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Abstract

The structure formation of isotactic polypropylene from the uniaxially oriented glass into the smectic mesophase has been studied by

small-angle X-ray scattering. Remarkable anisotropy between the directions parallel and perpendicular to the chain axis is found in the

development of structure formation. Below 220 8C is observed a structure with density variation having the wave vector, s; perpendicular to

the chain axis with a period of 5 to 6 nm. Between 220 and þ25 8C, the density variations with s both parallel and perpendicular to the chain

axis develop. Above þ25 8C, the density variation with s perpendicular to the chain axis develops but disappears eventually, while that

parallel to the chain axis keeps on growing.

q 2004 Elsevier Ltd. All rights reserved.

PACS: 61.43. 2 j; 61.41. þ e; 61.20.Lc; 61.10.Eq

Keywords: Isotactic polypropylene; Smectic phase; Small-angle X-ray scattering

1. Introduction

The structure formation in the early stage of polymer

crystallization has been a topic of growing interest. Prior to

appreciable crystallization, the existence of the liquid

crystal-like state and the change in the dynamics of

molecular motion have been found in the ordering process

from the glass [1,2]. Recently, a transient liquid crystalline

mesophase has been also revealed in the crystallization

process from the oriented amorphous state in poly(ethylene

terephthalate) (PET) and copolymers [3–7].

It is well known that isotactic polypropylene (itPP) forms

the “smectic” mesophase on quenching the melt into ice-

water and on stretching in the solid state [8–10]. Through

the smectic phase, crystallization from the glass takes place

[11,12]. Crystallization from the sheared melt was also

reported to occur through the smectic phase [13].

In a previous paper, we investigated the ordering process

of itPP from the isotropic glass into the smectic phase by

small-angle X-ray scattering (SAXS) and wide-angle X-ray

scattering (WAXS) [12]. We have observed the long period

of 5–6 nm independent of temperature below about 0 8C,

while it increases with temperature at higher temperatures.

This result suggests that the different structure formation

mechanisms operate below and above about 0 8C.

In this study, we examine and discuss the anisotropy of

structure formation process from the itPP glass, and clarify

the above difference in mechanism between the low and

high temperatures; we have measured the temperature

dependence and the time evolution of SAXS intensity

during the transformation from the itPP glass drawn

uniaxially into the oriented smectic phase.

2. Experimental

The material used is itPP (Mn ¼ 1:2 £ 105;

Mw ¼ 6:5 £ 105) kindly supplied by Mitsubishi Chemical

Corp. The itPP glass samples were prepared by melting the

film samples 0.1mm thick sandwiched by polyimide films

25 mm thick at 200 8C for 10 min, followed by quenching

into isopentane at 2160 8C. The glass samples were
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stretched up to about four times the initial length in an

ethanol bath at 240 8C, lower than the lowest glass

transition temperature (230 8C) reported [12]. The drawn

glass samples were kept below 250 8C until they were

placed in a heating cell for X-ray measurements; the cell

was pre-cooled down to 250 8C.

SAXS measurements were carried out at the High

Intensity X-Ray Laboratory of Kyoto University. SAXS

intensities were recorded using a two-dimensional position-

sensitive proportional counter (2D PSPC) with the sample

length being fixed. The peak intensity, Ipeak; and the peak

position, smax; are determined by subtracting the scattering

from foreign particles and the thermal diffuse scattering

from the observed SAXS intensity. Hence Ipeak is attributed

to the electron density variation due to the structure

formation. The detailed specifications of SAXS and

WAXS systems, and the data correction method have

been given elsewhere [12,14]. The exposure time for SAXS

measurement was typically 30 min. The temperature and the

annealing time given below are the average temperature and

the average time during the data accumulation, respectively.

3. Results and discussion

Fig. 1a and b shows the SAXS intensity from the raw data

obtained on heating the glass at 0.1 K/min in the equatorial

and the meridional (drawing) directions, respectively, where

s ¼ 2 sin u=l is the magnitude of scattering vector, with the

scattering angle 2u and the X-ray wavelength l: In the

glassy state at 242 8C, the intensity decreases monotoni-

cally with scattering angle in both the equatorial and the

meridional directions with a tail at high scattering angles

due to the thermal density fluctuation. Since the intensity at

low scattering angles remains almost unchanged on heating,

it should be arising from the foreign particles [12,14].

Subtracting these contribution, we have no Ipeak correspond-

ing to the electron density variation concerned, and hence

the as-drawn glass of itPP is uniform in electron density in

the length scale of 3 to 50 nm corresponding to the range of

scattering vector. At 222 8C, the SAXS peak is observed

only on the equator. In the meridional direction, the peak

can be seen at þ9 8C. At 60 8C, the peak on the equator

disappears.

The temperature dependences of Ipeak in the equatorial

and meridional directions are shown in Fig. 2a in the

logarithmic scale, and that of the long period, L ¼ 1=smax; in

Fig. 2b. In the equatorial direction, the SAXS peak becomes

appreciable at about 230 8C. However, Ipeak and L cannot

be determined quantitatively till 222 8C, and hence we plot

in Fig. 2 the data above 222 8C. Up to þ20 8C, Ipeak and L

increase with increasing temperature. Above þ20 8C,

however, Ipeak and L decrease with temperature, and

disappears at about 60 8C. In the meridional direction, on

the other hand, the temperature above which the SAXS peak

becomes appreciable is about 215 8C, higher than in the

equatorial direction, and again we plot in Fig. 2 the data for

Ipeak and L above 27 8C. Then Ipeak increases with

temperature more rapidly than in the equatorial direction,

and L increases gradually with temperature. Around

þ20 8C, both the equatorial and the meridional SAXS

peaks (L is about 8 nm in both directions) are clearly

observed as shown in Fig. 3.

WAXS patterns are taken from 240 to 20 8C for itPP of a

sample history similar to the SAXS heating measurement.

The observed WAXS patterns are similar to those of the

Fig. 1. SAXS intensity on heating at 0.1 K/min from the oriented glass at W:

242.0 8C, K: 221.9 8C, A: 8.8 8C, L: 37.8 8C and S: 60.7 8C. (a)

Equatorial and (b) meridional direction. The intensities are shifted

vertically for comparison.

Fig. 2. Temperature dependence of (a) SAXS peak intensity and (b) long

period on heating from the glass at 0.1 K/min. The equatorial direction (W)

and the meridional direction (X).
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smectic phase formed by drawing below 70 8C [15–17].

However, the peak intensity increases slightly and the line

width decreases with increasing temperature both on the

equator and on the first layer line.

The time evolution of structure formation at a fixed

temperature is investigated between 230 and þ45 8C

where no transformation into the monoclinic crystal phase

occurs. The representative results for Ipeak and L are shown

in Figs. 4 and 5, respectively. Since the heating rate is as low

as about 1 K/min from 250 8C to the annealing temperature

in order to prevent temperature overshooting, appreciable

structure formation has already taken place before starting

the SAXS measurements at a given temperature. The

change in SAXS pattern with annealing time after heating

up to a given temperature can be classified into the

following three temperature regimes.

(1) Below 220 8C, Ipeak increases and L slightly

increases with time in the equatorial direction, while no

excess SAXS intensity is observed in the meridional

direction (Figs. 4c and 5c). (2) Between 220 and þ25 8C,

both the peaks on the equator and on the meridian develop.

In the meridional direction, Ipeak keeps increasing after that

in the equatorial direction nearly stops increasing at about

100 min at 22.6 8C in Fig. 4b. In these temperature and

time ranges, L in the equatorial direction is almost

independent of annealing time (Fig. 5b), however, it

increases from 6 to 8 nm with annealing temperature. On

the other hand, L in the meridional direction increases with

time (Fig. 5b) and is larger at a higher temperature at a given

annealing time. (3) Above þ25 8C, Ipeak in the equatorial

direction first increases and then decreases to disappear

eventually (Fig. 4a). During the above change in intensity, L

in the equatorial direction first increases, then decreases, and

increases again before the SAXS peak disappears (Fig. 5a).

The annealing time at which the intensity starts decreasing

decreases with increasing annealing temperature. The

change in Ipeak in the meridional direction shows the

approximate relation Ipeak / log t; and its slope increases

with increasing temperature. The long period L also

increases almost linearly with log t and becomes larger

with increasing temperature: at 100 min, 9 nm at 30.7 8C,

and 10 nm at 44.0 8C.

The density variation in a length scale of several nm

perpendicular to the chain axis is attributed to a fibrous

structure with periodicity, and that parallel to the chain axis,

to a stacked lamellar-like structure. To the best of the

authors’ knowledge, the appearance of the former fibrous

structure has not been reported in neither the crystallization

nor the pre-crystallization process so far. Fig. 2 shows that

on heating the oriented glassy itPP the fibrous structure

develops from about 222 8C and disappears at about 60 8C.

On the other hand, the lamellar structure is observed above

Fig. 3. (a) 2D PSPC SAXS pattern at 24 8C and (b) schematic diagram. The

stretching direction is vertical.

Fig. 4. Change in SAXS peak intensity on annealing at fixed temperatures at

(a) 30.7 8C, (b) 22.6 8C and (c) 228.6 8C in the equatorial direction (W)

and in the meridional direction (X).

Fig. 5. Change in long period on annealing at fixed temperatures at (a)

30.7 8C, (b) 22.6 8C and (c) 228.6 8C in the equatorial direction (W) and in

the meridional direction (X).
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about 210 8C, a temperature higher than the fibrous

structure, and grows with increasing temperature. From

these results, the different structure formation processes

observed below and above 0 8C in the isotropic glass [12]

can be attributed to that of the fibrous and the lamellar

structures, respectively.

The crossover behavior in Ipeak in the equatorial and

meridional directions in Fig. 2a is interpreted in terms of the

rate constant for the structure formation and the time scale

of the present experiment: kF is the rate of formation of the

fibrous structure from the oriented amorphous phase, kL;

that of the lamellar structure from the oriented amorphous

phase or from the fibrous structure, and tobs is the timescale

of observation, 10 to 103 min in the present experiment.

Below 220 8C, kF , 1=tobs q kL; only the fibrous structure

develops in this temperature range. Above 220 8C, kF ,
kL , 1=tobs; and the formation rates increase with increasing

temperature. Between 220 and þ25 8C, the fibrous

structure consumes almost whole amorphous itPP to be

saturated and the lamellar structure develops. Above

þ25 8C, the lamellar structure keeps developing at the

expense of the fibrous structure.

The rates of structure formation are controlled by the

segmental diffusion factor near the glass transition tem-

perature, Tg; and the diffusion factor is controlled by the

time characteristic of the primary a-process. In a previous

paper, it has been shown that Tg of the isotropic itPP

increases from below 230 8C up to about 1 8C by the

formation of the smectic phase in the glass [12]. The present

result suggests that this increase in Tg arises from the

formation of fibrous structure. Hence, kL is controlled by the

characteristic time of the a-process with Tg . 1 8C; while

kF; by that with 230 # Tg # 1 8C which increases with the

development of the fibrous structure. The slowing down of

kinetics with time, Ipeak / log t; may be accounted by the

increase of Tg with the development of the smectic phase.

In summary, the structure formation process in itPP from

the oriented glassy state into the smectic phase is

investigated by the heating and the time-resolved SAXS

measurements. Below 220 8C, only the fibrous structure

with a long period of about 5 nm is formed, and both the

fibrous and the lamellar structures are formed above

220 8C. Above þ25 8C, both structures first develop with

time but the fibrous structure finally disappears and the

lamellar structure keeps growing.
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