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ABSTRACT: In this work, we have conducted in situ simulta-
neous small- and wide-angle X-ray scattering and Raman
spectroscopy experiments to investigate the fundamental differ-
ences in the mechanism of the mesomorphic to α phase transition
of the isotactic polypropylene homopolymer and the random
ethylene−propylene copolymer. Via quantitative analysis of the
results coming from the three techniques, we found that in the
homopolymer, chain interlock and chain extension occur during
the transition. However, these processes are not necessary for the
transition to occur. Indeed, the presence of randomly distributed
ethylene co-units hinders the chain interlock process in the early stages of the phase transition (T > 60 °C) and suppresses the chain
elongation process at the later stages (T > 90 °C). Consequently, the mesomorphic to α-phase transition in the random copolymer
occurs with inclusion of the ethylene co-units inside the crystal lattice, causing increased lateral interchain distance and larger
crystalline sizes. Our results show how differences exist in the way solid phase transitions occur at the molecular scale when co-
monomers are included into the macromolecular chains, leading to a better understanding of the thermal behavior of semi-crystalline
polymers.

1. INTRODUCTION
Semi-crystalline polymers are characterized by great versatility
in terms of both crystal structure and morphology.1,2 The final
properties of the materials can be tuned by adjusting the
backbone composition and the crystallization conditions,
allowing semi-crystalline polymers to be applied not only as
daily commodities but as high-performance materials too.
Isotactic polypropylene (iPP) is one of the most used semi-
crystalline polymers worldwide, thanks to its easy process-
ability and to the wide range of properties such as mechanical
rigidity, thermal resistance, and chemical inertia. Particularly,
optical and mechanical performances can be tailored by
controlling the degree of isotacticity or by modifying the chain
regularity via insertion of comonomers (ethylene and higher α-
olefins), yielding regio-defects and stereo-defects. Moreover,
the complex polymorphic behavior of iPP is of great interest,
with five known crystal modification ranging from α to ε.3,4 In
addition, iPP features a solid metastable phase, the so-called
mesomorphic phase or mesophase, characterized by an order
degree significantly lower than that of the long-range ordered α
monoclinic structure.
The mesophase is obtained by cooling the melt to low

temperature at speed higher than 100 °C/s and thus,
suppressing the formation of the α monoclinic structure.5,6

The mesophase formation is inhibited when the melt is rapidly
quenched at rates above 1000 °C/s to below the glass-
transition temperature, yielding a fully amorphous solid. The
use of intermediate cooling rates allows the coexistence of both

mesomorphic and α monoclinic polymorphs. Within the
mesophase crystals, the iPP chains are organized in bundles of
3/1 ordered helical chains along the chain axis direction, while
significant disorder is present in the lateral direction where
random packing of left- and right-handed helix produces a less
densely packed crystal structure.7−9 Morphologically, the
mesophase presents nodular domains with size ranging from
5 to 20 nm that are characterized by the lack of the typical
long-range order of spherulitic structures.10 However, by
heating to temperatures close to 70 °C, mesomorphic domains
undergo a solid phase transition to the more stable α
monoclinic structure. The meso-to-α phase transition occurs
within the globular nodules, preserving the globular morphol-
ogy with only a moderate increase in the domain size.10−12

The meso-to-α phase transition ultimately affects the
mechanical and optical properties of iPP, yielding ductile and
transparent products that still possess high crystallinity.
An effective approach to modify the iPP properties is the

tailored introduction of defects inside the crystalline structure
that is often accomplished by modifying the stereo- and regio-
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regularity of the chains13,14 or by the addition of
comonomers.15 In comparison to homopolymeric grades,
random copolymers of iPP are characterized by lower
crystallinity, better optical transparency, along with a higher
toughness that are defined by the nature and amount of the
used comonomers. The presence of comonomeric defects
hampers the crystallization process and slows the growth of the
α phase spherulites by reducing the length of crystallizable
sequences, regardless of the defect nature.16 The mechanical17

and optical properties18,19 of the random copolymer can be
tuned accordingly to meet the required application.
The crystallization and melting of iPP and their copolymers

have been largely investigated using differential scanning
calorimetry (DSC), optical and electron microscopy, atomic
force microscopy, and small-/wide-angle X-ray scattering
(SAXS/WAXS).12,20−22 Recently, in situ synchrotron SAXS/
WAXS has been successfully used to elucidate the crystal-
lization behavior and structural domain formation at the
nanoscale under several conditions (fast cooling/heating,
uniaxial stretching, and applied flow).23−25 However, changes
occurring at the conformational level of the chains during
thermal treatments or phase transitions are hardly detectable
by X-ray scattering measurements. Likewise, spectroscopic
tools, such as Fourier transform infrared (FTIR) or Raman
spectroscopy, play an important role to probe macromolecular
reorganization via monitoring the evolution of particular
vibrational bands, in particular the so-called “regularity
bands.”26 The regularity bands correspond to the helical
chains composed by a fixed number of monomeric units in
which identification and assignment have been extensively
investigated in recent years.27−29

Herein, an in situ simultaneous SAXS/WAXS/Raman study
was performed on an iPP homopolymer and on a random
ethylene−propylene copolymer (RACO) to elucidate the
precise correlation between changes occurring at the level of
the chain conformation (by Raman spectroscopy and multi-
variate analysis), in the local packing of the chains (by WAXS),
in the nanoscale organization of the chains (by SAXS), and to
understand the effect of the comonomer inclusion on these
conformational changes during the disorder-to-order solid
transition. To the best of our knowledge, the effects of
comonomer partition during the conformational chain
reorganization with the meso-to-α transition have not been
investigated in detail until now, despite being of utmost
importance for both academia and plastic industry.

2. MATERIALS AND METHODS
Both polymers used in this study were provided by Borealis-GmbH
(Linz, Austria). Namely, an iPP homopolymer called HOMO and a
propylene−ethylene random copolymer with 2.2 wt % of C2
monomer called RACO. The two polymers have a very comparable
polydispersity. An overview of the polymer characteristics is present in
Table 1.

The materials were received as films of 50 μm thick, produced via
cast film extrusion using a Collin machine. The Collin extruder used
has a diameter of 30 mm and an L/D ratio of 30, with a multi-purpose
screw capable of a maximal throughput of 15 kg/h. The attached cast
film die features a width of 300 mm and a die gap of 0.5−1 mm (set at
0.5 mm for a 50 μm film). The chill roll and secondary roll possess a
width of 350 mm and a diameter of 144 mm, and both can be set to
the temperature range of 15−150 °C. In this study, both polymers
have been extruded to target the highest amount of the mesomorphic
phase (chill roll cooled to a 15 °C). In situ simultaneous SAXS/WAXS
coupled with Raman measurements (SAXS/WAXS/Raman) were
performed at the beamline BM26B-DUBBLE at the ESRF30,31 (Figure
1) using an X-ray wavelength of 0.1 nm and an X-ray spot size of 300

μm × 400 μm on the sample. Prior to the measurements, the polymer
films were encapsulated inside a standard DSC aluminum pan with a
pierced lid equipped with a thin mica window to permit the
accessibility of the Raman laser. The samples were heated from
ambient temperature up to 200 °C at a heating rate of 5 °C/min using
a Linkam DSC600 heating−cooling stage system.

A metal spring has been used to ensure a stable position and an
adequate contact with the heating plate of the Linkam DSC device
placed vertically during the acquisition process. SAXS and WAXS
patterns were collected using a PILATUS 1M and a PILATUS 300K-
W detector, respectively, with an acquisition time of 30 s. The
detectors were positioned, respectively, at 5000 and 280 mm away
from the sample for SAXS and WAXS analyses, respectively. The
WAXS patterns were collected in the q-space region from 6 to 20
nm−1, while the SAXS patterns were recorded in the q-space region
from 0.1 to 1 nm−1. A background pattern was acquired using an
empty cell, and it was subtracted from the sample patterns before the
reduction of the acquired data to 1D profiles using the python-based
Bubble program32 available at the beamline. The q-scale was
calibrated using the known peak position from a standard silver
behenate sample for SAXS and from a standard Al2O3 powder for
WAXS. Both standards were purchased from NIST.

To account for changes in the structural and phase composition of
each sample during the meso-to-α transition, WAXS patterns were
fitted using a multi-peak fitting routine, with Voigt functions for the
deconvolution of each scattering reflection. According to eq 1, the
crystallinity of each phase is calculated as

X T
A T

A T
( )

( )
( )i

i

tot
=

(1)

where Xi is the fraction of the selected phase at temperature T, Ai is
the overall integrated area of the selected crystalline phase reflections,
and Atot corresponds to the total integrated area of the WAXS pattern.
Figure S1 shows an example of a deconvoluted pattern for a sample at
a temperature where the α phase dominates. Hereby, the evolution
over time of each crystalline phase was monitored from ambient
temperature up to above the melting transition.

Table 1. Overview of the Polymer Characteristicsa

polymer
name Tmelt (°C)

isotacticity
<mm> (%) regio-defects Mw/Mn

C2
monomer
(wt %)

HOMO 154 99.2 0.7 3.5 0
RACO 152 96.5 0 3.4 2.2

aThe melt flow rate (MFR) at 230 °C/2.16 kg is 8 g/10 min for both.

Figure 1. In situ SAXS/WAXS/Raman setup at ESRF (Grenoble,
FR). A Linkam DSC stage is used to control the temperature profile.
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Long period (Lp) and average domain size (lc) evolution with
temperature were calculated, according to the so-called linear electron
density correlation function, using eq 233

r q I q qr q( ) ( )cos( )d
0

2∫γ =
∞

(2)

where I(q) is the scattering intensity and r is the distance in real space.
Lp was calculated from the maximum of the first oscillation above
zero of the γ(r), while lc was calculated using the so-called correlation
triangle method.34 Figure 2 shows a collection of different correlation

functions taken at three different temperatures for the HOMO grade.
The value of long period (Lp) is retrieved from the position of the
first maximum. The average domain size (lc) is calculated by the
intersection between the slope of the linear part of the curve at r value
close to zero, obtained by simple linear regression, and the tangent to
the curve at the absolute minimum. This intersection defines the sides
of the so-called correlation triangle. Both the long period and the
average domain size increase with the temperature during heating.
The curve maximum at the highest shown temperature (150 °C)
exhibits a drop in intensity as a result of the partial melting of the
sample, indicating the loosening of structural correlation when going
from an ordered to a partially molten structure.
Raman measurements were performed simultaneously to SAXS/

WAXS using an RXN-1 spectrometer by Kaiser Optical equipped with
a fiber optics with a focal distance of 50 mm and a wavelength of 785
nm. Spectra were acquired every 10 s, with a delay of 5 s between
each acquisition. The acquisition range was set between 350 and 1700
cm−1. The Raman measurements were recorded in the total darkness
to ensure the absence of light artefacts. Moreover, a background
spectrum was registered using an empty aluminum pan/lid system. All
spectra were normalized to the intensity of the band at 1456 cm−1

(deformation vibration of CH3 groups), which is not influenced by
the degree of crystallinity and by the degree of conformational order
of the polymer chains,35 and subsequently, the band area was
integrated using a fitting routine. The area of each diagnostic band
was evaluated after baseline subtraction to determine the conforma-
tional changes during the meso-to-α transition. Both for X-rays and
Raman, data analysis was conducted using the MATLAB software,
and plots were generated using the Origin software.

3. RESULTS OVERVIEW
Figure 3 shows the overview of the evolution of the
simultaneously acquired WAXS, SAXS, and Raman profiles
allowing us to obtain information on the structural,
morphological, and conformational evolution during heating.

The development of the WAXS intensity profiles for both
the homopolymer iPP (HOMO) and the RACO is illustrated
in Figure 3a,b. Initially, both polymers featured the
mesomorphic phase characterized by the two typical broad
scattering reflections centered at 10.61 and 15.12 nm−1.36,37

The formation of the mesomorphic phase is consistent with
the high cooling rate to which both materials were subjected
during production as a consequence of the low chill roll
temperature of 15 °C used to process the sample.38

At temperatures >50 °C, the two mesomorphic reflections
gradually disappeared and were replaced by the (110), (040),
(130), and (131) characteristic reflections of the α monoclinic
phase. It is found that the onset of the meso-to-α phase
transition occurs earlier for the RACO sample than that for the
HOMO sample, as a consequence of the lower thermal
stability of the RACO mesomorphic structure.9,39 The onset of
the meso-to-α phase transition, as observed by WAXS, is
approximately 60 and 70 °C for the RACO and HOMO iPP
grades, respectively. Full conversion of the mesomorphic phase
to the α-monoclinic phase is achieved at around 120 °C.
Heating at temperature higher than the melting point for both
grades (∼155 °C) ensures complete disappearance of any
WAXS reflection associated with the presence of crystalline
order and thus complete melting of the polymers.
The evolution of the sample crystallinity (sum of the

mesophase and the crystalline α-phase content), as extracted
from analysis of the WAXS profiles, is reported in Figure S2.
Generally, the HOMO grade develops an overall higher degree
of crystallinity if compared to the RACO, which is in line with
the expected higher perfection of the homopolymer molecular
architecture. The initial drop in total crystallinity at low
temperature (T < 60 °C) is associated with an apparent
increase in the amorphous scattering halo that will be discussed
later. The nanostructure evolution associated with the meso-
to-α transition was additionally monitored by simultaneous
SAXS measurements. Figure 3c,d shows the evolution of the
Lorentz corrected SAXS intensity profiles with temperature for
the HOMO and RACO grades, respectively. A weak scattering
peak close to 0.7 nm−1 is present at room temperature in both
polymers. This is consistent with the low degree of long-range
order and the weak spatial correlation of the globular
mesophase domains dispersed within the amorphous ma-
trix.40,41 The transition toward the more ordered α-monoclinic
crystals is clearly visible by monitoring both the intensity
increases and the peak shift taking place during heating,
associated, respectively, to an increase in the number of
ordered crystalline segments and to a growth in the average
crystalline domain sizes and spacing. Upon heating, the peak
position shifts from about 0.7 nm−1 to about 0.4 nm−1. The
SAXS observations agree with the improvement in the crystal
arrangement observed by WAXS. Upon melting, the SAXS
intensity drops sharply until disappearing completely, indicat-
ing loss of any structural order inside the molten material.
The temperature evolution of some representative Raman

spectra in the spectral range from 400 to 1600 cm−1 for the
HOMO and RACO is reported in Figure 3e,f, respectively. For
the sake of image clarity, we selected only a few of the
numerous recorded spectra, starting from room temperature
up to the full melt condition (20−200 °C), with an increment
of 20 °C between each profile. At temperature below the
melting point, well-defined peaks associated with different
vibrational modes are recognizable. The diagnostic regularity
bands at 973 cm−1 (CH bending, C−C stretching), 998 cm−1

Figure 2. Example of linear electron density correlation function for
sample HOMO, calculated at three different temperatures: 20 °C
(gray), 130 °C (orange), and 150 °C (cyan). Increase in the domain
size is appreciable by the shift of the first maximum toward a higher
value of r.
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(CH3 rocking, CH bending), 841 cm−1 (CH2 rocking, C−CH3
stretching), and 1220 cm−1 (CH2 twisting, C−CH3 stretching,
CH bending) can be assigned to helical chain segments
composed by 5, 10, 12, and 14 monomeric units, respectively.
Two additional bands can be identified at 400 cm−1 (C−C−C
bending and CH bending) and 1300 cm−1 (CH bending and
CH2 twisting) that are not classified as regularity bands. Their
vibrational modes can be used to describe the conformational
order along the parallel (400 cm−1) and perpendicular (1300
cm−1) directions with respect to the helical chain axis (e.g.,: the
polypropylene c-axis). Another band at 809 cm−1 (CH2
rocking, C−CH3 stretching, and C−C stretching) is clearly
detected, and it is often used to determine the overall
crystallinity in iPP samples.26,42 The vibrational bands lying at
frequencies higher than 1400 cm−1 are not associated to the
vibrational coupling of atoms within chains and crystals, and
thus, are not considered as regularity bands.20,26,27 It is clear

that conformational rearrangements take place for both grades
during the meso-to-α transition and the melting transition.
Generally, for both grades, the intensity of all the bands drops
abruptly as the melting temperature is approached. The
persistency of some of the bands (400, 973, 998, and 1300
cm−1) after melting is consistent with the preservation of a
certain degree of conformational order in iPP after transition
to the melting state.43

Besides tracing the thermal transitions, the simultaneous
acquisition of SAXS, WAXS, and Raman data allows us to
perform a quantitative description of the structural and
conformational changes occurring during the transitions and
enables us to elucidate the influence of the presence of the
ethylene co-units on the meso-to-α phase transition, which we
discuss in the next section.

Figure 3. (a−f): Summary of the results simultaneously obtained during the in situ analysis of (left panels) an iPP homopolymer (HOMO) and
(right panels) a random poly(ethylene propylene) copolymer (RACO). (a,b) WAXS intensity profiles as a function of temperature for HOMO and
RACO, respectively; the thicker profiles denote the onset of the meso-to-α phase transition (c,d) Lorentz corrected SAXS I(q)q2 profiles as a
function of temperature for HOMO and RACO, respectively; (e,f) selected Raman spectra as a function of temperature for HOMO and RACO,
respectively. The Raman spectra have been shifted vertically for clarity.
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4. QUANTITATIVE ANALYSIS AND DISCUSSION

The phase content evolution during heating, as obtained from
the WAXS intensity deconvolution, is reported in Figure 4a. At
room temperature, the initial mesophase content is about 24%
for the HOMO and 20% for the RACO. The slightly higher
mesophase content of the HOMO is related to the mechanism
of molecular arrangement, in which small, disordered, bundles
of 3/1 helix chain attain a critical length value during the rapid
temperature quench from the melt. The presence of chain
defects in the RACO shortens the bundle length, further
hindering the formation of the mesophase.15 On heating, the
complete conversion of the mesophase to the more ordered α-
monoclinic phase occurs, as widely reported in the literature.45

The onset of the meso-to-α phase transition is recorded
slightly earlier for the RACO sample (∼50 °C) than that for
the HOMO sample (∼60 °C). Interestingly, the structural
transformation for the RACO sample is not as well-defined as
for the HOMO, and structural changes occur immediately
upon heating from room temperature with a gradual decrease
in the mesophase being readily observed (see Figure 4a).
We attributed the lower thermal stability of the RACO

mesophase to its less stable nature due to the ethylene
comonomer hindrance effect on the disordered chain packing.
Moreover, the impact of the ethylene comonomers is equally
reflected by a smaller value of the maximum α-phase content
attained by the RACO sample upon heating just before the
melting process settled in (∼20% for RACO against ∼30% for
HOMO). Thus, the presence of the ethylene comonomers has
a negative impact both on the mesophase and α-phase
formation, in line with what reported previously in the
literature.16 Furthermore, a shift in the melting onset of the
generated α-phase is observed, occurring at 115 °C for the

RACO and 130 °C for the HOMO iPP, reflecting the lower
thermal stability of the less ordered RACO α-phase crystalline
domains.
Analysis of the amorphous fraction evolution shows an

apparent increase in the amorphous phases occurring at
temperature below the meso-to-α phase transition. This might
be caused by changes in the polymer thermal expansion
coefficient, which is known to be larger for the amorphous
phase compare to crystalline phases40 that influence the overall
scattering intensity recorded during heating, resulting in an
apparent growth of the amorphous fraction at low temperature.
It is important to underline that cold-crystallization phenom-
ena are very limited in our experiments. This is expected when
using a constant heating rate (5 °C/s) which does not allow for
sufficient time for a reorganization of the amorphous phase
into a crystalline one during heating. Eventually, a sharp rise in
the amorphous fraction is observed for T > 140 °C for both
grades because of the melting of the α monoclinic crystals.
To study the morphological transitions occurring at the

nanoscale during heating, the long period and the average
domain size were calculated from SAXS data via correlation
function analysis (eq 2) and plotted against temperature in
Figure 4b,c, respectively. It is worth to highlight that at
temperature lower than that at the meso-to-α transition, the
calculated values refer to the average dimension of the ordered
and semi-ordered domains that represent the mesomorphic
bundles which dominate the polymer structure at the
beginning. Above the meso-to-α transition, the average domain
size corresponds to the average dimension of the α crystallites.
Interestingly, a larger long period for the RACO sample was
measured across the entire temperature range under study.
This can be explained by considering the lower rate of

Figure 4. (a−c) (a) Evolution of crystalline phases for both grades as a function of temperature (HOMO-full points, RACO-hollow points); (b,c)
evolution of long period and average domain size, calculated from 1DCF, as a function of temperature, for both grades.
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mesomorphic phase formation of the RACO compared to the
similar homopolymeric grades46 which cause an overall higher
long period induced by the higher content of the amorphous
fraction. This observation agrees with the WAXS deconvolu-
tion results for the RACO sample, showing a consistently
higher amorphous fraction and a lower mesomorphic fraction
with respect to the HOMO grade as a result of the slower
crystallization rate in the random copolymer sample. An
identical long period development during the heating cycle was
probed for both samples up to the meso-to-α transition point.
However, above the meso-to-α transition point, the trend in
the long period versus temperature between the two polymers
started to diverge, with a faster change of long period recorded
for the HOMO iPP in the temperature range from 60 to 120
°C. This observation can be explained considering that the
chain slipping process, and the following chain extension,
occurring within the mesomorphic nodules33 is hindered by
the presence of the ethylene comonomers within the RACO
sample during heating until 110 °C and consistent with the
lower total crystallinity recorded for RACO by WAXS analysis.
The influence of the comonomer presence on the chain
slipping will be discussed in detail below using the Raman data.
After reaching a temperature of 130 °C, the long period for
both samples keeps increasing at a steeper rate which is
connected with the start of the crystalline domain thickening
process of the newly formed α-monoclinic crystalline
domains.33,40 The complete loss of long-range correlation
occurs at temperature nearby the melting point.
The evolution of the average domain size upon heating

reveals also interesting differences between the two grades
(Figure 4c). Up to the meso-to-α transition point, the average
domain size is equal and constant with temperature for both

samples. As already reported in the previous literature,9,46

ethylene comonomers are included in the semi-ordered
mesomorphic bundles with no change in the volume of the
structural unit. On the other hand, for temperature higher than
the meso-to-α transition, the increase in the average domain
size for the random copolymer is constantly higher compared
to the homopolymer. This might arise from inclusion of the
ethylene co-units into the paracrystalline lattice of the newly
formed α-monoclinic crystals, even if the degree of inclusion is
low if compared to higher α-olefin comonomers such as 1-
butene and 1-hexane.47 Above the meso-to-α transition
temperature, the thickening of the crystalline domains is
observed for both polymers until melting temperature is
reached.
While WAXS and SAXS are great tools to identify the

structural changes occurring during the meso-to-α phase
transition, they are neither capable to capture the changes
occurring at the macromolecular chain level nor are they able
to underline the possible differences that arise due to the
chemical nature of the two PP samples. Here, a clear picture of
the conformational changes associated with the meso-to-α
phase transition is provided by our simultaneously acquired
Raman spectroscopy data.
Figure 5a−d summarizes the trends in the peak intensity

evolution upon heating for the four regularity bands that are
associated to the presence of helical chain segments of variable
lengths.29,35,44 The evolution of the 5 and 10 unit bands is
similar for both HOMO and RACO (Figure 5a,b). The band
associated to the shorter helical segments of 5 units is
practically constant until crystallite melting sets in, in
agreement with the crystalline fraction evolution, as extracted

Figure 5. (a−d): Comparison between the area of the four regularity bands for both grades (HOMOblack plots; RACOred plots) as a
function of temperature. (a) Bands 973 cm−1 (helical chain segments of 5 monomeric units); (b) bands 998 cm−1 (helical chain segments of 10
monomeric units); (c) bands 841 cm−1 (helical chain segments of 12 monomeric units); and (d) bands 1220 cm−1 (helical chain segments of 14
monomeric units).
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by WAXS, confirming the extremely limited cold crystallization
occurring in our samples.
Conversely, the 10 unit band is decreasing already before

melting, suggesting chain rearrangement of these short-chain
segments occurring inside the constricted mesomorphic
domains. It is worth noticing that these two bands persist in
the molten state, as already reported in the literature.33 The
most interesting observations are associated with the evolution
of the bands related to helical segments with 12 and 14 units
(Figure 5c,d). The 12 unit bands exhibit an intensity increase
above the meso-to-α transition (∼80 °C for the HOMO and
∼60 °C for the RACO). Evolution of this band is associated
with the onset of crystallization as Raman investigation on
melt-crystallization experiments29 showed that crystalline
reordering begins when polymer chains form segments
composed by this critical number of monomeric units. We
reasonably expect that this critical length is maintained
throughout a cold-crystallization process.
While the increase in intensity is marked for the HOMO

polymer, it is more limited for the RACO polymer. For the 14
unit band, the intensity increase is observed only for the
HOMO polymer.
The limited increase in the 14 unit band observed for the

HOMO could be the result of an hampering effect of the
crystallization occurring mostly inside the small, globular meso
domains.48 Indeed, previous studies highlighted that during
isothermal crystallization, the 14 unit band appears and
develops only after a rather long induction time.28,49 For the
RACO sample, the combined effect of both the small globular
mesomorphic domains and the presence of the ethylene
defects contribute toward hindering the formation of these
longer helical chain segments.
The fundamental differences in the chain reorganization

behavior observed here for the HOMO and RACO polymers
can be discussed within the framework of a recent model
proposed for iPP on the basis of FTIR studies.33 Interchain
conformation reorganization divided into a double-helix
interlock process followed by chain slipping of adjacent
folded-chain segments and the single-chain cluster aggregation
was proposed to occur during the transition of the
mesomorphic bundles to the α crystallites.33 At first, two
connected chain segments come close to each other to form an
interlocked aggregate with opposite chain handedness. The
conformational defects of the mesomorphic bundle begin to be
adjusted by elongation of the stem and by chain rotation; both
constituting the chain slipping process. Eventually, the

reduction of the chains defects permits the two stems to
come closer, increasing their package density and forming a
compact aggregate. Then, the interlocked double-helix
aggregates that are perfected by the chain slipping phenomena
tend to coalesce with other clusters to form the crystal
structure. This cascade of phenomena are considered to be
strictly necessary to induce the transition from the disordered
mesomorphic bundles to the more ordered crystalline α
phase.33 It is thus clear that the limited (or absent) increase of
the 12 and 14 unit bands in the RACO polymer observed here
suggests that chain elongation is not an active mechanism
when ethylene comonomers are introduced in the iPP chains.
To further verify this hypothesis, we have studied also the

behavior of the 400 cm−1 band, assigned to the bending
movements along the polymer backbone (C−C−C),29 since
chain extension is coupled with the enhancement of the
vibrational modes occurring in the direction parallel to the
polymer chain axis. Tracking of the band area evolution gives
information on the total number of coupled oscillators
referring to that mode, meaning that the evolution of the
400 cm−1 band area can be used to study phenomena
undergoing along the direction of the polymeric chains. On the
other hand, shifts in the peak position can be used to recognize
general changes in the conformational order which translate to
an increase, or decrease, of the natural frequency of the
oscillator.29 The evolution of the area and peak position for the
400 cm−1 band versus temperature is shown in Figure 6a,b for
both polymers. A strong increase in band area at the onset of
the meso-to-α transition is evident in the HOMO grade,
meaning that the vibrational oscillators referring to the
direction parallel to the chain axis increase in numbers and
intensity, compatible with the chain extension phenomenon. In
contrast, the RACO polymer displays an almost constant trend
of the 400 cm−1 band area, until melting occurs. It seems thus
obvious that chain elongation phenomena are not significantly
contributing to the transition of the random copolymer
mesomorphic domains toward the α-monoclinic crystals.
Interestingly, a shift toward higher wavenumber is appreciable
for both grades (Figure 6b), starting from the very beginning
of the heating.
This blue-shift can be attributed to a continuous increase in

the conformational disorder of the polymeric chains upon
heating. This demonstrate that clear conformational changes
occur in both polymeric grades but following different paths
near the meso-to-α monoclinic transition, with the random
copolymer not being able to perform a detectable chain

Figure 6. (a,b) (a) Area of band 400 cm−1 evolution vs temperature for both grades and (b) peak position of band 400 cm−1 shifting as a function
of temperature.
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elongation throughout the process. This can be the result of
the hindering effect of the ethylene co-units that produce a
shortening of the repeating length of the newly formed α
crystalline chains.
This phenomenon was speculated few years ago16,50 and

revised more recently by Li et al.,33 suggesting that conforma-
tional reorganization following the sequence of interlocking-to-
chain elongation could be hindered or suppressed via addition
of co-monomers inside the molecular architecture of iPP
material. However, on the contrary of what stated by the
authors, our results demonstrate that translation from the
disordered mesomorphic bundles toward the highly ordered α-
phase can occur also without significant elongation of the
shorter ordered chain segments.
If chain elongation is effectively suppressed by ethylene units

located along the polymer backbone, it is reasonable to
speculate that the preceding chain interlocking process may
also be influenced by the comonomer presence. Changes
occurring along the direction perpendicular to the polymer
chain axis (e.g., adjacent interchain distance) can be assessed
by following the evolution of the area and position of the band
initially located around 1330 cm−1 which is assigned to the
twisting mode of CH2 units (Figure 7a,b).
The position of the 1330 cm−1 band is constant up to ∼40−

50 °C for the RACO and up to ∼60 °C for the HOMO. After
that, the band exhibits a marked red-shift as a result of
promotion of CH2 twisting motions and thermal expansion of
the unit cell (Figure 7b). The earlier onset of the red-shift for
the RACO polymer is in agreement with the lower thermal
stability of its mesomorphic domains, also in agreement with
WAXS observations. The peak shift of the 1330 cm−1 band can

be used to estimate the average lateral interchain spacing (see
Figure 7c).29 The increase in the lateral interchain distance is
identical and linear up to the melting onset for the two
polymers. However, a larger lateral spacing is estimated for the
RACO polymer, having a spacing of 5.75 Å against the 5.72 Å
of the HOMO sample. As expected for highly mesomorphic
iPP grades, both spacings are attested to a lower value than the
typical 5.9 Å for a slow-cooled, unconstrained lattice.51

Despite this similar thermal response in the lateral unit cell
expansion, a fundamental difference between the two grades is
observed when looking at the evolution of the band area upon
approaching the respective meso-to-α transitions. Figure 7a
shows an increase in the 1330 cm−1 band intensity of the
HOMO polymer for temperature higher than ∼60 °C, while
the band monotonically decreases upon heating for the RACO
polymer. We associated the increase of the 1330 cm−1 band
area observed for the HOMO polymer to chain interlock and
ejection of structural and conformational defects via chain
rotation and slipping when approaching and crossing the
meso-to-α transition. Indeed, interlock of adjacent helices with
opposite handedness at temperatures above 50 °C was
reported for the iPP homopolymer.33 The presence of ethylene
units in the RACO polymer seems to hinder this efficient
interlocking and the subsequent chain perfection processes
occurring in the direction perpendicular to the chain axis, even
if a looser interlocking between defective adjacent chains can
still occur without resulting in a significant increasing trend of
the intensity of the 1330 cm−1 band.
Additional evidence of the impact of ethylene co-units on

the mechanism of evolution toward the α-monoclinic form can
be found by quantitative analysis of the evolution of the two

Figure 7. (a−c) (a) Area of band 1330 cm−1 evolution vs temperature for both grades; (b) peak position of the band 1330 cm−1 shifting as a
function of temperature; and (c) trend of adjacent chain lateral spacing retrieved from peak position analysis of band 1330 cm−1.
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main mesophase WAXS reflections. Figure 8a,b reports the
behavior of the area and position of the two main
mesomorphic WAXS reflections versus temperature for the
two investigated grades.
The shift in the position of the mesomorphic scattering

reflection located at lower q-values (q = 10.61 nm−1 named
here meso-peak1) is attributed to changes in the interchain
correlation,9 while the reflection at higher q-values (q = 15.12
nm−1 named here meso-peak2) refers to the repeating period
(pitch) along the helices.6 The normalized area intensity shows
differences in the overall stability for the two mesophases.
Upon heating, the meso-peak1 remains stable up to ∼60 and
∼40−50 °C for the HOMO and RACO polymers, respectively.
From that point on, the trends start to diverge, with the RACO
grades showing a steeper decrease in intensity. This agrees with
the already discussed lower stability of the RACO mesophase
which transforms at lower temperature if compared to the less
defective HOMO mesophase, and it is also in agreement with
the onset of the lateral interchain distance expansion observed
by Raman spectroscopy. A more interesting difference is
observed in the evolution of the meso-peak2, which is
associated to the ordering along the chain direction. While
the meso-peak2 for the HOMO polymer starts to decrease in
intensity at T > 60 °C, the meso-peak2 intensity for the RACO
starts to drop immediately upon heating above ambient
temperature. The intensity drop of the meso-peak2 is
associated to a reduction in the long-range order along the
direction of the helical chains. This seems to take place
considerably before the onset of the phase transition (from
WAXS) and the onset of chain elongation process (from
Raman spectroscopy), especially for the RACO polymer,
meaning that a rearrangement process along the chain axis (i.e.,
rotation and chain unwinding to change handedness) and
anticipating chain slipping and chain elongation (in the
HOMO polymer) is thermally activated in the solid state
inside the constricted mesophase globules. Moreover, Figure
8b shows that upon heating the meso-peak1 reflection shifts
toward lower q-values, which means higher interchain spacings,
for both grades. In agreement with the Raman results, the
RACO polymer is characterized by an average larger interchain
distance along the whole investigated temperature range.
Considering the above discussed results, we can conclude

that the presence of the ethylene comonomers hinders an
efficient chain interlock process, forcing the semi-ordered
chains inside the mesomorphic domains to stay more separated
throughout the entire meso-to-α transformation. Therefore,

the chain extension process is suppressed as well in the RACO
polymer. Nonetheless, the transition toward the α-monoclinic
structure takes place in the RACO regardless of a significant
reduction (if not the absence) of efficient chain interlock and
chain extension.

5. CONCLUSIONS
Here, we have conducted an in situ simultaneous SAXS/
WAXS/Raman study on the thermal transitions occurring
during heating of an iPP homopolymer and a propylene−
ethylene random copolymer (with an ethylene content of
2.2%) processed in their mesomorphic phase. The acquired
data have been analyzed using state-of-the-art (multiple) peak
analysis to obtain the detailed trends in the change of peak area
and peak position upon heating. The two investigated samples
present mainly the transition from the initially defective
mesomorphic to the ordered monoclinic α phase up to the
onset of the melting process. Quantitative analysis of the
Raman spectra provides clear information about the chain
elongation and the chain interlock processes. The information
extracted by Raman analysis was used to strengthen and
complement the analysis of the mesomorphic WAXS
reflections, providing information on structural changes
occurring in the direction perpendicular and along the chain
axis during the meso-to-α transition. Crystallite size evolution
is instead tracked by SAXS.
Important details about the mechanism of the meso-to-α

transition without and in the presence of ethylene comono-
meric units are derived here, thanks to the complementarity of
the X-ray and Raman information. The summary of the results
discussed here shows how for the iPP homopolymer the meso-
to-α transition is first characterized by an efficient chain
interlock process accompanied by rotation and chain slipping
in the temperature range 25−60 °C. Lateral chain displace-
ment is still limited in this first stage of heating, while it is
mainly occurring for T > 60 °C. For T > 80°, extensive helical
chain elongation sets in, with shorted helical chain segments
converting into helical segments of at least 12 and 14 units and
longer. At T ∼120 °C, the melting process starts where some
of the crystallites melt and the most stable thickens before
completely melting, as observed by SAXS analysis. The
introduction of ethylene comonomers dramatically alters the
transition mechanism. In the presence of ethylene units,
rotation and chain slipping can still occur in the first stage of
heating. On the contrary, the efficient chain interlock
mechanism and the subsequent chain elongation occurring in

Figure 8. (a,b) (a) Normalized peak area of mesophase scattering reflection for both grades as a function of temperature and (b) relative shift of
the mesophase peak position with respect to the initial value as a function of temperature for both grades.
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the iPP homopolymer are almost suppressed in the random
copolymer. Nevertheless, the meso-to-α transition still occurs,
but with the α crystallites in the random copolymer
incorporating more structural defects and the ethylene
comonomers, resulting in increased lateral interchain distance
and larger crystallite dimensions with respect to the iPP
homopolymer.
Our results demonstrate that the conformational pathways

explored by the polymeric chains during the meso-to-α
transition may be well different depending on the chemical
nature of the iPP-based macromolecules. These differences are
impossible to be tracked using only structural techniques such
as X-ray diffraction. Our work suggests that quantitative
analysis of high-quality in situ simultaneous SAXS/WAXS/
Raman measurements can help in the future the scientific
community to solve different problems related, but not limited,
to polymer crystallization.
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