriented material and of the crystalline forms pro-
duced during the stretching, so that form III always
transforms into helical forms or in the trans-planar
mesomorphic form when the fibers are relaxed.55c

The higher stability of the trans-planar form III for
the sample sPP(PHI) is probably related to the micro-
structure, in particular the presence of nonnegligible
amount (about 2%) of defects in the regular secondary
(2,1) enchainment. As discussed above, the presence of
(1,2) misinsertions produces formation of vicinal meth-
ylene carbon atoms -CH2-CH2- along the polymer
chains, which probably favors, locally, the formation of
trans-planar sequences, which, in turn, may stabilize
the trans-planar form III in stretched fibers.

Mechanical Properties. The stress-strain of the
sample sPP(PHI) is reported in Figure 13 in comparison
with the stress-strain curve of the sample sPP(Cs) from
metallocene Cs-symmetric catalyst.39 The values of the
mechanical properties (Young’s modulus, stress and
strain at break, stress and strain at yield, and tension
set) are reported in Table 3.

It is apparent that the main difference between
mechanical properties of s-PP samples from the phe-
noxyimine catalyst of Chart 1 and from the Cs-sym-
metric metallocene catalyst is the lower value of the
modulus of the sample sPP(PHI). This is probably due
to presence of higher degrees of disorder in the crystals
and the higher flexibility of chains induced by the
presence of microstructural defects (m dyads and 1,2
misinsertions). Moreover, the lower value of the tension
set after breaking of the sample sPP(PHI) (Table 3)
indicates that this sample experiences a certain elastic
recovery after breaking.

We recall that unoriented compression-molded films
of highly stereoregular and crystalline s-PP samples
from metallocene Cs catalysts do not show elastic
behavior after the first stretching, as shown by the high
value of tension set after breaking (tb ) 220%) reported
in Table 3,39 because the samples experience irreversible
plastic deformation upon stretching (Figure 13). The
crystalline domains, with chains in helical conformation,
tend to assume a preferred orientation along the stretch-
ing direction originating a plastic, not reversible defor-
mation.39,48

The stress-strain curves of Figure 13 indicate that
also the compression-molded film of the sample
sPP(PHI) experiences plastic deformation with yielding
at high values of the stress, but most of the deformation
is recovered, the residual deformation being only 132%
after stretching up to 500% deformation (Table 3).

The mechanical analysis has also been performed on
oriented stress-relaxed fibers, which generally present
perfect elastic behavior in the case of s-PP samples from
metallocene catalysts.39,48 Stress-relaxed fibers have
been prepared by stretching compression-molded films
of the sample sPP(PHI) of initial length L0 up to 500%
elongation (the final length Lf being 6L0), keeping the
fibers under tension for 10 min at room temperature
and then removing the tension.

As discussed above and shown in Figure 11, stress-
relaxed fibers are basically in the trans-planar meso-
morphic form, in mixture with a small amount of
crystals of the helical form I. The trans-planar form III,
obtained by stretching at ε ) 500% (Figure 11A),
transforms, indeed, into the mesomorphic form and the
helical form I by removing the tension (Figure 11B). The
fibers present perfect elastic behavior upon successive
stretching and relaxation mechanical cycles. The hys-
teresis cycles of the fibers, composed of the stress-strain
curves measured during the stretching, immediately
followed by the curves measured during the relaxation
at controlled rate, are reported in Figure 14. In these
cycles, stress-relaxed oriented fibers of the new initial
length Lr are stretched up to the final length Lf ) 6L0.

Four successive cycles have been recorded; each cycle
is performed 10 min after the end of the previous cycle.
Successive hysteresis cycles, measured after the second
one, are all nearly coincident, indicating a tension set
close to zero. The stress-relaxed fibers recover almost
completely the initial dimensions. The residual tension
set between the first and second hysteresis cycles is
around 10% and becomes close to zero starting from the
second cycle, the successive cycles being all nearly
coincident. These data indicate that oriented fibers
present good elastic properties in a large range of
deformation. The elastic recovery is associated with
reversible polymorphic transitions between the trans-
planar form III and the mesomorphic form, when the
fiber are stretched at high deformations (Figure 11), or
between the trans-planar form III and the helical form
II, when the fibers are stretched at low degree of

Table 3. Elastic Modulus (E), Stress (σb) and Strain (Eb) at Break, Stress (σy) and Strain (Ey) at the Yield Point, Tension
Set at Break (tb), and Crystallinity (xc) of Unoriented Compression-Molded Films of the Samples sPP(PHI) and sPP(Cs)a

sample [rrrr] % Mw E (MPa) σb (MPa) εb (%) σy (MPa) εy (%) tb (%) xc (%)b

sPP(PHI) 89.8 814 000 59 ( 6 20 ( 2 500 ( 20 12 ( 1 30 ( 1 132 ( 7 40
sPP(Cs) 91.0 164 000 295 ( 40 19 ( 1 580 ( 40 15 ( 1 25 ( 3 220 ( 10 45
a The fully syndiotactic pentad contents [rrrr] and the molecular weights (Mw) of the samples are also indicated. b From X-ray powder

diffraction profiles.

Figure 13. Stress-strain curves of unoriented compression-
molded films of the sample sPP(PHI) (continuous line) com-
pared to the stress-strain curve of a compression-molded film
of the sample sPP(Cs) prepared with Cs-symmetric catalyst,
taken from the ref 39 (dashed line).
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deformation (Figure 10), which occur in the crystals
during the mechanical stress-relaxation cycles.

Conclusions

Analysis of the structure and the mechanical proper-
ties of syndiotactic polypropylene sample prepared with
bis(phenoxyimine)titanium-based catalyst 2/MAO of
Chart 1 is reported. This catalyst belongs to a new
family of nonmetallocene catalysts that are able to
promote living polymerization of propylene, producing
high molecular weight syndiotactic polypropylene.20-22,30

The polymerization proceeds through a secondary (2,1)
mechanism of enchainment of monomer and the syn-
diotactic stereoselectivity is due to the chain-end
control.20-22

Because of the chain-end stereocontrol and the sec-
ondary (2,1) insertion chains of the resulting s-PP
sample present a microstructure different from that of
s-PP prepared with Cs-symmetric metallocene catalysts.
They are indeed characterized by defects of stereoregu-
larity represented basically by isolated m dyads (..rrrm-
rrr..), consistent with the chain-end mechanism, and
vicinal methylene sequences as a result of occurrence
of defects of regioregularity, due to primary (1,2) inser-
tions in a prevailingly secondary (2,1) enchainment.21,22

The effect of this different microstructure on the crys-
tallization behavior and mechanical properties has been
analyzed.

X-ray diffraction and solid-state 13C NMR spectra
have indicated that as-prepared samples crystallize in
mixtures of crystals of helical form I and conformation-
ally disordered modifications of the isochiral form II
containing kink-bands. The formation of kink-bands
modifications in the as-prepared sample is probably due
to the presence of nonnegligible amount (about 2%) of
defects in the regular secondary (2,1) enchainment,
which produce vicinal methylene carbon atoms -CH2-
CH2-. The presence of pairs of methylene groups along
the polymer chains probably favors, locally, the forma-
tion of trans-planar sequences, which, in turn, induces
the crystallization of the sample in the kink-bands
disordered modification of form II.

These kink-bands disordered modifications are meta-
stable and transform into the most stable antichiral

helical form I by crystallization from the melt. However,
disordered modifications of form I are obtained, even
at high crystallization temperatures. In this sample the
ordering in the alternation of right- and left-handed
helical chains along both axes of unit cell, typical of the
limit ordered form I, is prevented. Samples of s-PP of
similar stereoregularity prepared with metallocene Cs-
symmetric catalyst, instead crystallize from the melt at
high crystallization temperature in the ordered form I,
with a perfect alternation of right- and left-handed
chains along the axes of the unit cell. The different
behavior of the s-PP sample prepared with bis(phenoxy-
imine)titanium-based catalyst is probably due to the
different microstructure and may be related to the
presence of m dyads defects of stereoregularity, instead
of mm triads defects. The presence of m defects may
induce inversions of the helical chirality along s-PP
chains. Since the macromolecular chains are very long
(due to the very high molecular weight produced by the
living polymerization) the occurrence of a not negligible
amount of inversions is expected. As a consequence,
correlations at long distances between the chiralities of
the helices along a and b axes of the unit cell are
destroyed. This produces departure from the fully
antichiral packing of form I, introducing disorder in the
regular alternation of right- and left-handed helical
chains.

X-ray diffraction analysis of oriented fibers has dem-
onstrated that the trans-planar form III obtained in
stretched fibers does not transform completely in helical
forms by releasing the tension or by annealing, as
instead occurs in metallocene-made s-PP. This indicates
that in the s-PP sample produced with the nonmetal-
locene catalyst the trans-planar form III is more stable
than in the case of the metallocene-made s-PP. In the
latter samples, indeed, the trans-planar form III is
stable only under stretching and always transforms into
more stable modifications upon releasing the tension or
by annealing.37,39,40,44

The higher stability of the trans-planar form III for
the nonmetallocene-made s-PP is probably related to the
microstructure, in particular the presence of vicinal
methylene carbon atoms -CH2-CH2- along the poly-
mer chains, due to (1,2) misinsertions, which probably
favors, locally, the formation of trans-planar sequences,
which, in turn, may stabilize the trans-planar form III
in stretched fibers.

Analysis of the mechanical properties has shown that
the s-PP sample from the nonmetallocene catalyst
presents values of elastic modulus lower than that of
highly stereoregular and crystalline metallocene-made
s-PP. This is probably due to the presence of higher
degrees of disorder in the crystals and the higher
flexibility of chains induced by the presence of micro-
structural defects. Unoriented compression-molded
samples show a remarkable elastic recovery even though
the sample is crystalline and experiences plastic defor-
mation during stretching. As a consequence, oriented
fibers present good elastic properties, as for s-PP from
metallocene catalysts, but in a larger deformation range.
The elasticity is associated with polymorphic transitions
occurring in the crystals during the mechanical stress-
relaxation cycles.
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