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Shear-Induced Smectic Ordering in the Melt of Isotactic Polypropylene
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We report an unusual shear-induced smectic phase of high-molecular-mass isotactic polypropylene at
temperatures well above its melting point. The necessary stiffness in the polymer chain is provided by
shear-induced coil-helix transitions. Coupling between the conformational ordering and the density
generates the smectic layering. The periodicity of about 4 nm is built up from a rigid helical sequence of
at least 11 monomers and a random-coil part of about 1.4 nm. These results also provide new clues to the
question of preordering before polymer crystallization.
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FIG. 1. Scattering situation in the shear geometry used with
reciprocal space picture of the scattering wave vector ~qq, where
(230 C=2:16kg, ASTM D1238) and an average Mn and
Mw of about 150 and 720 kg=mol, respectively. The melt-

q � 4
 sin�=�, � � 0:154 nm is the x-ray wavelength, and 2�
is the scattering angle.
The rich phase behavior of macromolecules subjected
to flow brings us an increasing number of diverse products
varying from Chinese noodles to textiles, medical im-
plants, and flexible displays [1], even though the flow-
induced phase behavior is still poorly understood. Stiff
macromolecules often assemble into liquid-crystal phases
characterized by one- or two-dimensional order, while
in general flexible-chain polymers only form three-
dimensionally ordered crystals [2,3]. Nevertheless, theo-
ries of flexible-chain polymers show that rigidity induced
by the coil-helix transition could provide the necessary
stiffness to meet the conditions of an isotropic-nematic
transition [4]. Many examples can be found in biopoly-
mers such as DNA and proteins, in which hydrogen bonds
stabilize the helices [5]. However, thus far liquid-crystal
phases have not been observed in the melt of synthetic
flexible-chain polymers. In this Letter, we show that,
unexpectedly, a smectic phase (rather than a nematic
one) can be induced by shear flow in the melt of the
flexible-chain polymer isotactic polypropylene. This re-
sult demonstrates a physical means to ‘‘create’’ liquid
crystallinity and also provides new insight into the debate
about preordering before the onset of polymer crystalli-
zation [6,7].

Isotactic polypropylene (iPP) is a typical flexible-chain
crystallizable polymer. Three crystal modifications �, �,
and � have been found, which all show a threefold helical
conformation of the chains [8]. A mesophase has been
reported in rapidly quenched samples [9]. Though its
nature is still a matter of controversy, it is generally
accepted that it is metastable and readily transforms
into a crystalline phase at temperatures above 80 �C
[10]. Because flow-induced phase transitions are funda-
mental (but poorly understood) properties of nonequilib-
rium systems and flow fields are inevitably applied during
polymer processing, the ordering process under such con-
ditions has attracted considerable interest [11].

The high-molecular-mass iPP, supplied by SABIC-
Europe, had a melt flow index about 0:3 g=10min
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ing point was around 165 �C. X-ray scattering measure-
ments were carried out using an in-house small-angle
(SAXS) and wide-angle x-ray scattering (WAXS) setup
[12]. A Linkam CSS450 shear system was used as sample
stage a in which a Couette cell was incorporated as shown
in Fig. 1 [13].

Figure 2(a) gives a typical SAXS picture of the shear-
induced smectic peak at 200 �C; an accompanying smec-
tic WAXS peak may be hidden in the amorphous halo of
the corresponding pattern in Fig. 2(b). At this tempera-
ture, no crystallization is expected at all, as confirmed by
the absence of any crystalline reflections in both SAXS
and WAXS. The smectic SAXS peak intensity is weak,
due to a small volume fraction and limited density con-
trast (of the order of 7%). The smectic peak is sharp,
giving a correlation length of the order of several tens of
nm. The smectic phase can be obtained at a wide tem-
perature range up to the order by applying the same shear
field. It disappears at 225 �C after about 1 h but can
survive longer than overnight at 170 �C. Its lifetime not
only depends on thermodynamic stability but also may be
negatively influenced by possible high-temperature deg-
radation. At temperatures below 170 �C, the shear-
induced smectic ordering is followed by crystallization
[12]. By applying the weak shear field for longer times,
almost perfect alignment of the smectic layers parallel to
_vv is obtained. Note that in a conventional two-plate shear
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FIG. 2 (color online). Two-dimensional SAXS pattern of iPP
displaying smectic ordering at 200 �C (a) and corresponding
one-dimensional WAXS pattern (b) after a steady shear with
shear rate 1 s�1 for 2 min.
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cell configuration the x-ray beam will be parallel to the
layer normal, preventing the observation of the layering.
We also checked any possible layering without shear
using a slow cooling process (0:05 �C=min), but no in-
dication of smectic ordering was observed. However, it
can already be induced when during sample preparation
accidentally a weak shear is exerted. During a heating
scan, the smectic phase also shows a higher melting
temperature than its crystalline counterpart [see Fig. 3(a)].

How can a smectic ordering exist at high temperatures
for a flexible-chain polymer such as iPP? The only pos-
sibility to create the necessary rigidity is conformational
ordering [4]. In an ordered state, the molecular chain of
iPP adopts in general a 3=1-helix conformation [8], which
can supply the stiffness required to meet an isotropic to
mesogenic transition. Figure 3(b) shows infrared (IR)
spectra of an iPP melt that reveal after shear the presence
of helical sequences of at least 14 and 12 monomers at
180 and 190 �C, respectively [14,15]. According to Doi
et al. [16], the criterion for an isotropic to nematic tran-
sition is a critical persistence length:

lp �
4:19M0

bl0�NA
: (1)

In this equation, b represents the diameter of a polymer
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FIG. 3 (color online). (a) One-dimensional SAXS patterns of
a sheared iPP sample as a function of temperature during
heating from 150 �C, where the sample was sheared with a
rate of 0:1 s�1 for 10 min and isothermally crystallized. (b) In-
frared spectra of the same sample; from top to bottom, at
180 �C (top) and 190 �C (middle) and an unsheared sample at
190 �C (bottom); n indicates the number of monomers associ-
ated with a specific helical band.
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segment, � the density, NAAvogadro’s number, and M0

and l0 the mass and the length of a monomer, respectively.
Inserting values for the parameters into Eq. (1), we find
lp � 2:38 nm, which is for a 3=1 helix equivalent to about
11 monomers [15]. Though the theory applies to rigid
rods, it is gratifying that the rod length of iPP helices
as obtained from IR meets this criterion.

The combination of SAXS and IR provides a picture of
smectic layering that comprises a rigid helical sequence
of at least 4 pitches (�2:6 nm) and a random-coil part of
about 1.4 nm. Figure 4 schematically illustrates the pro-
cess of shear-induced smectic ordering. Before the appli-
cation of shear, the iPP chains are in a random-coil state
[Fig. 4(a)]. The IR spectra at 190 �C [Fig. 3(b)] indicate
that in the unsheared melt conformationally ordered heli-
ces with up to about ten monomers still exist locally,
though the corresponding IR band is weak. The shear
field increases the length of the ordered sequences as
well as induces their alignment. As conformational order-
ing and density are coupled, we expect these two pro-
cesses to occur simultaneously [Figs. 4(b) and 4(c)].
Evidently, the shear field has a crucial influence on the
smectic ordering, but understanding this role precisely is
more complicated than for systems with an intrinsic
rigidity. In that case, both experimental and theoretical
work indicates that a shear field can change the isotropic-
nematic as well as the nematic-smectic transition [17,18].
For iPP, the shear flow induces simultaneously density
changes and conformational ordering, leading to a com-
plicated coupling process.

Our findings shed some new light on the ongoing dis-
cussion on polymer crystallization. Upon cooling a crys-
tallizable polymer, some preordering has often been
observed before crystallization starts, the nature of
FIG. 4 (color online). Schematic picture of the process of
shear-induced ordering of smectic bundles. The density modu-
lation of the smectic layers consists of alternating rigid helices
and flexible disordered segments.
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which is still a matter of controversy. As, by definition,
crystallizable polymers can adopt certain ordered
conformations, the induced rigidity may be a common
property. Ordered conformations with a short sequence
length couple to the density, which may lead to preorder-
ing before the onset of crystallization. Recently Muthu-
kumar et al. [7] proposed, on the basis of computer
simulations, the concept of smectic pearls as a nucleation
model. A single chain connects many ‘‘baby nuclei’’ with
a size much smaller than the final lamellar thickness.
After incorporating in this model the high molecular
mass and the shear alignment, it may well be in agree-
ment with our observation of smectic bundles. Finally, we
note that during shear-induced crystallization of poly-
mers high-molecular-mass species forming threadlike
precursors are known to give an important contribution
to the enhanced nucleation rate [11]. Our work provides a
possible microscopic explanation of this effect. The long
chains stabilize the smectic bundles, which, in turn,
ensure the formation and survival of threadlike precur-
sors. In a similar way, the smectic ordering above the
melting point provides a natural explanation of the mem-
ory effect in polymer crystallization [19].

In conclusion, we have shown that smectic ordering can
be induced by shear in the flexible-chain polymer iPP at
temperatures well above its melting point. Its formation is
attributed to rigidity induced by coil-helix transitions.
Though the existence of a smectic phase rather than a
nematic one goes beyond the theoretical predictions, the
length of the rigid part as obtained by IR measurements
agrees roughly with the theoretical requirements. The
mobility and orientation effects associated with the liquid
crystallinity and its influence on the crystallization
process could provide new opportunities to improve
processing-property relations in the iPP industry.
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