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Much attention has been focused on construction of meso-
scopic diamond and/or zincblende (ZnS) structures as a result
of their most robust photonic band gaps.'™* Self-organizing
systems of spherical particles such as nanocrystal superlat-
tices® ® and colloidal crystals® "' are candidates for building
blocks of the diamond and ZnS structures. Recently, a ZnS
lattice with a 19 nm lattice constant has been reported which
has been obtained by fine-tuning of sizes, charges, and surface
layers of nanoparticles.” However, it is still very difficult to
construct the diamond and ZnS structures by the sphere packing
plus interaction approach mainly because such structures have
non-close-packed lattices.

On the other hand, it is well-known that the block copolymers
exhibit a large variety of microphase-separated structures within
the mesoscopic length scale in a manner that depends on the
volume fractions and chain architectures of the molecules.'* 4
Among these materials, ABC star-shaped terpolymers adopt
many unique microphase separations, which cannot be formed
by linear-type block polymers such as AB, ABA, and ABC, in
condensed”>* and solution®> %7 states because the three
polymer chains are connected at one junction point and because
the junction points must be aligned in a single dimension (Figure
la, left). We previously reported that cylindrical structures,
whose cross sections reveal various periodic tiling patterns
consisting of polygons, are predominantly formed by ISP star-
shaped terpolymers composed of polyisoprene (I), polystyrene
(S), and poly(2-vinylpyridine) (P).'®" ' For example, the
I;S1sPos sample (Supporting Information) adopts a (6.6.6)
Archimedean tiling pattern, consisting of three kinds of hexagons
(Figure 1a, right).'8

This raises the question as to what morphology is adopted
by the I;S;sPys sample when the S chains are sufficiently
extended. We can imagine that if a sufficient amount of the S
component surrounds the I and P chains, the junction points of
the ISP star molecules will be aligned annularly (Figure 1b,
left). In the microphase-separated structure, the I and P chains
are inclined to form spherical domains due to the requirement
of minimizing the I/S and P/S interfacial energies (Figure 1b,
right). If each spherical domain is packed periodically, meso-
scopic CsCl, NaCl, and/or ZnS structures can be formed by
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Figure 1. Schematic drawings of microphase-separated structures
formed by ISP star-shaped terpolymers, composed of polyisoprene (I),
polystyrene (S), and poly(2-vinylpyridine) (P) depicted in red, yellow,
and blue, respectively. The illustrations on the left show two kinds of
intramolecular microphase separations of ISP star-shaped terpolymer
chains in bulk while the illustrations on the right indicate microdomain
assembly. (a) Microphase separation with straight junction point lines.
(b) Microphase separation with circle junction point lines.

proper placement of the I and P domains alternatively. Here
we report that an ISP star-shaped terpolymer/homopolymer
blend system can build up a giant zincblende structure. A 3K
S-homopolymer has been added to the I;S;gPps sample to
increase the volume ratio of the S component instead of
extending the S chains. The resulting 1;S;3Pos and 1;S;5Pos
samples have been found to adopt the ZnS structure. In this
structure, the I and P components form spherelike domains in
mutual contact at the tetrahedral positions while component S
covers the I and P components as matrix.

Figure 2a illustrates the ZnS lattice for the 1;S,3Po s sample,
for which the projections of the (001) and (011) planes are
simulated as shown in parts b and ¢ of Figure 2, respectively.
In these simulated projections, the contrasts among the I, S,
and P components are based on transmission electron micros-
copy (TEM) observations. Furthermore, two TEM images of
the 1,S,3Po g sample in Figure 2d,e were taken with tilt angles
of —20° and 25° by tilting the sample film (Supporting
Information). Figure 2d shows that the I domains (black) are
arranged tetragonally, suggesting that the TEM image corre-
sponds to the (001) projections for the ZnS lattice (Figure 2b).
Each P domain cannot be clearly identified in this TEM image
because the S background can hardly be recognized due to the
relatively larger sizes of the I and P domains in the matrix. If
the sample is rotated by 45° on the X axis in Figure 2a, the
(001) projection should be converted to (011). In our observa-
tions, the TEM image in Figure 2d was transformed into the
one shown in Figure 2e by this tilting procedure. Thus, it must
be an (011) image and is consistent with the (011) projection
for the ZnS lattice (Figure 2c).

Crystallographic data of the ZnS structure were obtained by
two types of small-angle X-ray scattering (SAXS) devices
installed at two different synchrotron radiation facilities (Sup-
porting Information). For the conventional SAXS measurement,
where the size of the X-ray beam is approximately 0.4 mm x
0.7 mm (fwhm), a typical block copolymer sample provides a
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Figure 2. (a) ZnS packing model of the spherical I (black) and P (gray)
domains. The radii of the I and P spheres are 0.247 and 0.232 in the
unit of the lattice constant. (b, c¢) Simulated TEM images for the 1;S,3Pos
sample from the [001] (b) and [011] (c) directions of the ZnS model.
(d, e) TEM images of the 1;S,3Pps sample taken with tilt angles of
—20° (d) and 25° (e).

powder pattern because the grains with the average size of a
few microns are oriented randomly. The two curves in Figure
3a show circularly averaged SAXS intensities of the I, 0S,3Pos
sample film for edge and through X-ray directions. Views of
these curves are illustrated in the inset. The very small difference
between the two SAXS profiles is indicative of nearly random
orientation of the grains. In these SAXS profiles, scattering peaks
located at v/3¢/q1 = v/3, V4, v/8, V11, /12, /19, /20, /35,
and v/ 36, where ¢; is the smallest g value for the observed
peaks, are identified. This is consistent with the F43m space
group symmetry of the ZnS structure. When ¢; equals gi11),
the lattice constant was calculated to be 45.1 nm, which agrees
well with the value of ~40 nm estimated from TEM observa-
tions (Figure 2d,e). Furthermore, a microbeam of X-rays with
an approximate beam size of 5 um x 5 um (fwhm) was used
for the second SAXS measurement. Two-dimensional SAXS
patterns from the [001] and [011] directions were obtained as
shown in Figure 3b because the X-ray beam size was small
enough to probe only one or a few grains oriented along the
same crystal axes. Owing to high resolution of the diffraction
spots in the microbeam SAXS patterns, systematic extinctions
are clearly observed for the F43m space group symmetry.
The TEM and SAXS results strongly suggest that the three-
dimensional structure formed by the 1;S, 3Py g sample is the ZnS
structure. However, the observed SAXS patterns can also fit
certain space group symmetries with cubic phases in addition
to the F43m.*® For example, a NaCl-type structure with Fm3m
symmetry may also be formed by ISP star-shaped terpolymers.
In addition, typical block copolymers tend to form double-gyroid
structures consisting of two interpenetrating but nonintersecting
networks in matrix components under the current conditions.*
For the ISP star-polymers, these 3-connected network structures
can be interpreted as representing a single network composed
of alternating I and P domains contacting each other at the
3-coordinate positions.>’ Thus, three SAXS patterns were
simulated for the NaCl (6-coordinate), the ZnS (4-coordinate),
and the alternating gyroid (3-coordinate) structures (Supporting
Information). In the simulated SAXS pattern for the NaCl model
(Figure 4a, right), the intensity of the V2 peak is much weaker
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Figure 3. X-ray diffraction patterns of the I;S,3Pys sample obtained
by two kinds of SAXS measurements. (a) Conventional circularly
averaged SAXS profiles for edge and through views. A simulation of
SAXS intensities for the ZnS-type structure is also shown at the bottom
of the figure. (b) Microbeam SAXS patterns from the [001] (left) and
[011] (right) directions. The intensities of the outer scattering are scaled
up in these SAXS patterns.

than that of the /3 peak, which is not consistent with the
experimentally determined intensities. Moreover, the simulated
TEM images (Figure 4a, middle) are obviously different from
the experimental TEM images (Figure 2d.e). As for the
alternating gyroid structure, the peak position on the simulated
SAXS pattern (Figure 4c, right) is quite different from the
experimental SAXS pattern because the alternating gyroid
structure is assigned to the P4,32 space group. On the other
hand, the simulated SAXS pattern for the ZnS model (Figure
4b, right) fits quite well the experimental SAXS profiles shown
in Figure 3a. Furthermore, a variation of the simulated intensities
for the ZnS model is practically nothing even if the volume
ratio of the I;S,3Pos sample determined by 'H NMR has a
significant level of error (Supporting Information).

We consider that the successful formation of the ZnS structure
is a result of three predominant factors: the branched macro-
molecular structure, the interaction parameters among the I, S,
and P components, and the volume fraction of each component
for the I;S,3Py s sample. The branched molecular design makes
possible the formation of the two types of spherical domains
which are in contact with each other. In addition, the
polymer—polymer interactions among the I, S, and P compo-
nents are also important. It should be noted that the magnitude
of the I/P interaction is much larger than that of the I/S and P/S
interactions, or ysi, ysp < yp.-> Consequently, the S domain
tends to surround the I and P spherical domains which contact
each other at relatively small surfaces to gain the I/S and P/S
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Figure 4. Conventional unit cell depictions of three different models
(left column) with simulated TEM images from [001] (upper) and [011]
(lower) directions (middle column) and SAXS intensities (right column).
In these models, only the I and P components are depicted in red and
blue, respectively. The experimental SAXS patterns for the edge view
are superimposed on the simulated SAXS intensities. (a) NaCl model,
(b) ZnS model, and (c) alternating gyroid model.

interfacial area instead of the I/P interfacial area. Furthermore,
the reason for the advantage of the ZnS structure over the others
is attributed to the volume fraction of the combined I and P
components. That is, if we look for the critical volume fraction
at which spheres of the two minority components can come
into contact to constitute the CsCl, NaCl, ZnS, and alternating
gyroid structures, the packing efficiencies are estimated to be
0.68, 0.52, 0.34, and 0.19, respectively (Supporting Information).
Therefore, it is difficult for the 1;S,3Pyg sample to form the
CsCl and NaCl structures because the total volume fraction of
the I and P components for the IS, 3P s sample is 0.45. A lower
volume fraction of the I and P components might favor the
alternating gyroid structure.

In conclusion, we have found a zincblende structure with a
45 nm lattice constant in an ISP star polymer system. This
structure is categorized neither into bicontinuous structures nor
into CsCl structures in linear ABC block polymers.**** The
self-assembly approach using ABC star polymers in this study
is a novel attempt to build up the mesoscale non-close-packed
structures.
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