
Time-Resolved Study of the Martensitic Phase Transition in
Syndiotactic Polypropylene

Finizia Auriemma* and Claudio De Rosa
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ABSTRACT: The structural transformations occurring in fibers of syndiotactic polypropylene (sPP) during
stretching have been studied by wide-angle X-ray diffraction measurements, using syncrotron radiation.
sPP samples were cyclically stretched and relaxed at controlled rate, while recording X-ray fiber diffraction
patterns and stress-strain curves. Clear evidences that the polymorphic transition between the helical
form II and the trans-planar form III of sPP is a fast process and occurs on the same time scale as the
rate the material is stretched, are provided. The transition of form II into form III starts during the
stretching in correspondence to critical values of the stress-strain parameters. As the strain increases,
crystals of form II transform into form III and the inverse transition occurs, releasing the tension. Below
a critical strain, the sample is almost completely in the helical form, as in the initial unstrained state. A
complete recovery of the initial dimensions of the specimen is observed, upon releasing the tension.
Moreover, the total amount of crystallinity does not change during cyclic elengation and recovery. This
suggests that the reversible phase transition between form II and form III does not involve the formation
of any disordered, intermediate phase, i.e., it is a direct and cooperative process, implying conformational
and structural rearrangements of large bundles of close neighboring chains and occurs instantaneously.
These data indicate that while the driving force leading the conventional elastomers to recover the initial
dimensions is merely entropic, in the case of sPP elasticity is also assisted by the enthalpic gain achieved
when the sample is relaxed. When the tension is removed, both the enthalpic factor, due to the structural
transition in the crystalline region, and an entropic factor, due to the conformational transition of the
chains in the entangled amorphous phase, contribute to the elastic recovery of the fiber. A possible
mechanism for the martensitic crystal-crystal phase transition of sPP is suggested.

Introduction

The recent discovery that Cs symmetric metallocene
complexes including metals of the fourth column are
able to polymerize propylene to a highly stereoregular
syndiotactic polymer with high molecular weight and
without regioirregularities,1 has refocused the interest
for syndiotactic polypropylene (sPP).2-6 Samples of sPP
previously obtained with vanadium based Ziegler-
Natta catalysts,7-10 showed low degrees of crystallinity
and poor mechanical properties because of the high
content of regio- and stereodefects.11,12 Recent studies
have pointed out that the novel sPP is highly crystalline
and shows high melting temperatures and interesting
mechanical properties.5

The polymorphic behavior of sPP has been studied in
detail and several aspects related to structure-properties
relationships have been clarified. Four crystalline forms,
shown in Figure 1, have been described, so far. The most
stable form I (Figure 1A) and the metastable form II
(Figure 1B) are characterized by chains in s(2/1)2 helical
conformation, packed in orthorhombic unit cells.2,10,15

Form I is obtained under the most common conditions
of crystallization (i.e., from the melt and from solution
as powder5,13,14 or single crystals2-4); in the limit ordered
model, right- and left-handed helices alternate along
both axes of the unit cell,2 whereas disorder in this
alternation is present in samples crystallized at low
temperatures.2-4,14 Form II is less stable and is char-
acterized by a C-centered structure, where 2-fold helical
chains having the same chirality are included in the unit

cell (Figure 1B).15,16 The two metastable modifications,
form III17,18 (Figure 1C) and form IV19,20 (Figure 1D),
present chains in trans-planar and (T6G2T2G2)n helical
conformations, respectively, and can be obtained only
in oriented fibers.

Recent studies21-23 have pointed out that sPP shows
good elastic properties in a deformation range well
beyond the normal elastic deformation range of all
thermoplastic polymers,24 despite the high degree of
crystallinity. The outstanding mechanical properties of
sPP are in contrast with the high values of the elastic
modulus (≈300 MPa) and the glass transition temper-
ature (≈0 °C), which are both much higher than those
of conventional thermoplastic elastomers.25

In particular, it has been shown that unoriented
compression-molded films of sPP behave like a typical
highly crystalline material showing a plastic deforma-
tion upon stretching at room temperature.23 The crys-
talline domains of form I, with chains in helical confor-
mation, tend to assume a preferred orientation along
the stretching direction originating a plastic deforma-
tion. High orientation of the crystalline phase is gener-
ally achieved. Along with this irreversible plastic de-
formation, a phase transition from the most stable
helical form I into the metastable form III with chains
in the trans-planar conformation occurs.5 After the
tension is released, the crystalline domains remain
nearly oriented with the c axis parallel to the preferred
(stretching) direction, and the trans-planar form III
transforms into the more stable isochiral helical form
II.16,23 For not previously oriented material, a partial
recovery of the macroscopic dimensions of the sample
is obtained. Therefore, unoriented samples show only
fair or poor elastic properties.23
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Stress-relaxed fibers show, instead, very good elastic
behavior upon cyclically stretching and relaxing the
samples. Elasticity of sPP fibers is also associated with
the reversible crystal-crystal phase transition between
form II and form III.22,23 The helical form II transforms
by stretching into the metastable form III, which
transforms again into the more stable helical form II
by releasing the tension and total recovery of the initial
dimensions of the sample is observed.21-23 When the
crystalline domains are already oriented along the

stretching direction, that is, when the sample has
already undergone the plastic deformation, the fibers
show good elastic properties.

In a recent paper, an analysis of the elastic properties
of sPP at different temperatures has been reported.26

Fibers stretched at low temperatures are in the trans-
planar form III, which transforms into the helical form
II upon releasing the tension, whereas fibers stretched
at high temperatures (60-80 °C) are in the stable
helical form I and no structural transition occurs upon
removing the tension.26 The mechanical analysis of
these fibers has shown that only at room temperatures
the specimens show good elastic properties.26 The elastic
recovery of the samples is in part lost also at room
temperature in annealed fibers, which are in the stable
form I, in both the stretched and unstrained states.
Upon removing the tension, a nearly total elastic
recovery is observed only when the trans-planar form
III transforms.26 Only a partial elastic recovery is
instead observed when no structural transition occurs.
The relative amount of crystalline phase in unoriented
films and in stretched and stress-relaxed fibers was
found constant and not depending on the stretching
temperature in the range 25-80 °C.26

These data strongly support the hypothesis suggested
in ref 23, that the elasticity of sPP is partially linked to
the enthalpy gain achieved when the tension is removed,
due to the metastability, in the unstrained state, of the
trans-planar form, which transforms into the stable
helical form. On the other hand, an entropic factor also
must play a role, due to the entangled amorphous chains
which experience a reversible conformational transition
between disordered (coil) and extended conformations
during the stretching and relaxation process.

The origin of the non conventional elastic response
of sPP to tensile stress addresses to basic questions
concerning the possible mechanisms subtending elastic-
ity in thermoplastic elastomers. In fact, while the
driving force which induces the recovery of the initial
dimensions in common elastomers upon releasing the
stress is merely entropic,25 in the case of sPP it is also
associated with the enthalpic gain achieved when the
sample is relaxed, which involves the crystal-crystal
phase transition from the metastable form III to the
more stable form II.23,26

This hypothesis is also supported by some arguments
given in ref 27, concerning the formation of the isochiral
form II from the trans-planar form III instead of the
more stable antichiral form I, in stress relaxed sPP
samples. It was argued that the crystal-crystal phase
transition between form II and form III is a highly
cooperative and direct process, imposed by steric con-
straints implying conformational and structural rear-
rangements of large bundles of close neighboring chains.27

In a recent paper,28 we have presented preliminary
results of a study of the time scale of this crystal-crystal
transition, by in situ X-ray diffraction experiments with
syncrotron radiation. This analysis clearly indicates that
the structural transitions of sPP fibers is a fast process
and occurs on the same time scale as the rate the
material is stretched.28 Moreover, the reversible phase
transition between form II and form III occurs directly,
without involving a third, disordered, intermediate
phase. This indicates that the crystal-crystal phase
transition between form II and form III is a highly
cooperative process, implying collective and fast con-
formational and structural rearrangements of bundles

Figure 1. Models of packing of the limit ordered form I (a )
14.5 Å, b ) 11.2 Å, c ) 7.4 Å)2 (A); form II (a ) 14.5 Å, b ) 5.6
Å, c ) 7.4 Å)15 (B); form III (a ) 5.22 Å, b ) 11.17 Å, c ) 5.06
Å)18 (C); form IV (a ) 14.17 Å, b ) 5.72 Å, c ) 11.6 Å, â )
108.8°)20 (D) of sPP. R ) right-handed helix; L ) left-handed
helix.
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of close neighboring chains,28 in line with the arguments
given in ref 27. Such kind of phase transitions are
common to alloys and steels and are said martensitic
transitions.29

In this paper, the in situ structural analysis, during
stretching-relaxation cycles, is extended to sPP samples
having different stereoregularity and to unoriented
films. First, the phase transitions and the associated
irreversible morphological changes occurring while
stretching unoriented (not previously stretched) films
of sPP are followed in real time. Then, the structural
evolution during stretching-relaxation cycles of sPP
fiber samples is followed, within the fully elastic re-
sponse regime of the material. In light of the present
investigation, a possible mechanism of the solid-solid-
phase transition of sPP is proposed.

Experimental Section

We have analyzed two sPP samples having different ste-
reoregularities. The sample sPP1 was kindly supplied by
ATOFINA Petrolchemical Research, while the sample sPP2
was prepared in our laboratory. They were synthesized with
the classic Cs-symmetric metallocene catalyst,1 according to
standard procedure. The sample sPP1 and sPP2 are character-
ized by molecular weights Mw ) 1.93 × 105 (Mw/Mn ) 4.5) and
2.13 × 105 (Mw/Mn ) 2.4), fully syndiotactic pentad content
[rrrr] ) 78 and 93% and melting temperatures of 124 and 143
°C, respectively.

Compression-molded films (0.3 mm thick) were obtained by
heating powder samples at 180 °C under a press and cooling
the melt to room temperature (cooling rate 10 °C/min). The
samples used for X-ray diffraction analyses were rectangular
strips of a given length, 5 mm wide and 0.3 mm thick, cut
from freshly prepared unoriented compression-molded films.
X-ray diffraction experiments were carried out on unoriented
strips (tests nos. 1 and 2), and on preoriented samples (fibers)
(tests nos. 3-7). Oriented fibers were prepared by stretching
unoriented compression-molded films up to a given maximum
length and, then, relaxing the sample by removing the tension.
The films have been cyclically stretched and relaxed several
times (at least four times) before testing, until they experience
fully elastic recovery in the deformation range applied in our
experiments.

Wide-angle X-ray diffraction measurements were performed
using monochromatic X-rays of wavelength 0.718 Å and the
high flux available on the beamline ID11 at the European
Syncrotron Radiation Facility (ESRF), Grenoble, France. Un-
oriented films and oriented fibers of a given initial gauge
length were mounted on a homemade dynamometer, provided
of two mobile clamps, which were moved back and forth,
cyclically stretching and relaxing the material at controlled
rate of 5 mm/min. The mechanical apparatus allowed auto-
matic recording of the stress-strain curves during the experi-
ments. The X-ray diffraction patterns were recorded in situ,
while deforming the material. Each diffraction pattern was
exposed 2 s on a two-dimensional CCD detector and 12 frames
were recorded every minute during stretching-relaxation
cycles (1 frame/5 s).

The two-dimensional (2D) data were corrected for curvature
of the detector using the diffraction pattern of a specific
calibration grid placed in the X-ray beam. A silicon wafer was
used as external standard for calibration of the sample-
detector distance. The two-dimensional X-ray patterns were
processed using the FIT2D program of Dr. A. Hammersley of
ESRF.

The index of crystallinity has been evaluated from X-ray
fiber diffraction patterns. The 2D diffraction patterns were
transformed into one-dimensional plots by performing integra-
tion along the azimuthal angle using FIT2D program (inte-
grated profiles). The circle coordinates of the strongest reflec-
tions of unoriented film specimens of sPP were used to
determine the correct beam center coordinates. The mono-

dimensional diffraction profile of the amorphous phase was
evaluated performing the same procedure with FIT2D program
on a 2D X-ray diffraction pattern of atactic polypropylene. The
amorphous profile was then scaled and subtracted from the
X-ray diffraction profile of the crystalline samples. The index
of crystallinity was then calculated from the ratio of the so-
obtained crystalline diffraction area and the total area of X-ray
diffraction profile.

Results and Discussion
Unoriented Films: Test Nos. 1 and 2. The X-ray

diffraction patterns collected while stretching an un-
oriented compression-molded film of the sample sPP1
up to obtain an uniaxially oriented fiber are reported
in Figure 2A (only the frames indicating the most
significant changes are shown) (test no. 1). Parts B and
B′ of Figure 2 plot the corresponding integrated diffrac-
tion profiles (profiles corresponding to patterns recorded
every 20 s are reported). Initially, the unoriented film
shows a powder pattern with typical Debye-Scherrer
rings (Figure 2A, 0 strain). The corresponding inte-
grated diffraction profile (Figure 2B, 0 strain) indicates
that the sample is crystallized in the most stable form
I of sPP (the peaks at 2θ ) 5.72, 7.34, and 9.59°,
correspond to (200)hI, (020)hI and (121)hI reflections of
form I (hI standing for helical form I).5 The Bragg angles
of the reflections observed in the patterns of Figure 2
are reported in Table 1. The absence of the (211)hI
reflection at d ) 4.70 Å (2θ ) 8.76°), typical of the
ordered form I,2 indicates that modifications close to the
limit disordered form I are obtained.5,14

With increasing deformation, the diffraction intensity
becomes polarized along arcs, indicating that the crys-
tallites tend to orient with chain axes parallel to the
stretching direction. At 157% deformation, the (200)hI
and (020)hI reflections result mainly polarized on the
equatorial layer line, whereas the (121)hI and (002)hI
reflections are mainly polarized on the meridian. The
deformation ε ) 172% is critical: in the corresponding
pattern of Figure 2A, the intensities of the (200)hI and
(020)hI reflections appear strongly polarized on the
equator and rather broad, due to the fact that the size
of the crystallites in the direction normal to the chain
axis decreases during elongation. In other terms, as the
strain increases, the crystallites, originally present in
the material, tend to align with the chain axes parallel
to the stretching direction and simultaneously are
broken in the direction normal to c; thus, each crystallite
gives rise to smaller crystallites, arranged in a mosaic-
like structure with the c axis parallel to the stretching
direction.30

At deformation ε ) 186%, a X-ray diffraction pattern
typical of a uniaxially oriented fiber is obtained (Figure
2A). While a not negligible amount of crystals in the
helical form is still present, as indicated by the presence
of the (200)hI reflection, a large portion of crystals in
trans-planar form III is already apparent, as indicated
by the arrow in Figure 2A, pointing at the strongest
reflection of form III placed on the first layer line,
corresponding to the periodicity c ) 5.1 Å.17,18 The (020)t
and (110)t equatorial reflections, (t standing for trans-
planar) characteristic of form III of sPP,18 at 2θ ) 7.55
and 8.44°, are also apparent in Figure 2A and 2B′,
although hidden by the large amorphous halo centered
around 2θ ) 7.4° and by the (020)hI reflection at 2θ )
7.34°, due to the large amount of crystals in form I still
present in the sample.

At 272% deformation, the last frame of Figure 2A, the
sample is mainly crystallized in trans-planar form III
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of sPP. It is apparent from Figure 2 that the overall
diffraction intensity decreases while increasing the
deformation, because the transverse section of the
sample becomes progressively thinner; for this reason,
the integrated diffraction profiles for strain 172 e ε e
272% are plotted in Figure 2B′ on an enlarged intensity
scale (for comparison, the profile at 172% deformation
is plotted in Figure 2, parts B and B′, in the two
different scales). The index of crystallinity, initially
equal to 40% for the unoriented sample, does not change

during elongation. This possibly indicates that during
the stretching, the crystallites in the helical form I
transform directly into the trans-planar form III in
correspondence to a critical strain. No evidences of
temporary melting of crystals of the helical form fol-
lowed by rapid recrystallization into the trans-planar
form III are observed. This experiment was stopped
much before the sample breaks, however at a strain
inducing already a high degree of orientation of the
crystals.

Figure 2. (A) X-ray fiber diffraction patterns of an unoriented compression-molded film of the sample sPP1, recorded in situ,
while stretching the sample at rate of 5 mm/min (test no. 1, monochromatic X-ray syncrotron radiation of λ ) 0.718 Å, 2 s exposure
time, 12 frames/min). Only the frames outlining the most significant structural and morphological changes are reported. The
deformation ε and the time t are indicated. The characteristic reflections of the helical form I and the trans-planar form III of sPP
on the first layer line are also indicated with arrows. (B, B′) X-ray diffraction intensity profiles integrated from the two-dimensional
diffraction patterns reported in A, as a function of 2θ. The label close to the profiles indicates the strain ε. The positions of the
(200)hI, (020)hI, and (121)hI reflections of the helical form I, of the (110)hII reflection of form II and of the (020)t and (110)t reflections
of the trans-planar form III are also indicated. The curves are reported every 20 s. The integrated profiles for ε g 172% are
reported in B′ on an enlarged intensity scale.
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Parts A and B of Figure 3 show the X-ray diffraction
patterns and the corresponding integrated intensity
profiles, respectively, collected while stretching an un-
oriented film of the more stereoregular sample sPP2
(test no. 2). The unoriented sample is initially crystal-
lized in the form I, as indicated by the presence of the
(200)hI, (020)hI, (211)hI, and (121)hI reflections of form I,
at 2θ ) 5.72, 7.34, 8.76, and 9.59° respectively, in the
diffraction profile of Figure 3B (curve at ε ) 0).2,5,13 The
presence of the (211)hI reflection indicates that a modi-
fication close to the limit ordered model structure
(Figure 1A) has been obtained. The critical strain is now
located around ε ) 90-100%; i.e., in this deformation
range, the crystallites assume, abruptly, a preferred
orientation with the chain axes parallel to the stretching
direction; while the pattern recorded at ε ) 91% shows
still high disorientation of the crystals, the pattern
recorded at 106% strain is typical of an uniaxially
oriented fiber (Figure 3).

As before (test no. 1), these morphological changes are
accompanied by two simultaneous phenomena: the
breaking of the crystallites in direction normal to the
chain axes30 and the sudden transformation of portion
of crystals previously in the helical form I into the trans-
planar form III. The formation of the trans-planar form
III is clearly indicated by the appearance of the typical
first-layer line reflections of the trans-planar form,
corresponding to a periodicity c ) 5.1 Å17,18 (indicated
by the arrow in Figure 3A, pattern at ε ) 106%) and by
the presence on the equator of two maxima, centered
at 2θ ) 7.55 and 8.44°, corresponding to (020)t and (110)t
reflections of form III18 (Figure 3B).

Also in this case, the index of crystallinity (∼60%) of
the sample does not change during the stretching. For
ε ) 136% (last frame in Figure 3A) the sample is mainly
in the trans-planar form III of sPP. It is worth noting
that the (211)hI reflection of the ordered form I, at 2θ )
8.76° (Figure 3B), first disappears, while stretching the
sample. We recall that the intensity of this reflection is
strongly affected by the presence of structural disorder
in the alternation of helices of opposite chirality along
the a and b axis of the unit cell, typical of the limit
ordered model structure of form I (Figure 1A).2,14 With
increasing the strain, indeed, the crystalline lamellae
break into fragments which become progressively smaller;
this, in turn, destroys the long range order in the
alternation of enantiomorphous helices, inducing pro-
gressive decrease of the intensity of (211)hI reflection
in the patterns of Figure 3.

The stress-strain curves recorded while stretching
the unoriented films of sPP1 and sPP2 samples in tests
nos. 1 and 2, are compared in Figure 4, curves a and b,

respectively (the experiment for the sample sPP2 was
interrupted for ε ) 160%; the dashed portion of curve b
plots the extrapolated values). The whole stress-strain
curves up to the break for unoriented films of sPP
samples having analogous characteristics as those of the
samples utilized in the present analysis are reported
in Figure 5 of ref 23. The curves a and b of Figure 4
correspond to typical stress-strain curves of thermo-
plastic polymers. At small strain, the stress (σ) increases
linearly with strain and the material deforms elastically,
and then σ reaches a maximum value, corresponding
to the yielding point of the material; for higher deforma-
tion, σ remains constant (up to the break), and the
sample deforms plastically.24 Upon release of the ten-
sion, both samples recover only partially the initial
dimensions, in agreement with previous observations
that manufactures of highly stereoregular sPP samples
are poorly elastic when stretched from the unoriented
state.23 Figure 4 shows that the stress-strain curve of
the sample sPP2 is entirely shifted toward higher σ
values with respect to the curve of the sample sPP1,
because of the higher degree of crystallinity of the
sample sPP2.

During stretching, when the critical value of the
strain is achieved, both samples undergo abrupt struc-
tural and morphological transformations. The critical
strain corresponds to ∼200% for the sample sPP1 and
∼100% for sPP2. Therefore, for the most stereoregular
sample sPP2 (test no. 2), the transformation of the
helical form I into the trans-planar form III (ac-
companied by a sharp increase of degree of orientation
in the sample) starts at values of strains much below
the critical strain observed for the analogous transfor-
mations occurring for the less stereoregular sample
sPP1 (test no. 1). From Figure 4, it is apparent that this
corresponds to apply values of tensile stress of ∼8 and
∼12 MPa for the samples sPP1 and sPP2, respectively.
For tensile stress in the range 8-12 MPa the crystalline
domains in helical form become unstable and transform
into the trans-planar form III. Since the stress value
corresponds to the plateau zone of the stress-strain
curve of unoriented films (see Figure 4), the exact value
of the critical stress depends on the rigidity of the
sample. The rigidity, in turn, depends on the degree of
steoreoregularity, which influences the amount of crys-
tallinity achieved in similar crystallization conditions.
The more stereoregular sample sPP2 is, indeed, more
crystalline and more rigid than the less stereoregular
sample sPP1.

Oriented Fibers: Tests Nos. 3)7. Figures 5-7
illustrate the typical results obtained in one of the
several experiments performed on fibers of the sample

Table 1. Diffraction Angles (2θ) and Bragg Interplanar Distances (d) of hkl Reflections Relative to Helical Form I
(Orthorhombic Unit Cell, a ) 14.5 Å, b ) 11.2 Å, c ) 7.4 Å),2 Form II (Orthorhombic Unit Cell, a ) 14.5 Å, b ) 5.6 Å, c )
7.4 Å),5,15 and Trans-Planar Form III (Orthorhombic Unit Cell, a ) 5.22 Å, b ) 11.17 Å, c ) 5.06 Å)18 of sPP, Observed in

the X-ray Diffraction Patterns of Figures 2, 3, 5, 6, and 8, 9, and 11a

form I form II form III

d (Å)
(2θ)λ)1.5418Å

(deg)
(2θ)λ)0.718Å

(deg) hkl d (Å)
(2θ)λ)1.5418Å

(deg)
(2θ)λ)0.718Å

(deg) hkl d (Å)
(2θ)λ)1.5418Å

(deg)
(2θ)λ)0.718Å

(deg) hkl

7.20 12.3 5.72 200 7.20 12.3 5.72 200 5.45 16.3 7.55 020
5.61 15.8 7.34 020 5.26 16.9 7.83 110 4.88 18.2 8.44 110
4.70 18.9 8.76 211 5.18 17.1 7.95 201 3.75 23.7 11.0 021
4.29 20.7 9.59 121 4.29 20.7 9.59 111 3.45 25.8 11.9 111
3.70 24.0 11.1 002 3.70 24.0 11.1 002
3.59 24.8 11.5 400 3.59 24.8 11.5 400

a The wavelength of the used monocromatic X-rays was 0.718 Å; for readers more familiar with conventional X-ray sources, the 2θ
values of Bragg reflections corresponding to the Cu KR radiation (λ ) 1.5418 Å) are reported.
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sPP1, cyclically stretched and immediately relaxed at
controlled rate, within a deformation range correspond-
ing to a fully elastic response of the material (test no.
3). As reported in the experimental part, oriented fibers
have been prepared by stretching compression-molded
films up to a given strain (as in tests nos. 1 and 2) and
then removing the tension. Before recording the test no.
3 (Figures 5-7), the fibers have been cyclically stretched
and relaxed at least four times. The X-ray fiber diffrac-
tion patterns and the corresponding diffraction profiles
read along the equatorial line (after subtraction of the

amorphous contribution) are reported in Figures 5 and
6, respectively.

The patterns of Figures 5 and 6 were recorded while
stretching the fiber from 0 to 52.6% strain (Figures 5A
and 6A) and relaxing the tension at controlled rate from
52.6% to 0 strain (Figures 5B and 6B). The stress-
strain curves recorded while performing the experiment,
are reported in Figure 7. They correspond to typical
stress-strain hysteresis curves already reported in the
literature for sPP samples having analogous stereo-
regularity.21-23 The Bragg angles 2θ and the Bragg

Figure 3. (A) X-ray fiber diffraction patterns of an unoriented compression-molded film of the sample sPP2, recorded in situ,
while stretching the sample at rate of 5 mm/min (test no. 2, monochromatic X-ray syncrotron radiation of λ ) 0.718 Å, 2 s exposure
time, 12 frames/min). Only the frames outlining the most significant structural and morphological changes are reported. The
deformation ε and the time t are indicated. The characteristic reflections of helical form I and trans-planar form III of sPP on the
first layer line are also indicated with arrows. (B) X-ray diffraction intensity profiles integrated from the two-dimensional diffraction
patterns reported in A, as a function of 2θ. The label close to the profiles indicates the strain ε. The positions of (200)hI, (020)hI,
and (121)hI reflections of the helical form I, of the (110)hII reflection of form II, and of the (020)t and (110)t reflections of the
trans-planar form III are also indicated. The curves are reported every 20 s.
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distances of the hkl reflections present in the X-ray
patterns of Figures 5 and 6 are reported in Table 1. We
have checked that the index of crystallinity of the
sample over consecutive cyclic stress-relaxation runs
remains constant at nearly 40%, as in the original
unoriented film (test no. 1).

In the unstrained state, the fiber is basically in the
isochiral helical form II, as shown by the presence of
strong (111)hII reflection at d ) 4.29 Å, (labeled “helical”
in Figure 5A, ε ) 0), and by strong equatorial maxima
at d ) 7.20 and 5.26 Å (2θ ) 5.72 and 7.83°, respectively,
Figure 6A, curve for ε ) 0%), which correspond to the
reflections (200)hII and (110)hII, respectively, of form II
of sPP15,16 (the symbol hII standing for helical form II).
This indicates, in agreement with the results reported
in the literature,23 that stretching unoriented samples
of sPP in the stable helical form I, an irreversible
crystal-crystal phase transition from form I into form
III occurs (tests nos. 1 and 2, Figures 2 and 3). The
trans-planar form III transforms into the isochiral form
II of sPP, in the strained fibers upon removing the
tension. We recall that sPP is poorly elastic, when
stretched from unoriented state.23

The unstrained fiber (ε ) 0) also includes a not
negligible fraction of crystals in the trans-planar con-
formation. This is indicated by the presence in the
pattern of Figure 5A (ε ) 0) of off-equatorial reflections
corresponding to chain periodicity c ) 5.1 Å (the
strongest first layer line reflection arising from these
crystals is labeled “trans-planar” in Figure 5A)17,18 and
by the strong asymmetric peak on the equator, centered
on the (110)hII reflection at 2θ ) 7.83°, spanning the 2θ
region between 7.5 and 8.5° (Figure 6A, curve for ε )
0), due to the contribution of the (020)t and (110)t
reflections of the trans-planar form III.

As shown in Figures 5A and 6A, for strain lower than
a characteristic value, εc ≈ 20% (corresponding to σc≈10
MPa, Figure 7), we do not observe any significant
change in the X-ray diffraction patterns. For higher
deformations, ε > εc (σ > σc), the intensity of (200)hII
reflection gradually decreases with increasing ε, while
the intensities of (020)t and (110)t reflections (2θ ) 7.55
and 8.44°, respectively, Figure 6A), typical of form III,18

increase. This indicates that with increasing deforma-
tion, the relative amount of crystals in form II decreases
and the content of crystals of form III increases. Since
the index of crystallinity does not change, this indicates
that a stress-induced phase transition from form II into
form III occurs when the sample is stretched above a
characteristic deformation value. At 52.6% deformation,
∼70% of the material originally in the helical conforma-
tion, transforms into form III (Figures 5A and 6A). The
degree of orientation of helical crystals does not greatly
increase while stretching the material (Figure 5A), and
a high degree of orientation of crystals, with trans-
planar chains parallel to stretching direction, is achieved
in the fully strained state (see the pattern at ε ) 52.6%
in Figure 5A).

The structural and morphological changes occurring
during the stretching, are reversible. The crystals in the
trans-planar form III gradually transform back into the
helical form as the tensile stress is released (Figures

Figure 4. Stress-strain curves recorded while stretching
unoriented films of samples sPP1 (curve a) and sPP2 (curve
b) in tests nos. 1 and 2, respectively. Both experiments were
stopped long before breaking of the samples.

Figure 5. X-ray fiber diffraction patterns of a uniaxially drawn fiber of the sample sPP1, recorded in situ during cyclic elongation
and recovery (deformation rate, 5 mm/min), within the elastic deformation range (test no. 3, monochromatic X-ray syncrotron
radiation of λ ) 0.718 Å, 2 s exposure time, 12 frames/min). Only the frames outlining the most significant structural changes are
reported. (A) The patterns were recorded while stretching the sample; (B) the patterns were recorded while releasing the tension.
The deformation ε and the time t are indicated. The characteristic reflections of helical form II and trans-planar form III of sPP
on the first layer line are also indicated with arrows.
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5B and 6B). The (020)t and (110)t reflections of the trans-
planar form III, indeed, gradually disappear and the
intensities of the (200)hII and (110)hII reflections diag-
nostic of helical form II increase, while releasing the
tension (Figure 6B). Below a critical strain (i.e., for εc
< 20%, Figure 6B), the sample is almost fully helical.
At the end of test no. 3, the oriented fiber of the sample
sPP1 completely recovers the initial dimensions (Figure
7) and results in a mixture of crystals of form II and
form III (Figure 5B, ε ) 0), in the same relative amount
as at the beginning of the experiment (Figure 5A, ε )
0).

Figures 8-10 show the results obtained in a typical
experiment performed on a fiber of the more stereo-
regular sample sPP2, cyclically stretched (from ε ) 0
to 41.1%) and then immediately relaxed at a controlled
rate (from ε ) 41.1% to 0, test no. 4). The sample is fully
elastic in this deformation range. The X-ray fiber
diffraction pattern and the corresponding diffraction
profiles read along the equator (after subtraction of the
amorphous contribution) are reported in Figures 8 and
9, respectively. The stress-strain hysteresis curves
recorded while performing the diffraction experiment

are reported in Figure 10. The overall index of crystal-
linity does not change during the mechanical cycle in
the test no. 4 and amounts to ≈60%, as in the original
unoriented film of sample sPP2 (test no. 2, Figure 3).
Furthermore, the reflections corresponding to the crys-
talline forms involved during the mechanical cycle in
test no. 4 are more sharp and narrow than those shown
in test no. 3 by the oriented fiber of the sample sPP1,
indicating that the crystals in the sample sPP2 are now
bigger and more ordered.

As in the case of the sample sPP1 (test no. 3, Figures
5 and 6) in the unstrained state, the fiber of sample
sPP2 is mostly in the helical form II, as indicated by
the presence of (111)hII, (200)hII, and (110)hII reflections
typical of the isochiral helical form II15,16 (Figure 8A and
9A, ε ) 0). A small amount of crystals of trans-planar
form III is also present as indicated by the presence of
reflections on the first-layer line corresponding to chain
periodicity c ) 5.1 Å17,18 and by the presence of the
shoulders of the (110)hII reflection (2θ ) 7.83°) at 2θ )
7.55 and 8.44°, corresponding to the (020)t and (110)t
reflections, respectively, of form III18 (Figures 8A and
9A, ε ) 0; see also Table 1). The critical value of the
strain at which the transition of form II into form III
starts (εc≈10%), is now shifted toward values of ε lower
than that observed for the sample sPP1 (Figure 6A). The
corresponding value of the critical strain is 12 MPa
(Figure 10). As in the case of the sample sPP1 in test
no. 3, a stress-induced phase transition from form II into
form III occurs when the sample is stretched above this
critical value of deformation. It is apparent, indeed, from
Figures 8A and 9A, that for ε > 10% (σ > 12 MPa), the
intensity of (200)hII reflection of the helical form gradu-
ally decreases with increasing ε, while the intensities
of (020)t and (110)t reflections (2θ ) 7.55 and 8.44°,
respectively, Figure 8A), typical of form III,18 increases.
Also in this case the index of crystallinity remain
constant over the stretching-relaxation runs.

Figure 6. (A, B) X-ray diffraction intensity profiles read along the equatorial layer line of the two-dimensional fiber diffraction
patterns of Figure 5, parts A and B, respectively, as a function of 2θ diffraction angle, after subtraction of the amorphous contribution
(test no. 3). The label close to the profiles indicates the strain ε. The position of the (200)hII and (110)hII reflections of helical form
II and of the (020)t and (110)t reflections of the trans-planar form III are also indicated. The curves are reported every 10 s.

Figure 7. Stress-strain curves recorded while cyclically
stretching the fiber of test no. 3 (sample sPP1) and releasing
the tension at a controlled rate of 5 mm/min according to
directions indicated by the arrows.
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At 41.1% deformation, nearly 70% of the material
originally in the helical form transforms into form III
(Figures 8A and 9A). Also in this case, the degree of
orientation of helical crystals does not greatly increase
while stretching the material (Figure 8A), whereas a
high degree of orientation of crystals with trans-planar
chains parallel to stretching direction, is achieved in the
fully strained state (see the pattern for ε ) 41.1% in
Figure 8A).

During the relaxation run at controlled rate, the
crystals in trans-planar form III, gradually transform
back into the helical form II as the tensile stress is
released (Figures 8B and 9B). Indeed, the intensities
of the (020)t and (110)t reflections of the trans-planar
form III gradually decrease and the intensities of the
(200)hII and (110)hII reflections of the helical form II
increase, while releasing the tension. In addition, the
sample becomes progressively less oriented. Below a

Figure 8. X-ray fiber diffraction patterns of an uniaxially drawn fiber of sample sPP2, recorded in situ during cyclic elongation
and recovery (deformation rate, 5 mm/min), within the elastic deformation range (test no. 4, monochromatic X-ray syncrotron
radiation of λ ) 0.718 Å, 2 s exposure time, 12 frames/min). Only the frames outlining the most significant structural changes are
reported. (A) The patterns were recorded while stretching the sample; (B) the patterns were recorded while releasing the tension.
The deformation ε and the time t are indicated. The characteristic reflections of helical form II and trans-planar form III of sPP
on the first layer line are also indicated with arrows.

Figure 9. (A, B) X-ray diffraction intensity profiles along the equatorial layer line of the two-dimensional fiber diffraction patterns
of Figure 8A and 8B, respectively, as a function of 2θ diffraction angle, after subtraction of the amorphous contribution (test no.
4). The label close to the profiles indicates the strain ε. The positions of the (200)hII, (110)hII, and (111)hII reflections of helical form
II and of the (020)t and (110)t reflections of the trans-planar form III are also indicated. The curves are reported every 10 s.
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critical strain (i.e., for εc < 10% and σ ≈ 10 MPa, Figure
10), the fraction of crystals transformed from the helical
form into trans-planar form during the stretching
transforms back into form II during the relaxation. At
the end of test no. 4 (Figure 8B, ε ) 0), the sample
completely recovers the initial dimensions and results
in a mixture of crystals of form II and form III, in the
same amount as at the beginning of the test (Figure 8A,
ε ) 0).

In both tests no. 3 and no. 4, the X-ray diffraction
patterns of samples stretched up to a given strain ε
(Figure 5A and 8A) are practically coincident with the
patterns at the same value of the strain ε during the
relaxation (Figures 5B and 8B). Furthermore, we have
checked that the X-ray diffraction patterns of Figures
5 and 6, for the sample sPP1, and Figures 8 and 9, for
the sample sPP2, and the stress-strain curves of
Figures 7 and 10 are coincident to those recorded during
analogous elongation-relaxing cyclic tests, over more
than 12 consecutive runs.

In conclusions, as already observed in ref 23, the
crystal-crystal phase transition between the isochiral
helical form II and the trans-panar form III of sPP is
reversible, and a total recovery of the initial dimensions
of the sample is observed when the tension is removed.
Thus, oriented samples of sPP show good elastic behav-
ior.

Moreover, in agreement with the results reported in
ref 28 for oriented sPP samples, the transition of form
II into form III occurs during the stretching in cor-
respondence to characteristic values of stress-strain
parameters. At values of strain below the characteristic
values of the strain, the samples are almost fully in the
helical form. The characteristic values of the strain are
εc ≈ 20% for the sample sPP1 and εc ≈ 10% for sPP2.
Therefore, for the more stereoregular sample sPP2 (test
no. 4), the transformation of form I into form III
(accompanied by an increase of the degree of orientation)
starts for a strain much below the critical strain
observed for the analogous transformations occurring
for the less stereoregular sample sPP1 (test no. 3). The
values of the critical stress corresponding to these values
of the critical strain are ≈10 MPa for sPP1 and ≈12
MPa for sPP2, during stretching (Figures 7 and 10).
Lower values of the critical strain are instead observed
during relaxation, because of the non null hysteresis
(Figures 7 and 10). As for unoriented samples, the
critical stress inducing the structural transition of the
helical form into the trans-planar form in sPP is in the
range 8-12 MPa, and the exact value depends on the
degree of steoreogularity of the sample, which in turn

influences the degree of crystallinity and the relative
amount of structural disorder in the crystals. In other
words, the major determining parameter for the struc-
tural transition between form II and form III is the
applied tensile stress, rather than the strain value.
These observations are in agreement with results
reported in recent papers by Choi and White.31-33 In
ref 31, in particular, Choi and White have studied the
structure development in melt spinning process of sPP.
It was found that the transition of the helical form I
into the trans-planar form III starts at a spinline stress
level of about 6-9 MPa, regardless of molecular weight,
melt temperature, and cooling rate; moreover, the
spinline stress level was found to be the major deter-
mining parameter for obtainment of high degree of
orientation in the resulting sPP fibers. The critical
stress found in ref 31 is slightly lower than the value
found in the present investigation, probably because the
sPP samples analyzed in ref 31 were less stereoregular
than our samples.

The results of our in situ analysis provide clear
evidences that the structural evolution of sPP is a fast
process and occurs on the same time scale as the rate
the material is stretched.

As a further check, the sample of test no. 4, once
relaxed, was stretched again up to ε ) 29% and then
the tension was abruptly removed (test no. 5). The X-ray
fiber diffraction patterns were recorded every 5 s during
this experiment. The X-ray diffraction patterns and the
corresponding diffraction profile read along the equator,
are reported in Figure 11A and B, respectively (only the
frames indicating the most significant changes are
shown in Figure 11A). As in test no. 4, the structural
transition of form II into form III starts at ε ≈ 10%.
Starting from this moment, the crystals of form II
gradually transform into form III while stretching. After
120 s from the beginning of the experiment, at ε ) 29%
(pattern d in Figure 11A), the tension is abruptly
removed. It is apparent from Figure 11 that crystals of
form III, formed during the stretching, transform back
into form II instantaneously (pattern e of Figure 11A
and profile at 125 s, ε ) 0, in Figure 11B). An
instantaneous recovery of the initial dimensions of the
sample is also observed. It is worth noting that the
diffraction patterns at ε ) 0 at the end (125 s) and at
the beginning of the experiment (0 s) in Figure 11, parts
A and B, are practically coincident.

This result clearly indicates that the reversible phase
transition between form II and form III occurs instan-
taneously and directly, without involving a third dis-
ordered, intermediate phase; i.e., as suggested in ref 27,
it is a cooperative process, involving conformational and
structural rearrangements of bundles of close neighbor-
ing chains in short time. Moreover, these data suggest
that the crystal-crystal phase transition between form
II and form III in sPP is a martensitic transition, with
associated characteristic values of stress-strain param-
eters. As in the case of martensitic transitions occurring
in alloys and steels, also for sPP, the critical value of
the stress-strain parameters depend on the tempera-
ture; for instance, as shown in ref 26, for temperatures
higher than 60 °C the helical form does not transform
into form III upon stretching.

Recent energetic analyses have shown that form II
of sPP is more stable than form III by ≈0.51 kcal/mol
monomeric units.34 Therefore, while the driving force
leading the conventional elastomers to recover the

Figure 10. Stress-strain curves recorded while cyclically
stretching the fiber of test no. 4 (sample sPP2) and releasing
the tension at a controlled rate of 5 mm/min, according to
directions indicated by the arrows.
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initial dimensions is merely entropic, in the case of sPP,
elasticity is also assisted by the enthalpic gain achieved
when the sample is relaxed. When the tension is
removed, both the enthalpic factor, due to the structural
transition in the crystalline region, and the entropic
factor, due to the conformational transition of the
entangled chains in the amorphous phase, contribute
to the elastic recovery of the sPP fibers.

In our opinion the rather small crystalline aggregates
actively participate in the elasticity of sPP, locally acting
as microscopic engines.28 The chains in the amorphous
regions are possibly well oriented and are in an ex-
tended conformation in the stretched state and experi-
ence a reversible conformational transition between the
disordered (coil) and extended conformations when the
samples are repeatedly stretched and relaxed. These
chains are also highly entangled and connect different
crystals, as tie chains.30 In the crystalline domains the
structural transition occurs during the mechanical

cycles. During deformation, the chains in the amorphous
regions assume extended conformations and tend to
orient parallel to the stretching direction, and the
crystalline aggregates tend to assume a preferred
orientation with the chain axes parallel to the stretching
direction. When the crystalline aggregates experience
a tensile stress higher than a critical value, a crystal-
crystal phase transition from the helical form II into
the trans-planar form III occurs and the size of the
crystal increases by 38% along the chain axis direc-
tion23,28 (the periodicity per monomeric unit increases
from 7.4/4 Å for the helical form, to 5.1/2 Å for the trans-
planar form, with 7.4 and 5.1 Å the chain axes of the
helical form II and the trans-planar form III, respec-
tively, corresponding to a relative increase of 38% ) 100-
(5.1/2 - 7.4/4)/(7.4/4)).

During the relaxation step, when a given crystal
experiences a stress below a critical value, form III
becomes unstable and transforms instantaneously into

Figure 11. (A) X-ray fiber diffraction patterns of an uniaxially drawn fiber of the sample sPP2, recorded in situ during stretching
(deformation rate, 5 mm/min, patterns a-d). At ε ) 29% (pattern d), the tension is abruptly removed and the diffraction pattern
(pattern e) immediately recorded (test no. 5, monochromatic X-ray syncrotron radiation of λ ) 0.718 Å, 2 s exposure time, 12
frames/min). Only the frames outlining the most significant structural changes are reported. The deformation ε and the time t
are indicated. The characteristic reflections of helical form II and trans-planar form III of sPP on the first layer line are also
indicated with arrows. (B) X-ray diffraction intensity profiles along the equatorial layer line of the two-dimensional fiber diffraction
patterns of Figure 11A, as a function of 2θ diffraction angle, after subtraction of the amorphous contribution (test no. 5). The
labels close to the profiles indicate the strain ε and the time t. The positions of the (200)hII, (110)hII and (111)hII reflections of
helical form II and of the (020)t and (110)t reflections of the trans-planar form III are also indicated.
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the more stable form II, and each crystal, locally,
shrinks by 38% along the chain axis direction.23,28 Since
the enthalpy change in this transition is negative, the
heat of transition, in turn, induces an abrupt confor-
mational transition of the amorphous material placed
in the surrounds; the amorphous springs assume sud-
denly less extended conformations generating a sort of
chain reaction, which rapidly involve the whole mate-
rial. According to this idea, elasticity in sPP would not
be merely entropic as in conventional elastomers but
also enthalpic.

The dimension of crystallites and the amount of
structural order which develops in the crystalline
modifications involved during stretching-relaxation
cyclic tests is higher for the more stereoregular sample
sPP2 than for the less stereoreguar sample sPP1. In
both cases the elastic response of the sample during
cyclic deformation and relaxing experiments is instan-
taneous, and the reversible crystal-crystal phase tran-
sition between form II and form III occurs on the same
time scale as the rate the sample is deformed. Never-
theless, in tests nos. 3-5 oriented fibers of sPP still
show a not negligible amount of crystals in the trans-
planar form III, once the tension is removed (Figure 5,
6, 8, 9, and 11). This crystalline modification is unstable
in absence of a tensile stress, and keeps transforming
into the helical form II, in longer time. This is shown
in Figure 12, which compares the equatorial diffraction
profiles of the unstrained fiber samples sPP1 (Figure
12A) and sPP2 (Figure 12B) at the end of tests nos. 3
and 4, respectively (curves a and c, Figure 12), with
those of the same fiber samples kept for 2 h at room
temperature in the unstrained state (curves b and d,
Figure 12). A neat increase of the intensity of the (200)hII
reflection is observed, whereas the two shoulders of the

(110)hII peak at 2θ ) 7.83°, corresponding to the (020)t
and (110)t reflections of trans-planar form III of sPP,
become less pronounced (compare profiles a and c with
profiles b and d, respectively). The delayed transition
of crystals in form III into form II in the stress-relaxed
fibers also implies further shrinkage of the sample
length. Most likely, the crystals of form III which do
not transform back into form II instantaneously while
releasing the tension are located in strained zones of
the material; when the material is left to relax at room
temperature, these crystals also transform into form II.

A Possible Mechanism of the Martensitic Phase
Transition between Form II and Form III of sPP.
It is worth noting that form II is not the most stable
form of sPP;5,15 it is based on packing of isochiral 2-fold
helical chains into an orthorhombic unit cell (Figure
1B).15 The most stable crystalline form of sPP is form
I,2 characterized by a packing of antichiral helices along
both a and b axes (Figure 1A).2,5,13 Form I is the common
form of sPP obtained in powder samples by crystalliza-
tion from the melt5,14 and in single crystals from
solution.2-4 At high crystallization temperatures or-
dered modifications close to the limit ordered model
structure of Figure 1A are obtained.2,14 At low crystal-
lization temperatures disordered modifications charac-
terized by the presence of disorder in the alternation of
right- and left-handed helices along the a and b axes
are obtained.14 These disordered modifications also
include disorder in the stacking of bc layers of chains
along a, characterized by shift of the layers of b/4 along
b (b/4 shift disorder) generating local situations of
packing of close neighboring chains as in form II of
sPP.3,4,14 Form II may be obtained in powder samples
upon quench precipitation from solution (disordered
modifications including kink-band disorder),35,36 crys-
tallization from the melt at high pressures,37 and in fiber
samples initially in form III upon removing the ten-
sion.16,23 When the crystallization of form III in oriented
fibers is prevented, as for instance by stretching at high
temperature26or in copolymers of sPP with butene
comonomeric units,38 form II does not form anymore.
The question why the isochiral form II occurs instead
of the more stable antichiral counterpart (form I) in
stress-relaxed sPP fibers initially in form III, is intrigu-
ing. In ref 27 we suggested the hypothesis that the
evolution of form III fibers into form II is imposed by
conformational and steric constraints, and the iso-
chirality of the resulting helical phase was taken as an
indication that the transformation is a cooperative
process.

As shown in the previous session, the crystal-crystal
phase transition between form III and form II of sPP is
a fast and direct process, not involving any intermediate
disordered phase during the transformation. This sug-
gests that this phase transition is a cooperative process,
occurring through instantaneous and simultaneous con-
formational and structural rearrangements of close
neighboring chains, involving the whole ordered do-
mains, in agreement with the hypothesis suggested in
ref 27.

As argued in ref 27, the generation of a helix structure
requires the introduction of G+ or G- bonds in an all-
trans chain during the crystal-crystal phase transition
from form III to form II. This implies a modification in
chain direction and, ultimately, generation of a helix
with a larger cross section than that of the initial
conformation. Such process also involves very major

Figure 12. Comparison between X-ray equatorial diffraction
profiles of the stress-relaxed fibers of samples sPP1 (A) and
sPP2 (B) at the end of tests nos. 3 and 4, respectively (profiles
a and c), and 2 h after the end of the experiments (profiles b
and d).
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molecular readjustments which, to take place, must be
direct and cooperative.

A possible mechanism for the crystal-crystal phase
transition from form III into form II of sPP, implicitly
suggested in ref 27 and supported by the results of the
present investigation, is illustrated in Figure 13. The
relative arrangement of sPP trans-planar chains in a
crystalline aggregate of form III is shown in Figure 13A.
Upon release of the tension, form III is unstable and
transforms into the more stable isochiral form II (Figure
13C). This transition implies the generation of ...TTG+G+-
TTG+G+... (right-handed) or ...G-G-TTG-G-TT... con-
formational sequences starting from a fully extended
chain. Since this transformation is direct and occurs in
a very short time, it necessarily requires that, in a given
ordered aggregate of sPP chains initially in form III,
gauche bonds having the same sign are formed coop-
eratively, for steric reasons, as sketched in Figure 13B.
The parallelism of the chains may be, indeed, preserved
only if the helical stretches, which form from the
extended chains, are isochiral, i.e., gauche bonds have
all the same sign (G+ or G-). In fact, formation of right-
and left-handed helical stretches (as in the stable form
I) appears sterically forbidden, because it would result
in two local stem orientations, which would diverge on
opposite sides of the initial trans-planar chain (Figure
13B′) producing steric interactions with the neighboring

chains. The two enantiomorphic helical stretches would
be oriented at right angle each other. This kind of
arrangement has been observed in the γ form of isotactic
polypropylene,39 but it is not feasible for sPP in the
crystalline state. As a consequence, during the trans-
formation, helical sequences generated in neighboring
chains have the same chirality in order to avoid steric
interactions, and the isochiral form II is obtained, even
though the antichiral form I is more stable. Thus, the
formation of isochiral form II from trans-planar form
III, instead of the more stable antichiral form I, in
oriented sPP samples, upon releasing the tension, is a
fast and cooperative process, governed by rigid steric
constraints. The cooperativity of gauche bond formation,
indeed, applies to traveling in unison along the extended
chains in the whole ordered domain, in a very short
time.

It is worth noting that the model of Figure 13B is
similar to the structural models including the kink-
band disorder proposed to explain some X-ray diffraction
and solid-state 13C NMR features observed in low
stereoregular sPP samples, crystallized in form II by
quench-precipitation from solution35,36 and in as-pre-
pared samples of syndiotactic copolymers of propylene
with ethylene.40-42 The model of Figure 13B, however,
does not represent any intermediate structural model
which forms while stretching sPP samples, but it rather

Figure 13. Possible mechanism for the martensitic phase transition between form III and form II of sPP. (A) sPP chains in
trans-planar conformation, arranged as in the form III, in a projection parallel to the chain axes. (B) Right-handed helical portions
of chains formed in unison along sPP chains, connected by portions of chains in trans-planar conformation, clustered in planes
as in the model of kink-band disorder of form II of sPP,35,36 illustrating a transient state of the crystalline aggregate of chains
originally in form III transforming into form II. (B′) The formation of helical portions of chains having opposite chirality within
the same ordered domain is forbidden because the two stems would be oriented at right angle each other, producing steric
interactions with neighboring chains. (C) sPP chains in (TTGG)n helical conformation, arranged as in the isochiral form II, in a
projection parallel to the chain axes.
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illustrates a possible transient state of the crystalline
aggregates of sPP chains, occurring during the crystal-
crystal phase transition between form II and form III.
In fact, according to the results of the present investiga-
tion, the crystal-crystal phase transition between form
II and form III of sPP is a fast and direct process, not
involving any intermediate phase.

Concluding Remarks
The mechanism of the stress-induced, reversible,

crystal-crystal phase transition associated with the
elastic behavior of sPP and the time scale of this process
has been investigated. The structural changes of un-
oriented and oriented films of two sPP samples having
different stereoregularity have been followed during
deformation, by wide-angle X-ray diffraction measure-
ments, using syncrotron radiation.

sPP samples were cyclically stretched and relaxed at
controlled rate, while recording X-ray fiber diffraction
patterns and stress-strain curves. The results of the
present analysis clearly indicate that the structural
transition of sPP between form II and form III is a fast
and direct process, occurring on the same time scale as
the rate the material is strained. During the stretching
the transition of the helical form II into the trans-planar
form III starts in correspondence of characteristic values
of stress-strain parameters. As the strain increases,
crystals in form II transform into form III, and the
inverse transition occurs, releasing the tension. Below
a critical strain, the sample is almost completely in the
helical form, as in the initial, unstrained state. A
complete recovery of the initial dimension of the speci-
men is observed, upon releasing the tension. Moreover,
the total amount of crystallinity does not change during
cyclic elongation and recovery. This suggests that the
reversible phase transition between form II and form
III does not involve the formation of any disordered,
intermediate phase; i.e., it is a direct and cooperative
process, implying conformational and structural rear-
rangements of large bundles of close neighboring chains
and occurs instantaneously.

These data indicate that while the driving force
leading the conventional elastomers to recover the
initial dimensions is merely entropic, in the case of sPP
elasticity is also assisted by the enthalpic gain achieved
when the sample is relaxed. When the tension is
removed, both the enthalpic factor, due to the structural
transition in the crystalline region, and an entropic
factor, due to the conformational transition of the
entangled chains in the amorphous phase, contribute
to the elastic recovery of the fiber.

A possible mechanism of the solid-solid martensitic
phase transition of sPP is presented. In ref 27, it was
argued that the evolution of form III into form II is
imposed by conformational and steric constraints and
the isochirality of the resulting helical phase was taken
as an indication that the transformation is a cooperative
process. Our experiments strongly support the cooper-
ativity of this stress-induced phase transition. It thus
appears that the generation of the isochiral form II
instead of the more stable antichiral form I from the
all-trans form III of sPP, upon releasing the tension is
a consequence of the cooperative formation of helical
stretches having the same chirality, necessary to avoid
steric interactions.
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