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ABSTRACT: Characteristic cylindrical structures formed by ABC star-shaped terpolymers were investigated by
microbeam small-angle X-ray scattering (SAXS) in addition to transmission electron microscopy (TEM). The
polymer samples are composed of polyisoprene (I), polystyrene (S), and poly(2-vinylpyridine) (P); their volume
ratios for I:S:P are 1:1:X, whereX equals 0.7, 1.2, 1.3, and 1.9. The spotlike diffraction patterns were observed
by microbeam SAXS due to scattering from a small number of ordered grains in the polymer samples, where the
exact packing manners of the cylinders, or their lattice constants, have been clarified. In short, it has been found
that the cross-sectional patterns of these tilings have the features of four Archimedean tiling patterns, i.e., (6.6.6),
(4.8.8), (3.3.4.3.4), and (4.6.12). All the four SAXS patterns are quite consistent with the structural observation
by TEM with regard to the crystallographic data.

Introduction

Block and graft copolymers with incompatible components
are known to show periodic nanophase-separated structures at
the condensed states due to strong repulsion forces interacting
between different chemical components.1-4 They give various
morphologies, such as spherical, cylindrical, bicontinuous, and
lamellar structures, depending on their volume fractions. Among
the block copolymers, the ABC star-shaped terpolymers tend
to form characteristic cylinder-based phase-separated structures
since three different polymer components are connected at one
junction point which must be aligned one-dimensionally due
to the geometrical restriction.5-15

We have previously reported that the characteristic cylindrical
structures were observed by transmission electron microscopy
(TEM) for the ISP star-shaped terpolymers composed of
polyisoprene (I), polystyrene (S), and poly(2-vinylpyridine)
(P).15 The cross sections of the cylindrical structures reveal
periodic tiling patterns consisting of regular polygons, i.e.,
(6.6.6), (4.8.8), and (4.6.12), which are families of the 12
Archimedean tiling patterns.16 Recently, a more complex
Archimedean tiling pattern, (3.3.4.3.4), has also been found for
the sample with exact compositions in the same ISP star-shaped
terpolymer series.17 At the same time, it has been clarified that
the grain sizes of these structures are fairly small compared with
those of linear block copolymers.

In addition to the TEM observation, the small-angle X-ray
scattering (SAXS) technique should be used to determine the
structural features of the various cylindrical structures precisely
in the reciprocal lattice space. However, in the conventional
SAXS measurements, the typical size of X-ray beam is about

0.5 mm × 0.5 mm or larger, which is much larger than the
average grain sizes of the cylindrically ordered nanoscopic
structures for the present ABC star-shaped terpolymers. There-
fore, the resultant two-dimensional SAXS patterns consist of
the reflections from a large number of grains rotated randomly
around the [001] direction (the cylindrical axis). Accordingly,
the observed two-dimensional patterns are powder patterns rather
than the desirable spotlike reflections with the corresponding
symmetry. This fact has made it difficult to characterize the
tiling patterns from the complex molecules such as the star-
branched copolymers used in the present study by conventional
SAXS measurements.

On the other hand, the microbeam SAXS technique has been
developed recently to observe nanoscopic structures in polymeric
materials.18-24 Among them, Dreher et al. reported the micro-
structure of liquid crystalline polymer samples.18 These samples
showed isotropic scattering patterns when examined by con-
ventional SAXS measurement (the beam size was 2 mm in
diameter), while local variations of the molecular orientation
in liquid crystalline polymer sample were observed by micro-
beam SAXS system (the beam size was 7µm in diameter).
Furthermore, the microbeam SAXS techniques were used to
study the organization in single fibers,19-21 the local arrangement
of the smectic layers in poly(ester imide)s,22 the kinetics of
secondary crystallization of polymeric materials,23 the structural
inhomogeneity within the band spherulite of the miscible
polymer blends,24 and so on. Thus, the microbeam SAXS
techniques would be powerful to obtain nanoscopic structural
information within the macroscale polymer samples.

In this work, therefore, the cylindrical structures having the
features of the Archimedean tiling patterns formed by the ABC
star-shaped terpolymers were investigated by microbeam SAXS.
The microbeam SAXS patterns are analyzed in comparison with
the results of the TEM observations in order to elucidate the
structural features of the present terpolymers accurately in the
crystallographic sense.
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Experimental Section

Three polymer samples composed of polyisoprene (I), polysty-
rene (S), and poly(2-vinylpyridine) (P) were synthesized by anionic
polymerizations.15 Their volume ratios for I:S:P are 1:1:X, where
X equals 0.7, 1.2, and 1.9; therefore, they were coded as I1.0S1.0P0.7,
I1.0S1.0P1.2, and I1.0S1.0P1.9, respectively. Another polymer sample
with X ) 1.3 was also prepared by blending two samples, i.e.,
I1.0S1.0P1.2 and I1.0S1.0P1.9, at the weight ratio of 0.85/0.15.17

Sample films were obtained by solvent casting from 2% solutions
of the samples in tetrahydrofuran; successively, they were dried at
room temperature for 6 h and annealed at 140°C under a vacuum
for a week.

For TEM observations, the annealed samples were stained with
osmium tetroxide, which heavily stains I and intermediately does
P, and cut into ultrathin sections with ca. 50 nm thickness using an
ultramicrotome, Reica Ultracut FCS, at room temperature with a
diamond knife (Diatome cryo-T). The TEM observations were
carried out in the same manner reported previously.25

For microbeam SAXS measurements, the sample films were cut
into thin sections with ca. 20µm thickness, where the film edges
are the observation angle using the same ultramicrotome system.
The microbeam SAXS measurements were performed at high flux
beamline BL40XU of SPring-8 (Hyogo, Japan) equipped with a
helical undulator.26 The wavelength of X-ray was 0.1 nm, and the
size of the X-ray microbeam was ca. 5µm × 5 µm (fwhm), which
was obtained by merely inserting a pinhole of 3µm in diameter at
the upstream of the sample position. The parasitic scattering was
removed by a second pinhole at the sample position. The camera
length was fixed about 3 m, and the precise camera length was
calibrated with a collagen standard sample. The polymer samples
were placed at a sample stage which was controlled remotely from
outside the experimental hutch and scanned with every 1-10 µm
step in order to obtain the scattering patterns from ordered grains,
the cylindrical axes of which were close to parallel to the incident
beam. The scattering patterns were recorded with a cooled CCD
detector coupled with an X-ray image intensifier (Hamamatsu
Photonics Ltd., Japan).27

Results and Discussion

Figure 1 shows the TEM images of the four star-shaped
terpolymer samples. Since the samples were stained with
osmium tetroxide for the TEM observations, the black, white,
and gray domains represent I, S, and P phases, respectively.
I1.0S1.0P0.7 shows a honeycomb-type structure consisting of three
kinds of hexagonal domains which meet at every vertex, hence
resulting in forming the (6.6.6) Archimedean tiling pattern.15

In the same way, the domain packing manners of I1.0S1.0P1.2

and I1.0S1.0P1.9 are classified into (4.8.8) and (4.6.12) Archimedean
tiling patterns, respectively. On the other hand, I1.0S1.0P1.3 shows
a complex tiling pattern, to which any simple tiling patterns
apparently cannot be applied in a direct manner. Instead, the
tiling pattern is found to be assigned as the (3.3.4.3.4) structure,
which is another one of the Archimedean tiling patterns, by
applying an indirect tiling manner.17

Figure 2 shows the microbeam SAXS pattern of I1.0S1.0P0.7,
and the corresponding tiling structure is schematically repre-
sented, where the white arrows denote the real lattice vectors,

a1 anda2. In the SAXS pattern, spotlike reflections are observed,
indicating that the X-ray beam size is small enough to probe
only a limited number of grains ordered cylindrically in the
sample film. The sizes of the grains are typically a few microns
according to the TEM observations; therefore, the SAXS pattern
should be obtained from a small number of grains. This SAXS
pattern apparently shows six spots of first-order reflections,
which is consistent with the (6.6.6) tiling pattern observed in
Figure 1a. Thed-spacings, ord(10) andd(01), in Figure 2b were
estimated to be 70 and 59 nm from the magnitudes of the
corresponding scattering vectors|q(10)| and|q(01)|, respectively,
designated in Figure 2a using the relationshipd ) 2π/|q|. The
angle between the two scattering vectors, 62°, gives the angle
R, 118°, between the real lattice vectors. Thed-spacings and
the angleR, in turn, give the magnitudes of the real lattice
vectors,|a1| and|a2|, i.e., 80 and 67 nm, respectively, suggesting
that the hexagonal lattice in real space is distorted as shown in
Figure 2b. In fact, the hexagonal structure observed by TEM
(Figure 1a) is a little more distorted than the structure model in
Figure 2b. In addition, this distortion would cause the difference
in the intensities of the first-order reflections in Figure 2a.

Figure 3 illustrates the microbeam SAXS pattern of I1.0S1.0P1.2

and the corresponding tiling structure. The SAXS pattern shows
a 4-fold symmetry, which is consistent with the (4.8.8) tiling
pattern having the square lattice for this sample. The 10
reflections located on the meridian and the equator suggest the
actual lattice for I1.0S1.0P1.2 is rectangular as shown in Figure
3b. Thed-spacings and the lattice constants for this square lattice
were determined in the same manner as for I1.0S1.0P0.7 in Figure
2, and they are as follows:d(10) ) |a1| ) 59 nm,d(01) ) |a2| )
56 nm,R ) 90°. It is apparent that the crystallographic data in
Figure 3b agree well with those observed in Figure 1b.

Figure 1. TEM images of the four star-shaped terpolymer samples: I1.0S1.0P0.7 (a), I1.0S1.0P1.2 (b), I1.0S1.0P1.3 (c), and I1.0S1.0P1.9 (d).

Figure 2. Microbeam SAXS pattern of I1.0S1.0P0.7 (a) and the
corresponding schematic tiling structure (b).

Figure 3. Microbeam SAXS pattern of I1.0S1.0P1.2 (a) and the
corresponding schematic tiling structure (b).
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Figure 4 shows the microbeam SAXS pattern and the tiling
structure of I1.0S1.0P1.3. In the SAXS pattern, the 20 and 21
reflections are clearly observed in addition to the 11 reflections,
which are characteristic for the (3.3.4.3.4) tiling pattern.
Although the right (3.3.4.3.4) structure composed of equilateral
triangles and squares should be a square lattice, the reflections
in the SAXS pattern are located on a parallelogram instead,
indicating that the real lattice for I1.0S1.0P1.3 is considerably
distorted, resulting in forming an oblique lattice. The lattice
constants were determined to be 150 nm for|a1|, 146 nm for
|a2|, and 105° for R. Comparing Figure 4b and Figure 1c, the
degree of the distortion of the lattice is quite consistent with
each other.

Figure 5 illustrates the microbeam SAXS pattern and the tiling
structure of I1.0S1.0P1.9. The SAXS pattern in Figure 5a shows
a 6-fold scattering symmetry, which is consistent with the
(4.6.12) tiling pattern observed in Figure 1d, though the SAXS
pattern is also deformed to lead the imperfect hexagonal lattice
(|a1| ) 98 nm,|a2| ) 90 nm,R ) 123°) for this tiling.

Table 1 summarizes the lattice constants for the cylindrical
structures for the star-shaped terpolymer samples obtained from
the SAXS patterns and the TEM observations. The sizes of the
lattices obtained from the SAXS results are fairly different from
those from the TEM results for I1.0S1.0P0.7 and I1.0S1.0P1.3. It is
suggested that the considerable difference in dimensions between
the TEM and SAXS results is mainly attributed to the inaccuracy
in the magnification of the TEM observations. The magnification
of TEM images are sensitive to conditions for taking micro-
graphs while the scales of the SAXS patterns could be more
accurate since the camera length adopted was calibrated with
the standard sample. In addition, it is difficult to observe the
right cross sections of the cylindrical structures perpendicular

to the cylindrical axes by TEM. This fact causes the difference
not only in the sizes of the lattices but also in the anglesR
between the TEM and SAXS results. Moreover, it is apparent
that the two experiments were observing just one or small
number of grains at different locations, so that the lattice
constants can vary.

In conclusion, it has been found that the microbeam SAXS
measurements give the spotlike diffraction patterns, which were
never obtained by conventional SAXS measurements, due to
scattering from a small number of ordered grains in the polymer
samples. These SAXS patterns are quite consistent with the
structural observation by TEM with regard to the symmetry of
four Archimedean tiling patterns, i.e., (6.6.6), (4.8.8), (3.3.4.3.4),
and (4.6.12). It has been also confirmed that the real lattices
formed by the star-shaped terpolymer samples are actually
distorted to some extent in comparison with the ideal lattice
for the tiling structures. The lattice constants for the distorted
periodic tiling patterns have been successfully determined, so
that the packing manners of cylinders for the present ISP star-
shaped terpolymers have been clarified quantitatively by the
microbeam SAXS technique adopted.
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