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ABSTRACT: Flow-induced conformational ordering in the supercooled isotactic polypropylene (iPP) is
studied with in situ Fourier transform infrared spectroscopy (FTIR) coupled to an extrusion slit die. At
temperature around the normal melting point of iPP, helices with monomer numbers up to 12 and 14 can be
induced by shear. A window of shear strength exists to induce helices with different lengths, which increases
with temperature. After the cessation of shear, the intensity of the 841 cm-1 band in FTIR spectra,
corresponding to helices with 12 monomers, increases sharply in the first stage, which is followed by a slow
growth process, whereas a reduction of shorter helices is observed after the cessation of shear. The different
trends of intensity evolutions of the long and short helical bands suggest that a coupling between coil-helix
transition and intermolecular ordering occurs with helices with a length of 12 monomers, which eventually
leads to an isotropic-liquid-crystal transition. Therefore, the flow-induced precursor may be a liquid crystal
phase, which will transform into crystal and initiate crystal growth later.

Introduction

Polymer rheology and flow-induced ordering are two essential
aspects that control polymer processing and are also the core of
polymer physics.1-4 A great deal of effort has been devoted to
studying flow-induced crystallization of polymers since the
middle of the last century.5-18 In particular, during the past
decade, some new observations and insights were drawn out
through experiment methods such as X-ray and neutron
scattering19-24 and computer simulation.10,13,25 A well-accepted
preordering or precursors induced by shearing was reported,
which holds the key to establish the molecular mechanism of
flow-induced crystallization of polymer.26-28 The evidence of the
preordering is mainly from the equatorial scattering of small-
angle X-ray or neutron scattering measurements, which give two
long streaks close to the beam stop.29-31 Because these streaks
appear well before the crystalline diffraction peaks in the wide
angle scattering region, the preordering is recognized to be
noncrystalline. On the basis of the scattering evidence, a conclu-
sion that density fluctuation is induced by shear can be drawn. In
the search for the role of long and short chains during flow-
induced crystallization, mixtures of polymers with different chain
lengths are widely employed as amodel system for the study.32-34

This, however, may bring in complications such as concentration
fluctuation or phase separation, which can give similar scattering
patterns at equatorial position.35-37 Flow-induced orientational
ordering is also a reasonable consequence, which is supported not
only by scattering data but also by birefringence and depolarized
light scattering measurements.38,39 Furthermore, shear-induced
all-trans sequences with a lifetime of several hours were found in
the rheo-Raman experiments, which enlightens the occurrence of
conformational ordering.40 An indirect but strong evidence of
precursor was reported by the Alfonso group, who derived the
lifetime of the flow-induced precursor through the influence on

subsequent crystallization behavior after waiting different relaxa-
tion time.41,42 A summary of the reported experimental evidence
suggests that the flow-induced precursor is oriented nanobundles
possibly with a higher density or concentration than the initial
melt under quiescent conditions. Nevertheless, detailed structure
information inside the bundles is still absent, which keeps the
concept of precursor to be somehow rather vague.

Crystallization of polymer comprises intermolecular and
intramolecular ordering.43,44 Intermolecular ordering includes
position and orientational ordering, whereas intramolecular
ordering is mainly conformational ordering, which is unique
for polymer. Therefore, the preordering or precursor induced by
flow should contain only some of these orderings but not all of
them. Compared with intermolecular ordering, intramolecular
ordering received less attention possibly because of technical
limitation, although many studies were reported under quiescent
conditions.45-47 Following an intuitive picture of the flow-
induced crystallization process, imposing flow field on polymer
chains should first lead the individualmolecular chain to be either
oriented or stretched, which is accompanied by intramolecular
ordering such as conformational ordering or coil-helix transi-
tion.48-50 Then, the second step can be the packing process of
neighboring chains, which is the intermolecular ordering process.
Therefore, the intuitive picture tells us that understanding flow-
induced conformational ordering may be the first step to unveil-
ing the full scene of flow-induced crystallization of polymer.

Middle infrared (IR) bands are mainly vibrational bands
whose direct origin is the existence of the dipole moment. As
discussed in refs 51and 52, the finite helical length and the
interaction between adjacent monomers lead a single vibration
mode to splitting into n components. Therefore, although the
vibrational modes are the same, different helical length and local
environment can result in absorption bands at different wave
numbers, as revealed by calculations and experiments of Snyder
et al.53 and Zhu et al.54 For example, 841, 998, and 973 cm-1

*Corresponding author. E-mail: lbli@ustc.edu.cn.



4752 Macromolecules, Vol. 42, No. 13, 2009 Geng et al.

bands of isotactic polypropylene (iPP) correspond to helical
lengths with monomers of 14, 10, and 3 to 4, respectively.54

Focusing on conformational ordering, we have recently studied
shear-induced coil-helix transition in iPP.55,56 Because different
helical lengths show different IR absorption bands (Table 1), it is
convenient to follow the shear effect on the content and the length
of helices.53-63 Zhu et al. found that conformational bands such
as 973, 1100, 808, and 900 cm-1 are present at high temperature,
whereas the 841 cm-1 band would not appear until a temperature
of about 120 �C. As soon as the 841 cm-1 band appears, 1330,
1303, 1167, 1220, and 940 cm-1 bands emerge, and the intensities
of all conformational bands increase, which indicates the occur-
rence of crystallization, as confirmed by their DSC data.62 There-
fore, by comparing the intensity evolution of all conformational
bands, the onset of crystallization canbe conveniently justified.As
mentioned before, iPP melt helices with monomer numbers up to
10 (998 cm-1) already exist. Bymonitoring the intensity evolution
of 998 and 1100 cm-1 bands, we observed that shear induces an
increase in helical length and content at temperatures higher than
the melting temperature (165 �C). Here the increase in helical
length is from shorter ones to a helix withmonomer number of 10
(998 cm-1), but our previous work did not observe helices with a
larger monomer number before crystallization.

Without crystallization, can helices with a monomer number
larger than 10 be induced by shear? This question is critical to
verify shear-induced nucleation and growth of long helices and
ultimately leads to crystallization. To answer this question, iPP is
an idealmaterial to test this question. In an IR spectrumof iPP, the
841 cm-1 band corresponds to helical length with 12 monomers,
which is not observed in the melt under quiescent conditions.
Therefore, by simply checking the appearance of the 841 cm-1

band after imposing shear,we can justifywhether shear leads to the
formation of long helices. However, following the intensity evolu-
tionof all conformational bands, the onset of crystallization canbe
verified. In this work, 1100, 998, 841, and 1220 cm-1 bands were
simultaneously monitored, which allows us to judge whether long
helices can be induced by shear without the occurrence of crystal-
lization. Additionally, we also check whether the 1220 cm-1 band
appears or not. The appearance of the 1220 cm-1 band may not
represent the onset of crystallization, but without the 1220 cm-1

band, crystallization definitely does not occur.
On the basis of our previous work, three improvements or

extensions were made in this work. (i) A new shearing cell was
designed to minimize sample thickness fluctuation before and

after the shear, which will be described in the Experimental
Section. (ii) The experimental temperatures were chosen to be
close to or lower than melting temperature, which created the
possibility for long helices to appear. (iii) We used differential
spectra to analyze the data, which enhanced the quality of the
data and providedmore direct information. Our results indicated
that helices with 12 monomers can be induced with shear field.
The stability of the long helices is attributed to the coupling
between intramolecular and intermolecular ordering, which leads
to the conclusion that the shear-induced precursor may be a
liquid crystalline phase.

Experimental Section

The iPP used in this study was F401, a commercial product of
Lanzhou Petroleum Chemical (China) that has Mw and Mn

values of about 530 and 160 kg/mol, respectively, and whose
tacticity is 97%.

An instrument driven by a servomotor has been constructed to
provide the shear flow,which is amini extruder and schematically
illustrated in Figure 1. Themechanism of shear is similar to those
from Kornfield11 and Janeschitz-Kriegl.5 The shear-flow instru-
ment has a reservoir that is used to store the iPP melt. A slit die is
designed to impose the shear on the melt. The length of the slit
along the flow direction is 15 mm, and the cross section has a
dimension width � height of 13 � 0.5 mm2. Two ZnSe windows
for IR beam are fixed on the steel die with a gap the same as the
height of slit (0.5 mm). A parabolic flow profile is distributed in
the shearing gap. By controlling the servomotor speed and the
detecting point along the length direction, it is possible to tune the
shear rate and strain, respectively. In this work, we fixed the
detecting point at the middle of the length (7.5 mm) and only
changed the motor speed. The servomotor is controlled by soft-
ware compiled with Labview.

During experiments, the sample was first heated to 220 �C
for 10 min to erase possible memory effects. Then, it was cooled
to the required temperature, Ts, and held for 10 min before
the shear was imposed. Starting the servomotor with a certain
rate, the piston would go ahead to extrude the iPP melt out of
the slit. When the extruded melt flow was stabilized, the motor
was stopped and the switch was turned on simultaneously,
which prevented the iPP melt from flowing out continuously.
The flow rates used in this study were 4.5, 9, 18, 45, 75, 90, and
180 mm3/s.

In situ IR spectra were collected over a wavenumber range of
700-2000 cm-1 using a Bruker Tensor 37 FTIR spectrometer
with a resolution of 2 cm-1. All of the IR measurements were
taken at the same temperature when imposing shear flow.
Differential spectra were used to analyze the data, where all
spectra subtracted the one before shear. The integrated peak
intensity was used to follow the content of helices.

Results

Before putting our focus on the precursor, we first check the
intensity evolution of the conformational bands during crystal-
lization with andwithout imposing shear, respectively. Figure 2 a
shows the intensity evolution of 1100, 998, 841, and 1220 cm-1

bands of iPP sample at 142 �C, whereas the intensity evolution of
the same bands at 145 �C after imposing a shear with a flow rate

Table 1. Infrared Bands versus Helical Length

wave number
(cm-1)

vibrational
mode(s)

corresponding
number of

monomers in helices

973 C-C stretching; CH2 rocking;
CH3 rocking

3 to 4

808 C-C stretching; coupled
C-H deformation

∼7

841 C-C stretching; CH2 rocking;
CH3 rocking

12

900 C-C stretching; coupled
C-H deformation

∼8

940 C-C stretching; coupled
C-H deformation

>14

998 C-C stretching; CH2 rocking;
CH3 rocking

10

1100 C-CH3 stretching; CH3

rocking; CH bending
∼6

1167 C-C stretching; CH3 wagging ∼6
1220 CH2 twisting; CH bending;

C-CH3 stretching
14

1303 C-H bending ∼13
1330 CH bending; CH2 twisting ∼13

Figure 1. Schematic picture of the homemade shear flow instrument.
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of 18 mm3/s is presented in Figure 2 b. A slightly higher
temperature for shearing experiment is to ensure reasonable
crystallization kinetics for IR to record. Under quiescent condi-
tions, it takes about 100 min for crystallization to start at 142 �C,
where all conformational bands increase intensity during the
crystallization process.62 However, the imposing of shear flow
leads to a sharp increase, and all conformational bands increase
without any relaxation process, which indicates that crystal-
lization occurs immediately after shear. The first sharp increase
in intensity due to the effect of shear may represent the fact that
crystalline precursor is brought in by shear, as reported by
Balzano et al.64

Figure 3a gives the representative original IR spectra date
before and just after shear at 150 �C under different shear flow
rates, which were carefully baseline adjusted at a uniform
standard. It clearly shows that the shear flow induced a sharp
increase in the intensity of the conformational ordering bands.
The increase in the IR intensities is mainly attributed to the
increase in helical populations rather than helical orientation
because the conformational bands with a polarization direction
parallel and perpendicular to the helix axis all show an increase in
intensity after shear. The orientation of helices induced by shear
certainly contributes to the intensity evolution. However, with an
unpolarized beamanddetection system, the orientational effect is
a minor factor and does not affect the result in this study.
Moreover, 841 and 1220 cm-1 bands do not appear in the melt
under quiescent conditions; the occurrence of those bands
after shear is certainly shear-induced rather than being due to

shear-alignment. When the shear-flow rate decreases, the spectra
differences become illegible. Differential spectra were introduced
to distinguish the small differences, where all spectra after shear
subtracted the one before shear. Figure 3b,c shows 841 and
1220 cm-1 bands in the differential spectra just after shear with
different shearing strength. With a flow rate of 18 mm3/s, the
841 cm-1 band appears immediately after shear, whereas a
flow rate of 45 mm3/s is required to induce the occurrence of
the 1220 cm-1 band. This difference clearly indicates that a flow
rate window exists to induce the formation of these long helices
with monomer numbers of 12 and 14.

Following the same experimental procedure as that at 150 �C,
we investigated the flow rate window to induce the appearance of
841 and 1220 cm-1. Figure 4 plots the critical flow rates to induce
the appearance of 841 and 1220 cm-1 bands at different tem-
peratures, respectively. It clearly shows that the window between
the critical flow rate to induce 1220 and 841 cm-1 bands increases
with the increase in temperature. In other words, a stronger flow
rate is required to induce the formation of longer helices,
especially at high temperatures.

The flow rate window in Figure 4 guided us to investigate the
structure evolution after shear. We focus on three different
situations. (i) Both 841 and 1220 cm-1 bands do not appear
immediately just after shear, whereas the 841 cm-1 band occurs
after certain induction time. (ii) The 841 cm-1 band appears
immediately after shear, whereas the 1220 cm-1 band does
not occur even after waiting for a relatively long time. (iii) The
841 cm-1 band appears immediately after shear, whereas the
1220 cm-1 band occurs after a short induction time. These three
cases are described in the following. Note the further extension of
the waiting time after the cessation of shear; all conformational
bands will increase and lead to the occurrence of crystallization,
provided that 841 cm-1 bands can be induced.

Figure 5a,b gives differential spectra at 170 �C after being
subjected to shear with a flow rate of 180mm3/s. The long helices
with monomer numbers of 12 and 14, represented by 841 and
1220 cm-1 bands, do not appear immediately after shear. It takes
about 2 min for the 841 cm-1 band to be clearly visible, whereas
no signal of 1220 cm-1 band is observed after 100 min. A longer
induction period (about 20 min) is observed at 171 �C for the
841 cm-1 band. However, Figure 5c shows that the intensities of
998 and 1100 cm-1 bands and so on are sharply increased by
shear, which decrease after the cessation of shear. This indicates
that the contents of the short helices are increased by shear, but
helices no longer than those in the original melt were induced just
after the shear. The intensity evolutions and the absence of
the 1220 cm-1 band indicates that under this condition the
nucleation and growth of long helices occurs without the onset
of crystallization.

Imposing the shear flow at low temperature, the 841 cm-1

band can be observed immediately after the cessation of shear.
Figure 6a,b gives the differential spectra at 160 �C after being
subjected to shear with a flow rate of 45 mm3/s. Although it is
rather weak, the 841 cm-1 band can be clearly distinguished just

Figure 2. IR intensity evolutionof 1220, 1100, 998, and841 cm-1 bands
of iPP (a) at 142 �C without shear and (b) after shear at 145 �C,
respectively.

Figure 3. (a) Spectra before and just after the cessation of shear with
different shear flow rates at 150 �C. (b,c) Corresponding differential
spectra in the regions of 750-900, 985-1090, and 1175-1230 cm-1,
respectively.

Figure 4. The critical flow rate to induce the appearance of 841 and
1220 cm-1 bands at various temperature.
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after shear, whose intensity increases monotonically with time.
(See Figure 6c.) The intensity of the 841 cm-1 band increases
sharply in the first stage, which is followed by a slow growth
process. The 1220 cm-1 band does not appear after 40 min,
indicating that crystallization has not yet occurred. Note that
when the waiting time is further extended, the 1220 cm-1 band
will appear. A sharp increase in intensities is also induced on the
bands corresponding to short helices. However, after the cessa-
tion of shear, different intensity evolution processes are observed
on different bands of the short helices. The 998 cm-1 band,
corresponding to helices of 10monomers, shows a sharp decrease
first, which is followed by an increase in the later stage. The
1100 cm-1 band representing helices of about six monomers
decreases monotonically in the time frame we recorded.

By further decreasing the temperature, it is possible to induce
the occurrence of crystallization in a relatively short time.
Figure 7a,b gives the differential spectra of iPP at 150 �C after
being imposed by shear with a flow rate of 18 mm3/s. The
841 cm-1 band appears immediately after shear, whereas an
induction period of about 3 min is taken for the 1220 cm-1 band
to be observable. As shown in Figure 7c,d, the intensities of all

conformational bands increase monotonically, and no relaxation
process occurs after the cessation of shear.

By imposing strong shear flow at temperatures up to 171 �C,
the intensity of the 841 cm-1 band is observed to increase
continuously, and the 1220 cm-1 band will also appear after a
relatively long period of waiting time. Then, all conformational
bands increase with time, which demonstrates the occurrence of
crystallization. Figure 8 shows the IR intensity evolution of 841,
1100, and 1220 cm-1 bands after shear at 165 �C with a flow rate
of 90 mm3/s. It can be found that there are two stages that
are divided by the time of about 400 min. From 0 to 400 min
after shear, the growth rate of the peak intensities of the 841 and
1220 cm-1 bands decreases sharply and reaches the smallest value
at about 400 min after shear, whereas the peak intensity of
the 1100 cm-1 band keeps decreasing during this period. Start-
ing from 400 min, all peak intensities of 841, 998, 1220, and
1100 cm-1 bands begin to increase again, which indicates the
completion of the induction period for crystallization.

To check the stability of the structures along with the waiting
time after shear, we did the heating scan after waiting for different
times after the cessation of shear. Figure 9a shows the intensity
evolution of the 841 cm-1 band of the sheared samples during the
heating scan with a rate of 1 �C/min, which were sheared with a
flow rate of 75 mm3/s at 165 �C with different waiting times after
the shear. Note that at this temperature without imposing shear,
the 841 cm-1 band did not appear after waiting for 24 h. The
completely disappearing temperature during heating is plotted
versus the waiting time in Figure 9b, which shows that the final
melting temperature of the helices represented by the 841 cm-1

band increases with the waiting time in the first 100 min. The
melting temperature reaches a plateau after about 200min, which
may indicate the completion of the perfection or transition
process.

Figure 5. (a,b) IR differential spectra at different times after the
cessation of shear with a shear flow rate of 180 mm3/s at 170 �C.
(c) IR intensities of 1220, 1100, 998, and 841 cm-1 bands versus time
after the cessation of shear.

Figure 6. (a,b) IR differential spectra at different times after the
cessation of shear with a shear flow rate of 45 mm3/s at 160 �C. (c) IR
intensities of 1220, 1100, 998, and 841 cm-1 bands versus time after the
cessation of shear.

Figure 7. (a,b) IR differential spectra at different times after shear with
a shear flow rate of 18mm3/s at 150 �C. (c,d) IR intensities of 1100, 998,
841, and 1220 cm-1 bands versus time after the cessation of shear.

Figure 8. IR intensity evolution of 841, 1100, and 1220 cm-1 bands
after the cessation of shear at 165 �C with a shear low rate of 90 mm3/s.
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Discussion

On the basis of the above experiments, a straightforward
conclusion can be safely drawn that long helices with a monomer
number of 12 can be induced by shear before the onset of
crystallization, which does not exist in the melt under quiescent
conditions. This conclusion further confirmed our early idea of
flow-induced conformational ordering or coil-helix transition.
Therefore, flow field provides the possibility for the formation of
precursor, which has a “partial ordered” structure.

Unlike the short helices with monomer numbers smaller
than 12, no relaxation is observed on the long helices at the tem-
peratures we studied in this work. Similar to that at high
temperatures,55,56 998 and 1100 cm-1 bands follow a relaxation
process just after the cessation of shear at temperatures around
the melting temperature. Irrespective of whether 841 cm-1

appears immediately after shear or after a certain induction
period, its intensity increases monotonically after the cessation
of shear. At 170 �C, the induction period is required for the
841 cm-1 band or helices with 12 monomers to occur, which
clearly demonstrates that a nucleation and growth process is
undertaken by the long helices. The same nucleation and growth
process is expected to be followed at low temperature, although
no induction period is detected, which can be attributed to low
nucleationbarrier at low temperature. By comparing the intensity
evolutions of the 841 cm-1 band with the 998 and 1100 cm-1

bands in Figures 5 and 6 in the fist stage after the cessation of
shear, we notice that the growthof long helices is accompanied by
a reduction of short helices. The reduction of short helices may be
partially due to the relaxation back to coil like at high tempera-
tures; the nucleation and growth of long helices may consume
some short helices, which seems to be reasonable in terms of
thermodynamic origin as well as kinetic pathway.

The experimental results provide direct evidence of the nuclea-
tion and growth process for the formation of long helices. To
accept this physical picture requires us to solve two issues:
(i) Individually isolated long helices with 12 monomers are not
stable in the melt. Without coupling to intermolecular ordering,
the long helices should be less stable than the short ones.
However, 998 and 1100 cm-1 bands, corresponding to short
helices, undergo a reduction process after shear, whereas the
841 cm-1 band, representing helices with 12 monomers, con-
tinuously grows. This clearly indicates that helices with 12
monomers are more stable than the shorter ones. The shear-
induced coil-helix transition and subsequent relaxation can be
explained by the theory on stretched single chain or network
because the content and length of helices are directly determined
by the end-to-end distance of chains.48,50,65-67 However, the
theory cannot account for the growth of long helices after the
cessation of shear. According to the theory, the end-to-end
distance should relax back to Gaussian configuration, and long
helices should disappear instead of growing. (ii) Coil-helix
transition is not a thermodynamic phase transition if no other

transition couples to this process. To meet these two challenges,
the only solution is the coupling between intramolecular and
intermolecular orderings such as positional or orientational
orderings. After shearing at high temperatures, the 1220 cm-1

band does not appear in the first stage, which indicates that no
crystallization occurs because crystals with thickness of <3 nm
cannot form at these temperatures. This conclusion is also
supported by the intensity evolution of all conformational bands.
Therefore, during this process, positional order due to crystal-
lization can be excluded. Coupling between conformational and
orientational orderings seems to be a reasonable answer, which
may lead to an isotropic-nematic phase transition. Theories of
flexible-chain polymers show that rigidity inducedbya coil-helix
transition could provide the necessary stiffness to meet the
conditions of the isotropic-nematic transition.68,69 Many exam-
ples can be found in biopolymers such as DNA and proteins in
which hydrogen bonds stabilize the helices.70 The nucleation and
growth process of the long helices can be exactly fitted in this
frame.

Following Doi-Edwards’ theory, the critical persistence
length, lp, for an isotropic-nematic transition can be calculated
from the following formula71-75

lp ¼ 4:19M0

bl0FNA
ð1Þ

In this equation, b represents the diameter of a polymer segment,
F is the density, NA is Avogadro’s number, and M0 and l0 are
the mass and the length of a monomer, respectively. For the
iPPmelt,M0= 42 g/mol, b=0.665 nm, l0= 0.217 nm, and F=
0.85 g/cm3. By inserting these values into eq1,we find lp≈ 2.4 nm,
which is for a 3/1 helix equivalent to about 11 monomers.62

Therefore, helices with 12 monomers meet the requirement for
the isotropic-liquid-crystal transition. This leads to a reasonable
conclusion that the nucleation and growth process of the long
helices is actually the isotropic-liquid-crystal transition process,
which is a real thermodynamic phase transition. Then, the flow-
induced precursor may be a liquid crystal phase. This conclusion
is in line with the estimation of the stability of the mesophase of
iPP, which may have an equilibrium melting temperature that is
much higher than that of crystal.

On the basis of the experimental data and discussion above, we
reach a schematic picture for the formation of the flow-induced
precursor. (See Figure 10.) Determined by the flow field and
temperature, long helices with 12 monomers can be induced
immediately after shear or appear after a certain induction
period. As soon as the local concentration of long helices reaches
the critical concentration, the isotropic-liquid-crystal phase
transition will occur, which follows a nucleation and growth
process. If the temperature allows the nucleation and growth of
crystal to occur, then the liquid crystalline precursor will trans-
form into crystal and initiate the growth process. The fast growth
of the 841 cm-1 band in Figures 5, 6, and 8 and the increase in
melting temperature of the structure represented by the 841 cm-1

band along with waiting time (Figure 9) indicate that the

Figure 9. (a) Intensity evolution of 841 cm-1 bands during heatingwith
a rate of 1 �C/min after waiting different amounts of time after the
cessation of shear with a shear flow rate of 75 mm3/s at 165 �C.
(b) Complete disappearing temperature of 841 cm-1 versus waiting
time.

Figure 10. Schematic picture for the formation of flow-induced
precursor.
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precursor undergoes a perfection process under these conditions.
With a strong flow field and large supercooling like that in
Figure 2b and that reported by Balzano et al., the liquid crystal-
line precursor may not be the necessary step, and flow-induced
crystalline nuclei can be directly induced.

The intensity evolution of long and short helices in this work
and our early data are beautifully supporting: (i) Doi-Edwards’
theory, (ii) theories on the coupling between coil-helix transition
and isotropic-nematic transition, and (iii) our current model for
flow-induced precursor. Helices with 10 or 6 monomers always
show a reduction process after shear because they are too short to
couple to isotropic-liquid-crystal transition. Therefore, without
coupling to intermolecular ordering, they are unstable and either
relax back to the coil or grow to be the long helices. However,
long helices with 12 monomers meet the requirement of isotro-
pic-liquid-crystal transition and are stabilized by the intermole-
cular ordering. This is perfectly consistent with our experimental
data that no reduction of these long helices is observed after
shear.After the nucleation of the liquid crystal phase, heliceswith
10 monomers can be incorporated into the liquid crystal phase,
whereas the shorter ones can not because of the large gap for
fulfilling the requirement of liquid crystalline ordering. This is
why we observed an increase in the 998 cm-1 band in the later
stage, whereas no increases in the absorption bands correspond-
ing to shorter helices occur before crystallization.

Conclusions

At temperatures around the melting point of isotactic poly-
propylene, in situ FTIR study coupled to an extrusion slit die
shows that helices withmonomer numbers up to 12 and 14 can be
induced by shear. A window of shear strength exists to induce
helices with different lengths, which increases with temperature.
After the cessation of shear, the intensity evolution of different
conformational bands is obviously different. The 841 cm-1 band
increases sharply in the first stage, which is followed by a slow
growthprocess, whereas a reduction of shorter helices is observed
after the cessation of shear. A heating scan on the samples of
different waiting times after shear revealed that the final disap-
pearance temperature of the 841 cm-1 band increases with the
waiting time. The intensity evolutions of the long and short
helical bands suggest that a coupling between the coil-helix
transition and the intermolecular ordering occurs with helices
with a length of 12 monomers, which may lead to an isotropic-
liquid-crystal transition. Therefore the flow-induced precursor is
a liquid crystal phase. After the cessation of shear, the sharp
increase in the 841 cm-1 band and the stability of the long helices
versus waiting time indicate that the precursor undergoes a
perfection process, which eventually transforms into crystal
and initiates further crystal growth.
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