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Abstract The conformational changes of quenched isotactic polypropylene (iPP)
during stepwise heating have been carefully studied by in situ Fourier-transform
infrared (FT-IR) spectroscopy. Analysis of the corresponding spectra shows that the
mechanism of the extension of short helix into long one happens. Furthermore, it is
easier for short helix at 998 cm™' band to extend into long one than that of short
helix at 973 cm™' band. Meanwhile, for the higher order regularity band at
841 cm™', the melting-recrystallization seems to occur. However, the number of the
higher order regularity band at 1220 cm™" hardly remains change, which shows the
limited increment of the higher order regularity band for quenched iPP in the whole
heating process. In summary, two proposed mechanisms, the extension of short
helix into long one and the melting-recrystallization of the long helix, happen during
stepwise heating, which may give us new insights on the mesomorphic-to-mono-
clinic phase transition mechanism of quenched iPP from a molecular structure
viewpoint.
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Introduction

It is well known that for iPP, besides o, f§, and 7, the three crystallization
modifications, there is also a mesomorphic phase which can be obtained by rapid
quenching from the melt [1-3]. A tentative classification of mesophases was reported
by Wunderlich [4], who divided mesophases into six different types of phases: liquid
crystals (LC), condis crystals (CD), plastic crystals (PC), and the corresponding LC,
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CD, and PC glasses. Note that all these mesophases show large-amplitude motion in
addition to the always present small amplitude, vibrational motion. According to
Wunderlich [4], CDs consist of flexible molecules which can easily undergo changes
in the conformation without losing positional or orientational order [4]. And
conformationally disordered or CD glasses are obtained by quenching CDs below
their glass transition temperature. Therefore, as discussed in [4], in a CD cooperative
motion between various conformational isomers is permitted, whereas in the CD
glass this motion is frozen, but the conformationally disordered structure remains. By
1984, the mesophase of iPP was identified as a CD glass [5].

Up to now, the structure of quenched iPP is still not fully resolved. Initially, four
types of structure of the quenched iPP have been proposed [6], i.e., “smectic form”
[1], “paracrystal” [7], “small hexagonal crystals” [8], and “micro monoclinic
crystals” [9]. On the basis of X-ray diffraction patterns and IR spectra it was
recognized [1, 2] that mesomorphic phase is organized in a state intermediate
between the crystalline and amorphous phases. It contains parallel helices of
different handedness [2], with the same 3; helix as seen in the crystalline
polymorphs. Moreover, the packing is less dense and the unit cell parameters in
inter-helical direction are increased in the mesomorphic structure. The literature
suggests helix reversals as major reason for the increased inter-chain packing, i.e., a
random occurrence of left-handed and right-handed helices [1, 2]. Later, it was
confirmed that the mesophase contains bundles of parallel aligned chains with a 3
helical conformation, but being terminated in direction of the chain axis by helix
reversals or other conformational defects [10]. However, these structure suggestions
did not consider the conformational motion, which would produce an average
structure of short chain length segments not resolved by the X-ray analysis, as
mentioned in literature [11].

Because mesomorphic phase has important implications, it can be considered as a
precursor for generation of a specific semi-crystalline structure with a combination
of optical and mechanical properties which is qualitatively different from that of
conventionally crystallized material [12]. In recent years, there is still of interest in
studying mesomorphic phase, including the influence of molecular parameters on
the formation of mesophase [13], mechanical behavior [14], thermodynamic
stability [15], morphology [16, 17], phase transition mechanism [18-21], and
evolution of quenched structure with temperature [22].

Among these researches, the mesomorphic-to-monoclinic phase transition
mechanism for initially quenched iPP was widely investigated by small-angle
X-ray scattering/wide-angle X-ray diffraction (SAXS/WAXD) [18, 20] and atomic
force microscopy (AFM) [16, 19], respectively. Wang et al. [18] proposed that the
mesomorphic-to-monoclinic phase transition follows a sequence that begins with a
partial melting process, which leaves intact the local lateral ordering of the chains
while allowing a correct registration of their helical hands, and is followed by a
secondary nucleation that transforms mesomorphic nodules into lamellae. However,
by using in situ AFM, Androsch [19] observed the crystal morphology as a function
of temperature to further track the mechanism of the mesomorphic-to-monoclinic
phase transition and found that initially mesomorphic domains were not destroyed
during the phase transformation but could not rule out local melting within domains.
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Consequently, it is unclear if the mesomorphic-to-monoclinic phase transition
occurs via melting into the liquid state or rather by a direct solid-to-solid transition.
Two potential mechanisms, reversing helix handedness and chain motion (trans-
lation) while retaining handedness, have been provided to explain the mesomorphic-
to-monoclinic phase transition. Recently, Marega et al. [20] reported that
mesomorphic-to-monoclinic phase transition of quenched iPP involves in a
rearrangement of the chains without a melting-recrystallization process according
to the results of SAXS/WAXD.

It is evident that the phase transition mechanisms proposed above for quenched iPP
are controversial. No doubt, the exact mechanism of the mesomorphic-to-monoclinic
phase transition on heating is not well-explored yet. So, it is quite necessary to trace the
temperature-induced changes of structure of initially quenched mesomorphic iPP by
in situ FT-IR to reveal the phase transition mechanism at the level of molecular
segments. In this study, the conformational changes of quenched mesomorphic iPP
during stepwise heating have been concerned. It is expected to give us new insights on
the mesomorphic-to-monoclinic phase transition mechanism of initially quenched iPP
from a molecular structure viewpoint.

Experimental
Materials and sample preparation

An iPP sample, with number and weight-averaged molecular masses, M,, and My, of
97,000 and 340,000, respectively, bought from the Aldrich Chemical Company was
used in this study. The isotacticity index of the iPP obtained by n-heptane extraction
is about 0.976. The iPP film with thickness of about 20 pum sandwiched between
two silicon wafers was heated to 200 °C and held for 15 min, and then was quickly
immersed into liquid nitrogen to prepare mesomorphic film.

Wide-angle X-ray diffraction (WAXD) measurements

The WAXD measurements on the iPP film samples used for FT-IR characterization
were carried out by using a Bruker D8 Discover diffractometer equipped with
GADDS as the two-dimensional (2D) detector. Samples were mounted on the
sample stage and the point-focused X-ray beam was aligned perpendicular to the
sample plane. 2D WAXD patterns were recorded at room temperature in
transmission geometry, from which the WAXD profiles of the isotropic patterns
were extracted by azimuthal averaging.

FT-IR measurements
The time-resolved FT-IR measurements were performed on a Bruker Tensor27
FT-IR spectrometer equipped with a variable temperature cell. The temperature was

raised stepwise, holding 10 min at each temperature before the measurement
(Fig. 1). The measurements were conducted at 20, 30, 40, 60, 80, 90, 100, 110, 120,
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Fig. 1 Temperature protocol
for the FT-IR measurements

Temperature

Time

130, 140, 150, 155, and 158 °C, respectively. Here, the intensity refers to peak
height. To different peak shape, a suitable method for calculating the peak height
and drawing the baseline was chosen from the Bruker OPUS software. The

resolution is 4 cm ™, and the scanned wavenumber ranges from 4000 to 400 cm ™l

Results and discussion

Figure 2 displays the WAXD profile of quenched iPP film at room temperature. It is
clear that mesomorphic phase is generated indeed when the molten iPP film was
quenched into liquid nitrogen. Two broad peaks at around 20 = 15° and 21° can be
observed, which are known as characteristic features of mesomorphic phase of iPP.
It is recognized that the first broad peak is related to the average distance between
parallel aligned chains in the mesophase and the second one to the repeating period
within the 3; helix of an isotactic sequence of the macromolecule [1, 6, 15].
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Fig. 2 WAXD profile of quenched iPP film at room temperature
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It has been well established that the regularity bands of a polymer originate from
the intramolecular coupling oscillations of the various atomic groups [23]. In FT-IR
spectra, the major proportion of the iPP molecules are in a 3, helical conformation
and the bands of 1330, 1303, 1220, 1167, 1100, 998, 940, 900, 841, and 808 cm "
all belong to the regularity bands or helix bands. These bands are related to the
different helical lengths of isotactic sequences [24]. The minimum sequence length
(n) of isotactic monomer units being sufficient for the appearance of the 973, 998,
841, and 1220 cm™! bands is 3-4, 10, 12, and 14 or more helical units, respectively
[25-27]. Apparently, the larger the value of n, the higher the degree of order of the
correspondent regularity bands. In quenched iPP, the chains show a 3; helical
conformation, which is just the same as the a-monoclinic crystal of iPP [7].

The infrared spectra of quenched iPP recorded during stepwise heating are shown
in Fig. 3. The band assignments marked in Fig. 3 are used for the structural
analysis. It is clear that the intensities of iPP helix sequence at 973, 998, 841, and
1220 cm™" are enhanced, indicating an increase of content of the relevant regularity
band with temperature increasing. That is to say, the intensity increment is in
proportion to the content of the regularity bands, which shows an ordering of iPP
helix sequences by heating. Since the band at 1460 cm™' results from the
asymmetric deformation vibration of the methyl group, it serves as an internal
standard [28] to avoid the effect of film thickness of each sample. Figure 4 is the
plot of the ratio of intensity for various regularity bands with temperature. From
Fig. 4a, it can be seen that with 120 °C as a boundary, the ratio of band intensities at
973 and 1460 cm™! linearly decreases before 120 °C. While after 120 °C, it
basically remains invariable. This fact reveals that a structure change occurs in the
vicinity of 120 °C. Furthermore, we can infer that the mechanism of extension of
short helix at 973 cm ™" into long one is dominant when the temperature is lower
than 120 °C. However, the other mechanism of the formation of short helix from
amorphous phase cannot be excluded. When the temperature is higher than 120 °C,
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Fig. 3 IR spectra of quenched iPP at annealing temperature of 20, 30, 40, 60, 80, 90, 100, 110, 120, 130,
140, 150, 155, and 158 °C for 10 min, respectively
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Fig. 4 The plot of intensity ratios of different regularity bands versus temperature from 20 to 158 °C:
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the constant content of the 973 cm™' band gives a clue that probably the two
mechanisms, the formation of 973 cm™' band from amorphous phase and the
extension of 973 cm™' band into long one, are in equilibrium. For the 998 cm™"
band, the ratio of band intensities at 998 and 1460 cm™' decreases almost in
linearity, which implies that the extension of helix band at 998 cm™' into long one
is dominant in the whole heating process (Fig. 4b). As for the 841 cm™' band, the
ratio of band intensities at 841 and 1460 cm™' increases in the first stage then
decreases in the second with 120 °C as a boundary. Therefore, it can be said that
when the temperature is lower than 120 °C two possible factors which lead to the
increase of the content of 841 cm ™' band can exist. One is the extension of initially
short helical segments (such as 973 and 998 cm™") within the mesophase. The other
is the ordering of initially amorphous segments. While when the temperature
increases to 120 °C or even higher, the content of the 841 cm~! band decreases
likely due to the occurrence of melting-recrystallization (Fig. 4c). Previous
literatures [16, 29, 31] also reported that the increasing nodular size, the slight
variation of the aspect ratio of nodule, and even a change of nodular geometry for
quenched mesomorphic iPP were observed when the annealing temperature is
higher than 120 °C, all of which are considered relating to the melting-
recrystallization of initial nodular domains. So, it can be said that the melting-
recrystallization probably exists indeed when the annealing temperature is higher
than 120 °C for quenched mesomorphic iPP. The ratio of band intensities at 1220
and 1460 cm™' has almost no variation on the whole during stepwise heating,
meaning that no detectable extension of shorter helix (such as 973 and 998 cmfl)
into 1220 cm™ " happens in the whole heating process (Fig. 4d).

To obtain further information about heat-induced conformational changes, the
relative variations of the regularity bands at 973, 998, 841, and 1220 cm™' are
investigated. Figure 5 presents the evolution of the ratios of different helix
sequences with temperature. For the longest regularity band at 1220 cm™" and the
shortest regularity band at 973 cm ™' (shown in Fig. 5a), it can be considered that
the ratio of band intensities at 1220 and 973 cm™' has no evident variation on the
whole during stepwise heating. That is to say, no detectable extension of short helix
at 973 cm™ ' into 1220 cm™ " appears during heating, which implies that the content
of higher order regularity band at 1220 cm™" cannot be increased at the expense of
extension of short helix by stepwise heating. The relative change of regularity bands
at 841 and 973 cm™' during stepwise heating is shown in Fig. 5b. Obviously, when
the temperature is lower than 120 °C, the ratio of band intensities at 841 and
973 cm™! increases, indicating a significant growth of long helix chains at
841 cm™' due to the extension of short helix at 973 cm™'. But when the
temperature is higher than 120 °C, the ratio drops, illustrating that perhaps the
content of the regularity band at 841 cm ™' decreases likely due to the appearance of
the melting-recrystallization or an increase on the amount of short helix at
973 cm™' which are supposed to be generated from the random coil in amorphous
region. The relative change of regularity bands at 841 and 998 cm™' during
stepwise heating (Fig. 5c¢) depicts that the ratio of band intensities at 841 and
998 cm™ ' increases linearly all along in the whole process, demonstrating a
significant growth of long helix at 841 cm ™' due to the extension of short helix at
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Fig. 5 The plot of intensity ratios of different regularity bands versus temperature from 20 to 158 °C:
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998 cm™'. However, the relative change of regularity bands at 998 and 973 cm ™"

during stepwise heating (Fig. 5d) exhibits that with temperature increasing, the ratio
of band intensities at 998 and 973 cm™! first decreases, then remains constant, and
subsequently decreases again, which shows the easy growth for the 998 cm™' band
to long helix at 841 cm ™' compared with the 973 cm ™" band.

Combining the results shown in Figs. 4 and 5, it is reasonable to conclude that
during heating, for the short helix at 973 cm ™! band, on one hand, the increase of
the content can be realized by the generation from the random coil in amorphous
region. On the other hand, the decrease of the content is due to the extension to the
long helix at 841 cm™'. For the regular band at 998 cm™', probably only the
extension to the long helix at 841 cm™' happens. As for the regular band at
841 cm™', the increase of the content is at the expense of the extension of the
regular bands at 973 and 998 cm™'. And the decrease of the content is ascribed to
the possible appearance of melting-recrystallization. While for the regular band at
1220 cm™', no detectable extension of short helix into 1220 cm™" appears during
heating. In short, the temperature-induced changes of structure of initially quenched
mesomorphic iPP are such a case. For the regular bands at 973, 998, 841, and
1220 cm™!, we can affirm that the shortest helix at 973 cm ™! can be produced form
the random coil in amorphous region. And the growth of 998 cm™' band to long
regularity band at 841 cm ™' is quite easier than that of the 973 cm ™' band. At the
same time, the limited increment of the higher order regularity band at 1220 cm™ " is
found.

From Figs. 4 and 5, one can also be seen that the mechanism of extension of
short helix into long one is dominant when the temperature is lower than 120 °C,
and then possible melting-recrystallization for the higher order regularity band
occurs as the temperature is higher than 120 °C. Obviously, a structure change
occurs in the vicinity of 120 °C. It is consistent with the results of previous
literatures [3, 16, 29-31] reported.

In summary, changes of structure of initially quenched mesomorphic iPP during
stepwise heating investigated in this study can give us new insights on the
mesomorphic-to-monoclinic phase transition mechanism. That is to say, the
mesomorphic-to-monoclinic phase transition undergoes melting-recrystallization,
and the extension of short helix into long one but with the limited enhancement of
ordering, which can be as a proof and supplement to the previous phase transition
mechanisms outlined in [18, 31].

Conclusions

Heat-induced conformational changes of quenched mesomorphic iPP are monitored
through analyzing the variation of the regularity bands by in situ FT-IR
spectroscopy. The experimental results show that the mechanism of extension of
short helix into long one is dominant before 120 °C, and then possible melting-
recrystallization for the higher order regularity band occurs after 120 °C.
Furthermore, it is easier for 998 cm~! band to extend into long one than that of
973 cm~' band. And the content of higher order regularity band at 1220 cm™
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remains almost invariable during stepwise heating, which shows the limited
increment of higher order regularity band. In a word, all these changes of structure
of initially quenched mesomorphic iPP induced by temperature may give us new
insights on the mesomorphic-to-monoclinic phase transition mechanism in some
sense.
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