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Abstract
The hierarchical structure of spherulites grown isothermally from a melt was investigated for isotactic poly(butene-1) (it-PB-
1) by analyzing wide-angle and small-angle X-ray scattering data measured simultaneously at various positions of the
spherulites using a synchrotron X-ray microbeam technique. In square-shaped spherulites (hedrites) grown at 103 °C, the
chain axis stands along the direction normal to the spherulite surface and the a and b axes of the original form II crystal direct
in parallel to the square edges. On the other hand, for round-shape spherulites grown at 98 °C, the chain axis lies tangentially
along the circle of the round spherulite surface. These spatial geometries, revealed by the X-ray microbeam method, have
confirmed previously-reported results that were qualitatively derived from 2-dimensional polarized FTIR imaging
experiments [J Phys Chem B. 2016;120:4689]. Surprisingly, only a 5 °C difference in the isothermal crystallization
temperature gives rise to remarkably different hierarchical structures of it-PB-1, as clarified by the X-ray microbeam
technique.

Introduction

When a crystalline polymer is cooled slowly or isothermally
from the melt, spherulites are generally formed with dia-
meters in the μm–mm range. The spherulites are composed
of aggregations of the crystalline lamellae, which grow
radially from the spherulite center. The hierarchical struc-
ture information or the spatial relation between the inner-
structure of the crystal lattice, the orientation of crystalline
lattices in the lamella, the stacking mode of these lamellae
and the morphology of the whole spherulite is indispensable
for understanding the formation mechanism of the
spherulites.

In the present paper, we focus on the spherulites of
isotactic poly(butene-1) [it-PB-1, -(CH2CH(CH2CH3))n-].

The reason for choosing this polymer is that it-PB-1 shows
various crystalline forms (I, II, III, etc.) depending on the
sample preparation conditions [1–40], and the external
shape or morphology of the spherulites grown from the melt
is sensitively varied depending on the crystallization tem-
perature [30–40]. For example, the isothermal crystal-
lization at 103 °C gives spherulites that have a square shape,
while round-shaped spherulites are observed at 98 °C, only
a slightly lower temperature. The single-crystal-like plate-
lets of polygonal appearance are called hedrites [41];
however, in the present paper, the products having a square
or round shape, created at the different temperatures, are
termed spherulites. In the it-PB-1 spherulites grown at a
high temperature (near 100 °C), the crystalline form II is
crystallized, but the morphology or the outer shape of the
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spherulite is quite different between 98 °C and 103 °C. It is
important to investigate the difference in the hierarchical
structure of these different types of spherulites obtained at
only slightly different temperatures. In a series of papers [7,
42, 43] we investigated the crystal structures and higher-
order structures of it-PB-1 using wide-angle X-ray diffrac-
tion (WAXD) and small-angle X-ray scattering (SAXS)
techniques mainly. Additionally, we used a polarized FTIR
imaging technique to study the inner structure of the
spherulites [44]. Below, we will briefly review the struc-
tures of the representative crystal forms I and II of it-PB-1
in regards to the basic knowledge of the hierarchical
structure of spherulites.

Crystal structure of forms I and II

The crystalline forms I and II are the most popular mod-
ifications of it-PB-1. Crystallization from the melt generates
form II, which transforms spontaneously to form I by
cooling to room temperature. Stretch of the form II accel-
erates this transformation. For this reason, the highly
oriented and pure form II sample was quenched in liquid
nitrogen immediately after preparation, and the X-ray dif-
fraction pattern was measured using a flow of cold nitrogen
gas to suppress the transformation to form I [42]. By ana-
lyzing the collected 2D X-ray diffraction pattern, the crystal
structure of form II was determined, as shown in Fig. 1a.
Form II takes the tetragonal unit cell of a= b= 14.9 Å and
c (chain axis)= 21.3 Å, with the space group P4b2. The
molecular chain takes the (11/3) helical conformation, and
the right-handed (R) and left-handed (L) chains are alter-
nately packed within the cell. The 2D X-ray diffraction
pattern of the oriented form I was measured by using the
oriented form II sample left at room temperature for a long
time. The X-ray data analysis gave the structure shown in
Fig. 1b, where the unit cell parameters are a= b= 17.53 Å,
c (fiber axis)= 6.477 Å and γ= 120o, and the space group
symmetry is P3. The chain conformation of form I is a (3/1)
helix, where three monomeric units rotate by one turn in the
repeating period (c). The R and L helices are alternately
packed in the hexagonal unit cell. The key point to estimate
the transition mechanism is to find the common features of
the chain packing mode between these two crystal forms. In
both crystal forms I and II, the upward and downward
chains are located randomly at a lattice site with 50%
probability. Additionally, the diagonal direction of the ab
plane or the 110 direction is kept in the structural trans-
formation (Fig. 1c), as is known from the electron diffrac-
tion data of the single crystal [13, 26, 42, 45]. The phase
transition was proposed to occur in a type of soft mode, that
is, the translational lattice vibrational mode of the R and L
chains with the phase angle π being anharmonically sof-
tened. The R and L helical chains in the tetragonal unit cell

translate in an opposite direction along the 110 plane
cooperatively, and they are stabilized into the unit cell of
form I [42].

Inner structure of spherulites

As seen from the optical microscopic observations, the
spherulites of it-PB-1 grown from the melt have a different
morphology depending on the isothermal crystallization
temperature [33–39]. As shown in Fig. 2, isothermal crys-
tallization in the high-temperature region, approximately 20
°C lower than the melting point (approximately 125 °C),
results in spherulites with a regular square shape; this
reflects the tetragonal unit cell of form II. However,
spherulites with a round shape are obtained when crystal-
lization is carried out at 98 °C, only 5 °C lower than the case
of square spherulites. By utilizing the 2D-imaging FTIR
microscope technique [46–48], we measured the polarized
IR spectra at various points of the spherulites and obtained
2D images showing the spatial distribution of the molecular
chain orientation [44].

In the square-shaped spherulites grown at 103 °C, the
crystallites are of the form II and the chain axis stands
perpendicularly to the spherulite surface. The a and b axes
were found to be parallel to the spherulite edges. On the
other hand, in the case of 98 °C crystallization, the c axis
lies on the spherulite surface and distributes circularly
around the center, while the a (b) axis stands vertically. In
this way, the polarized IR microscope gave us detailed
information about the spatial orientation of the crystal lattice
in forms I and II.

However, the polarized IR microscope cannot give us
more concrete and detailed information about the aggrega-
tion state of the crystalline lamellae. Furthermore, the dis-
cussion remains semi-qualitative as long as we use only the
relative intensity of the perpendicularly-polarized and
parallel-polarized IR band components. We need to know
the 3-dimensional crystallite orientation and the aggregation
structure of the lamellae in the spherulites in more detail.
This information may be obtained by performing X-ray
scattering experiments. WAXD can give us the information
on the 3D-spatial orientation of the unit cell. SAXS data can
reveal the aggregation of the stacked lamellae in the
spherulites. Of course, the WAXD and SAXS data must not
be collected separately, but they should be measured at the
same position and at the same time because the position of
the incident X-ray beam is extremely difficult to control for
a tiny spherulite. Additionally, the usage of the large-size X-
ray beam, several hundred micrometers in diameter, cannot
give us details about the local structure distribution, but
only structural information averaged over the wide range of
the sample. To clarify the spatial distribution of the crys-
tallites and lamellae at a higher resolution, we need to use
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the so-called X-ray microbeam or an X-ray beam focused to
a micrometer size. However, an X-ray beam that is a few
micrometers in diameter, produced by a laboratory-level X-
ray generator, is too weak to detect diffraction data with a
high enough S/N ratio. We need to utilize a more brilliant
synchrotron X-ray source for the production of a
micrometer-sized X-ray beam that has a higher brilliance
[49–53].

By taking into account all of the abovementioned situa-
tions, we simultaneously and systematically measured a
series of 2D WAXD and SAXS patterns at various local
positions of it-PB-1 spherulites using an X-ray microbeam
produced from a highly brilliant synchrotron radiation
system. The use of a synchrotron X-ray microbeam for
round-shaped it-PB-1 spherulites was reported by Toda
et al. [49]. However, a detailed analysis was not

successfully performed, as they themselves noted in their
report. Furthermore, they did not measure the SAXS data in
parallel with the WAXD measurements. In the present
paper, we simultaneously measured the WAXD and SAXS
patterns for the two different types of it-PB-1 spherulites.
These data were quantitatively interpreted to reveal the
hierarchical structures of these two spherulites. As noted
above, the inner structure and outer shape of the it-PB-
1 spherulites can easily change due to small changes in the
isothermal crystallization temperature. The X-ray data
analysis not only confirmed the structural images deduced
from the semi-quantitative 2D-imaging FTIR microscopic
study but also revealed more detailed information on the
inner structure of the spherulites.

Experimental section

Samples

The it-PB-1 sample used here was supplied by Mitsubishi
Chemicals, Japan. The averaged molecular weight was
110 kg/mol and the triad isotacticity was approximately
98%. The sample was melted at approximately 160 °C on
a KBr single-crystal plate and then cooled immediately to
a predetermined temperature (Tc) and kept for a long time
so that the spherulites grew to a sufficient size. The Tc
values chosen here were 103 and 98 °C, the same tem-
peratures that were utilized in the 2D IR imaging
experiment, as reported in the previous paper [44]. The
obtained spherulites were cooled quickly to room tem-
perature and taken out of the KBr plates by immersing
into a water bath.

Fig. 2 Spherulites of it-PB-1 obtained by isothermal crystallization at a
103 °C and b 98 °C, followed by cooling to room temperature

a2b2

a1b1

form II

form I

Fig. 1 Crystal structures of it-
PB-1 forms II and I, and an
illustration of the phase
transition between them through
the translational motions into the
opposite directions along the
110 plane [42]. The translational
shift along the vertical direction
causes the formation of the other
orientation of the form I unit cell
(refer to Fig. 5). In other words,
there is a twinned structure of
form I
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Measurements

Here, the spherulite samples used in the X-ray diffraction
measurements were not of the thus-prepared crystalline
form II, but rather the samples consisted of form I crystal-
lites, since the samples were left at room temperature for a
long period of time. However, the use of these spherulite
samples can be accepted here because our aim is to clarify
the spatial relation between the aggregation state of the
crystallites and the stacked lamellar structure. As already
reported, we know that (i) the chain axis direction is
maintained even after the phase transition from form II to
form I; and (ii) the diagonal [110] direction is common to
both forms I and II and is maintained unchanged during the
phase transition (Fig. 1c). Therefore, the crystallographic
geometry deduced by the quantitative X-ray data analysis
performed for the form I lamellae is assumed to be the same
as that in the high-temperature state consisting of the crystal
form II, although the crystal structure including the chain
conformation and chain packing mode is different between
these two crystal forms. In other words, we can speculate on
the crystallization behavior of form II crystals at a high
temperature through the analysis of the form I crystals at
room temperature. Another reason why we used the
spherulites left at room temperature is the difficulty of the
repeated X-ray diffraction measurements at the various
positions of a spherulite in the crystallization process at a
high temperature, although this would be an interesting and
important research theme. The irradiation of the brilliant
synchrotron X-ray microbeam damaged the sample after
exposure for several seconds, making it impossible to scan
the X-ray beam at the same positions many times during
the growth of the spherulite at a high temperature. The
laboratory X-ray microbeam is too weak to trace
the structural change in the spherulite. The reason for the
2D FTIR imaging experiment, as reported previously, was a
result of this situation.

The present paper investigates the inner structure of the
spherulites left at room temperature using a synchrotron X-
ray microbeam method, and the obtained results may be a
good monitor for estimating the structural situation of the
spherulites in crystallization processes at a high tempera-
ture, since the hierarchical structure is retained.

The WAXD/SAXS simultaneous measurements were
performed at beam line 03XU in SPring-8, Japan. A snap-
shot of the measurement system is shown in Fig. 3. The X-
ray beam size, which was controlled using a Fresnel Zone
Plate, was 1.4 (horizontal) × 1.1 (vertical) μm2 (half
widths). The spherulite sample was set on the XZ stage and
shifted stepwise along the vertical and horizontal directions
at the 10 μm pitch (for the spherulite grown at Tc= 98 °C)
or 20 μm pitch (for the spherulite grown at Tc= 103 °C) in
the range of 400 μm width. The X-ray wavelength was

1.305 Å. The flat panel detector (C9728-DK, Hamamatsu
Photonics) set approximately 40 mm from the sample
position was used for the WAXD measurement. The CCD
detector (C4742-98, Hamamatsu Photonics) with an Image-
intensifier (V7735P, Hamamatsu Photonics) was used for
the SAXS data collection at a camera distance of 600 mm.
The X-ray exposure time was 2 s per shot. The X-ray beam
position on the sample was monitored by observing the
spherulite image on the video camera display.

Results and discussion

Spherulites grown at 103 °C

Figure 2a shows the polarized optical microscopic image of
the spherulites (hedrites) isothermally grown at 103 °C from
the melt. Even after completion of the phase transition from
form II to form I at room temperature, the spherulite shape
is apparently square, almost the same as that observed at
103 °C, although the inner structure is filled with the crys-
talline form I in addition to the amorphous region (the
reason for this situation will be mentioned in a later sec-
tion). The optical microscope images are not very homo-
geneous compared with those taken at 103 °C because of
the phase transition from form II to I, giving a twinned
structure, as explained later. The WAXD and SAXS pat-
terns measured at the various positions of the spherulite are
shown in Figs. 4–6, where the X-ray beam was incident
perpendicularly to the spherulite surface. In Fig. 4, the
observed WAXD patterns were found to be essentially
the same for the various measurement positions. All the
observed reflections were indexed using the unit cell para-
meters of the form I, as indicated on the diffraction pattern
in Fig. 4. We immediately noticed that only the hk0

Fig. 3 Synchrotron X-ray microbeam experimental system. FZP
Fresnel zone plate. The image-intensifier-CCD detector for the SAXS
data collection was set to approximately 600 mm behind the sample
stage after passing through the vacuum pipe
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reflections were observed for the spherulites grown at 103 °C,
indicating the orientation of the chain axis perpendicular to
the spherulite surface.

A more detailed analysis of the WAXD patterns shown
in Fig. 4 was carried out. As mentioned above, all the
observed reflections were successfully indexed as hk0 spots
of the form I crystal; however, they were found to consist of
the overlap of many sets of the reciprocal a1* and b1* axes,
as indicated by the red and blue colors in Fig. 4 (the sub-
script “1” indicates the form I crystal). In case (a), the green
median line between the a1* (red) and a1* (blue) axes is
parallel to the edge of the square spherulite. In case (b), the
situation is the same, although the edges are tilted slightly
from the horizontal axis. Originally, the square edge came
from the edge of the square-shaped spherulite of crystalline
form II. The correspondence between the green edge lines
and the a1* and b1* axes of the red and blue colors should
be consistent with the structural relationship between the
forms II and I in the phase transition. The electron dif-
fraction data indicated that the [110] direction is their
common axis. In the phase transition, the form II unit cell of
the perfectly square shape is deformed to a lozenge shape of
the form I cell, just when the two types of the mutually
perpendicular deformation may occur because of the crys-
tallographic equivalency of the a2 and b2 axes. That is to

say, the twinned structure with the perpendicular orienta-
tions as shown in Fig. 5d is formed by the sliding motion of
the chain stems along the 110 or 110 planes. The overlap of
the form I unit cells (red and blue colors in Fig. 4) with the
30o different orientation angles arises from such a transition
mechanism. The WAXD data of Fig. 4 reflects these com-
plicated situations. Once we know the structural relation-
ship between the crystal lattices and the spherulite edges,
we can immediately speculate that the crystal grows along
the [110] direction with the formation of the alternate array
of the folded chain planes of the R and L chain stems, as
illustrated in Fig. 5a, b.

The results of the SAXS data are presented in Fig. 6. No
clear peak was observed at any position on the large
spherulite. On the other hand, a ring pattern with spacing of
approximately 155 Å was observed when the X-ray beam
was incident on the positions outside the main spherulite.
This peak corresponds to the second-order component of
the stronger peak detected at the position close to the beam
stopper, and the long period should be approximately 310
Å, which is consistent with the previously reported values
[40, 43]. The spherulites detected outside are quite small;
these were grown in the rapid cooling process from Tc to
room temperature. The WAXD pattern also gave Debye-
Scherer rings, meaning that the outside tiny crystallites
orient into various directions. According to the SAXS pat-
tern of the main square-shaped spherulite, we can conclude
that the crystalline lamellae are stacked with the normal
directing perpendicularly to the spherulite surface (the flat-
on orientation).

Figure 5a shows an illustration of the deduced lamellar
stacking structure with the crystal lattice orientation. The
molecular chains orient vertically on the spherulite sur-
face, and the [110] directions are along the diagonal lines
of the square. In this figure, the lamellar stacking structure
with the chain folding is also included, as explained
above. The originally generated form II crystal possesses
tetragonal symmetry, resulting in the square shape of the
spherulite.

Spherulites grown at 98 °C

Figure 7 shows the WAXD patterns measured for the
spherulites grown at 98 °C. The X-ray beam was incident
along the normal to the spherulite surface. Similar patterns
were observed at various positions of the spherulite. As
shown in Fig. 7b, all the observed 2D diffraction patterns
are reasonably interpreted by referring to the fiber pattern of
the uniaxially oriented sample consisting of the 0th, 1st, and
2nd layer lines [42]; the c* axis is perpendicular to
the reflection layer lines, indicating that the c axis lies on the
surface. The observed WAXD patterns are essentially
the same at the various positions, but the c* axis always
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Fig. 4 Indexing of the WAXD patterns measured for the spherulites
grown at 103 °C. The red and blue axes are for crystal form I. The
green lines correspond to the unit cell axes of crystal form II and are
parallel to the edges of the square spherulites. Cases (a) and (b) are
presented here to demonstrate the correct indexing for the WAXD
patterns obtained for the different spherulites (refer to Fig. 2)
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directs toward the tangential direction of the spherulite
circle (Fig. 7a). The observed diffractions show appreciably
long arcs (corresponding to an approximately 30o azimuthal
angle), suggesting the relatively poor orientation of the c*
axis. One reason for this might come from the finite size of
the incident X-ray beam, which has an approximately 1.2
μm radius. The irradiated X-ray beam covers the spherulite
local area of the 1.2 μm radius from which the diffraction
occurs. The c* axis included in the range of the 1.2 μm
radius is estimated to orient in the range of ±1° around a
position 100 μm distant from the spherulite center. This is
too small compared with the observed arc length. The long
arc may reflect orientational fluctuation of the c axis, as will
be discussed later.

Determining the directions of the a* and b* axes around
the c* axis is also rather ambiguous. As seen in Fig. 7, the
X-ray beam is incident from the direction that is normal to
the spherulite surface. Notably in the observed WAXD
pattern, the 110, 300, and 220 Bragg reflections are detected
in one X-ray diffraction pattern, indicating that the crystal
orients so that all these corresponding reciprocal lattice
points cross the Ewald sphere. As illustrated in Fig. 8, one
possible orientation is that the a* axis is on the surface, in
other words, the b axis stands vertically to the spherulite
surface. The green curve is a so-called Ewald sphere. The
300 reciprocal lattice point crosses the Ewald sphere. In
order for the 110 and 220 reflections to be observed at the
same time, the reciprocal lattice plane must rotate around

R
L

[110]

a2

b2

a1

b1

a1 b1

[110]a2

b2

c2

(a) (b)

(c) (d)

Fig. 5 a, b Illustrations of the
inner structure of the spherulites
grown at 103 °C. The crystal
axes of the original form II are
shown here. The chain folding
occurs along the 110 plane.
c The relation of the crystal axes
between forms I and II. A
twinned structure is possible for
form I, as seen in the illustration
(d)
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Fig. 6 SAXS and WAXD
patterns measured at different
positions of the square-shaped
spherulite of it-PB-1 grown at
103 °C. The SAXS and WAXD
patterns detected outside are ring
patterns, indicating the tiny
spherulites orienting into the
various directions
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the c* axis by approximately ±30o. Another possibility is
that the 110 and 220 axes are on the horizontal plane. The
30o fluctuation around the c* axis causes the 300 reflection
to cross the Ewald sphere. In the present data, it is difficult
to distinguish these two possibilities. The true situation
might be between these two possibilities. At the same time,
we need to consider the long arc lengths of these reflections,
as previously noted in Fig. 7. This means that the c* axis
also fluctuates by ±30o from the ideal direction (see
Fig. 7b). In this way, the unit cell axes are speculated to
fluctuate their orientations by approximately ±30o from
such an ideal direction that the a* axis is included in the
spherulite surface and that the c* axis directs to the tan-
gential direction of the round edge of the spherulite.

The fluctuation of the c* axial direction is intimately
related to the SAXS pattern. The observed SAXS patterns
are shown in Fig. 9. The log period peaks (the second-order
peaks) are observed in the direction parallel to the c* axis

(red arrows), indicating that the lamellae are stacked along
the c* axis with a long period of approximately 380 Å. (The
strong meridional scattering was detected quite close to the
beam stopper, and the clear peak detected in Fig. 9 should
correspond to the second-order peak.) In more exact terms,
the meridional direction giving the SAXS peaks is not
perfectly parallel between the neighboring positions, but
fluctuates similarly to the c* axis (refer to Fig. 8).

By combining the WAXD and SAXS data, the lamellae
are speculated to grow with a curved shape in the radial
direction, as illustrated in Fig. 10, where the above-
mentioned orientational fluctuation of the b* (a*) axis
around the c* axis is ignored for simplicity. This curved
lamellar image is quite different from the so-called lamellar
twisting mode, in which the lamellae grow radially, with a
180o rotation around the radial axis [54–63]. If the lamellae
of it-PB-1 are twisted around the radial direction, the peri-
odic ring pattern must be detected on the spherulite image
[49]. Such a ring pattern was not detected in the spherulites
of it-PB grown at 98 °C. This conclusion is consistent with
the report of the polarized 2D IR imaging.

Morphology and hierarchical structure

As discussed above, the relation between spherulite mor-
phology, lamellar orientation and crystallite orientation has
been clarified by the interpretation of the observed WAXD

Fig. 7 a WAXD patterns measured at various positions of the it-PB-
1 spherulites grown at 98 °C. The blue lines indicate the direction of
the c* axis, which orients circularly around the spherulite center.
b Indexing of the observed reflections. The numbers added to the
WAXD patterns indicate the X-ray irradiation positions on the
spherulite

Fig. 8 a Explanation of the observation of 110, 300, and 220 reflec-
tions. The corresponding reciprocal lattice points must contact the
Ewald sphere by an approximately 30° rotational fluctuation of the c*
axis. In this figure, the a* axis is assumed to be on the spherulite
surface. b The misorientation of the c* axis from the tangential
direction of the circle. c An illustration of the b and c axial orientations
on the spherulite plane
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and SAXS patterns of the samples grown at 103 °C and 98 °C.
Several points should be considered here regarding the
structural features of these spherulites.

Morphology

As mentioned above, the morphology or external shape of
the spherulite hardly changed before and after the phase
transition from the high-temperature form II to the low-
temperature form I. For the spherulites grown at 103 °C, the

unit cell of form II takes a square shape, while that of form I
is triangular (or lozenge). The square shape of the spher-
ulites observed even after the transition to form I appears to
be inconsistent with the shape of the form I unit cell. The
morphology was predicted from the unit cell structure on
the basis of the BFDH method (Bravais-Friedel-Dannay-
Harker method, [64]) using the commercial software
Materials Studio (Biovia, version 2017R2), which assumes
that crystal growth occurs by adding crystal planes to the
existing plane and that the growth rate is higher for thinner
planes or those having a shorter lattice spacing. Addition-
ally, the morphology was calculated with the equilibrium
morphology method [65], in which the planes with the
minimal surface energy are searched, but the results were
essentially the same as those from the BFDH method. The
predicted external shape of the crystal lattice is shown for
the tetragonal and hexagonal lattices in Fig. 11 (1). To draw
the polyhedrons, their relative sizes were calculated by
assuming that the total number N of the molecular chain
stems in the polyhedron is the same, but the effective cross-
sectional area of a chain stem is different between forms I
and II. For the edge length A2 of the square, the cross-
sectional area is A2

2=N*a2
2/4, since the 4 chain stems are

included in the unit cell of form II with the unit cell length
a2 (Fig. 1), while the cross-sectional area of the hexagon
with the edge length A1 is (3√3/2)A1

2, which should be
equal to the total area of the N chain stems= N*a1

2sin
(120o)/6= (√3/12)a1

2N (6 chain stems are included in the
unit cell of the form I crystal, where a1 is the unit cell

c*

a*/b*

Fig. 9 SAXS and WAXD patterns measured at various positions of the
it-PB-1 spherulites grown at 98 °C. The blue lines indicate the direc-
tion of the equatorial hk0 reflection line. The red lines indicate the c*
axial directions, which are parallel to the direction of the meridional
scattering peaks of the SAXS patterns. The clearly observed SAXS
peak is the second-order peak of the stronger 1st-order peak that is
partially hidden by the beam stopper

c*

a*/b*

a*/b*
c*

growth

c2
a2/b2
growth

b2/a2

Fig. 10 Illustration of the stacked lamellar structure for the it-PB-
1 spherulites grown at 98 °C. The lamellae are curved along the growth
direction from the center. The c axis is perpendicular to the lamellar
surface. The a and b axes of the original form II crystal are shown
here, which fluctuate from the vertical direction

(1)

(2)

b2
a2

a1 b1

a1

b1

(a) Unit cell (b) Crystal morphology

II

I
I

diffusion

Flat-ON

substrate

Edge-ON

Fig. 11 (1) Relation of the unit cell and morphology between crystal
forms I and II. The form I takes a twinned structure. The external
shape of the crystal, as shown in the right side, was calculated with the
BFDH method [64], which is nearly the same between the two forms.
(2) Illustration of flat-on and edge-on structures of the lamellae on the
substrate

150 K. Tashiro et al.



length). Therefore, the ratio of the edge length A1/A2= 2a1/
(√18a2). Since form I takes a twinned structure, the two
types of hexagon are possible, with orientations differing by
90o. The conclusion is that the rough shape is maintained
nearly unchanged between these two spherulites, except for
the corner parts, as seen in Fig. 11 (1).

Flat-on and edge-on orientations of molecular chains

As illustrated in Figs. 5 and 10, the orientation of the chain
stems and the stacking of the lamellae are different depending
on the preparation temperature; flat-on occurs in the 103 °C
spherulites and edge-on occurs in the 98 °C spherulites (see
Fig. 11). There has been some debate regarding the growing
mechanism of the lamellae. Some of the key factors are the
interaction of molecular chains with the substrate, the thermally
induced sliding motion of chains confined in an extremely thin
film, the role of the intermediate phase with the disordered
packing structure of thermally activated chains, the nucleation
rate on the substrate and so on [66]. In the present case,
crystallization occurs on the same KBr platelet for the same it-
PB-1 sample with the same molecular weight. Some of the
abovementioned factors may play a role to give the remarkably
different chain orientations seen in spherulites grown at tem-
peratures that differ by only 5 °C. However, the driving forces
causing such different lamellar aggregation states remain
unknown.

Conclusions

In the present paper the hierarchical structure of the
spherulites of it-PB-1 has been successfully investigated in
detail through the step-scanned simultaneous measurements
of the WAXD and SAXS 2D-patterns at various positions
using a synchrotron X-ray microbeam. Although the X-ray
data were collected for the spherulites of form I obtained by
cooling the form II crystals to room temperature, the hier-
archical structure remains unchanged even after the transi-
tion from form II to I, allowing us to estimate the inner
structure of the spherulite at a high temperature by carefully
analyzing the observed X-ray data. The spherulite mor-
phology of it-PB-1 is sensitive and changes depending on
the isothermal crystallization temperature. The square shape
of the spherulites grown at 103 °C arises from the tetragonal
symmetry of the form II. The lamellae are stacked in a flat-
on mode on the spherulite surface without any twisting. The
c axis stands vertically on the spherulite surface. The a and
b axial directions of the original form II crystals are parallel
to the square edges. On the other hand, the spherulites
grown at 98 °C show a round shape. Their chain axis lies on
the surface and orients tangentially along the spherulite
circle. The b axial orientation fluctuates by approximately ±30o

around the direction that is normal to the surface. The
lamellae exist in the edge-on mode and grow radially with
the fluctuation of the c-axial orientation within the surface.
These results, derived from the microbeam X-ray scattering
experiments, are consistent with the previously reported 2D
FTIR microscopic study.

The X-ray microbeam is a powerful technique used to
trace the hierarchical structure of a tiny spherulite, although
the beam size is still large for a more detailed study of the
local structure at the sub-nanometer scale. The growing
mechanism of spherulites is still a controversial topic. The
accumulation of microbeam WAXD/SAXS data for various
types of spherulites might further accelerate research of the
complicated hierarchical structure of crystalline polymers.
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