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ABSTRACT: A nanostructure consisting of rectangular polyhedral oligo-
meric silsesquioxane (POSS) nanodomains packed into a hexagonal lattice
was observed in POSS-containing A,B star-branched polymers. The A,B star-
branched polymers, which comprised polystyrene (A) and bulky POSS-
containing poly(methacrylate) (PMAPOSS) (B) units, were synthesized by
anionic polymerization and addition reaction. The self-assembled structures
of the A)B star-branched polymers were studied via transmission electron
microscopy (TEM) and small- and wide-angle X-ray scattering (SAXS and
WAXS, respectively). It was found that a rectangular nanostructure was
packed into a hexagonal arrangement of nanodomains for a PMAPOSS
volume fraction of 40 vol. % in the star-branched polymer. In addition, the
cylinder-like nanostructure of bulky POSS observed, which is not observed in
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elf-assembled nanostructures with periodic patterns that

form in bulk as well as in thin films of block copolymers
can be tuned in size, with the sizes ranging from a few
nanometers to hundreds of nanometers, by varying the
chemical compositions and molecular weights of the copoly-
mers. Thus, significant research efforts have been devoted to
fabricated nanostructures with well-defined morphologies from
functionalized block copolymers by modifying the chemical
components of the copolymers. This has been done to
investigate the correlation between the morphologies of the
nanostructures and their functionalities.'~’

Interest in organic—inorganic hybrid block copolymers has
increased in particular because incorporating inorganic
materials in polymeric materials can yield novel hybrid
materials that exhibit promising characteristic properties not
attainable in conventional block copolymers.®* "> Polyhedral
oligomeric silsesquioxanes (POSSs), an inorganic material, have
attracted a great deal of attention in the field of material science
because of their unique nanoscale cage-shaped structure and
high solubility. Therefore, a number of well-defined POSS-
containing polymers have been synthesized via recently
developed living/controlled polymerization techniques. These
polymers display desirable characteristic properties, such as
high thermal and mechanical resistance as well as high
resistance to oxidation.”>”"> Recently, we had reported the
development and self-assembly of a series of POSS-containing
polymethacrylate (PMA)-based diblock copolymers (PMA-
POSS). We found that a well-defined microphase separated the
nanostructures from the bulk. This microphase also existed in
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the thin film state."®">> However, the cylindrical structures that
comprise the minor domains of the POSS segments were not
observed. This was in spite of the fact that the structures of the
microphase-separated PMAPOSS-containing polymers could
be varied from sphere-like to lamellae-like by altering the
PMAPOSS volume fraction. Thus, morphology control is
essential for ensuring that these attractive PMAPOSS-
containing block copolymers exhibit desirable properties that
make them suitable for use in practical applications.

This type of phase-separation behavior is often observed in
the so-called “rod—coil” block copolymers as well.*>~*° The rod
segments of these copolymers are commonly based on stift and
bulky molecules such as liquid crystals and #-conjugated
polymers, while the coil segments that are commonly employed
include polystyrene (PS), poly(isoprene), poly(butadiene),
poly(dimethylsiloxane), and polyethylene oxide. The reason
the phase-separation behavior of rod—coil block copolymers is
different from that of conventional coil—coil block copolymers
is that rod—coil block copolymer systems are affected by an
additional molecular parameter: there exists a conformational
asymmetry between the fully extended rod length and coil
radius of gyration, thus it has an impact on the interfacial area
of the equilibrium microphase. In addition, interactions such as
hydrogen bonding, 7—n interactions, and liquid crystalline
interactions also take place between the rod blocks. Indeed,
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since the POSS molecule itself is bulky and crystalline, it may
be said that its size causes the distinct phase-separation
behavior. Therefore, to decrease this mismatch in the sizes
between the bulky-POSS-containing segments and the coil
segments, it is even more important to be able to control the
morphologies of the PMAPOSS-containing block copolymers.

In this study, we devised a new approach for designing
polymer structures to obtain POSS with a cylindrical
microphase-separated structure having a volume fraction
unobtainable using POSS-containing diblock copolymers. To
do so, we employed copolymers with well-defined branched
structures such as dendron-linear polymer, dendronized
polymer, and star-branched polymer because the branched
segments of these copolymers allow for greater curvature at the
A-B interface. Although, in the case of dendritic structure,
much experiments and theories have been reported, a multistep
reaction is needed for preparing sufficient molecular weight
compounds.*' ~* However, A,B star-branched copolymers, the
simplest star-branched polymers, have been actually known to
be more easily synthesized as sufficient molecular weight
polymer by addition reaction between a functionalized polymer
and a polymer anion and to exhibit distinctly shifted phase
boundaries.** ™3> Therefore, by preparing the star-branched
polymers that have the rigid-rod PMAPOSS segments, the
curvature of the interfaces became large, and the size mismatch
was cancelled.

Herein, we describe the procedure for synthesizing a POSS-
containing A,B star-branched polymer in which PS was the A
segment and PMAPOSS was the B segment. The self-
assembled structures obtained using PMAPOSS in the A,B
star-branched polymer in various volumetric concentrations
were also investigated.

Star-branched PS,—PMAPOSS was prepared by means of
living anionic polymerization using 1,1-bis(3-tert-
butyldimethylsilyloxymethylphenyl)ethylene (labeled 1 in
Scheme 1). The precursor polymer, a-chain-ended tert-butyl

Scheme 1. Synthetic Route of Star-Branched PS,—
PMAPOSS
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dimethyl silyloxy difunctionalized-PMAPOSS (PMAPOSS-
OTBS,), was prepared by anionic polymerization, with the
functionalized 1,1-diphenylethylene anions prepared from 1
and sec-butyllithium (sec-BuLi). Then, PMAPOSS-OTBS, was
made to react with Me,SiBr to obtain benzyl bromide (BnBr)-
difunctionalized PMAPOSS (PMAPOSS-BnBr,), with the
BnBr group reacting with the polymer anions.>">*

The conversion of PMAPOSS-OTBS, to PMAPOSS-BnBr,
was quantitatively confirmed by 'H and *Si nuclear magnetic
resonance (NMR) spectroscopies, with there being no evidence
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of an undesirable side reaction. In addition, size-exclusion
chromatography (SEC) peaks of the polymers, reflecting their
shapes and elution counts, were determined both before and
after the conversion reaction and were found to be almost
similar. As a last step, these polymers were made to react with
1.2—2.0-fold excess for the BnBr reaction site and living PS
end-capped with a DPE anion.

The SEC chromatograms of the polymers after the linking
reaction displayed two distinct sharp peaks: one corresponding
to the target-linked polymer and the other to the excess,
unreacted PS anions (Figure S1, Supporting Information). No
signal was detected in the high-molecular-weight region,
indicating the other side reaction did not take place under
the reaction conditions. The target polymer was isolated by
fractional precipitation using acetone (when the number
average molecular mass (M,) of the unreacted PS was less
than 30k) or SEC fractionation (when the M, of the excess PS
was greater than 30k). The chemical structures of the star-
branched PS,—PMAPOSS polymers were determined using 'H,
BC, and ¥Si NMR spectroscopy and infrared (IR) spectros-
copy. In addition, their molecular weights and molecular weight
distributions were measured using SEC.

The 'H NMR spectrum of the star-branched PS,—
PMAPOSSs showed clearly the successful incorporation of
each block. This was indicated by the appearance of methylene
(-OSiCH,) protons corresponding to PMAPOSS at 0.60 ppm
and PS aromatic protons at 7.06—6.36 ppm (Figure S2,
Supporting Information). The molecular weight distributions,
obtained via SEC-based analysis, were narrow (below 1.08).
The results of the polymerization process were listed in Table
1. Hence, the compositions of the star-branched PS,—
PMAPOSSs could be ascertained by using the integration
ratios from the '"H NMR spectra of the aromatic protons of PS
and comparing them with the integrated intensities of the
signals corresponding to the methylene protons of PMAPOSS,
along with the M, values. The volume fraction of each block
was estimated from the density of PS (1.05 g cm™) and that of
PMAPOSS' (1.14 g cm™) in combination with the "H NMR
data.

The five different star-branched PS,—PMAPOSSs inves-
tigated in the present study had overall PS-to-PMAPOSS
volume fractions ranging from 26 to 70 vol %. In the case of a
coil—coil diblock copolymer, this would lead to the separation
of the microphase into cylinder-like, lamellar-like, and inverse
cylinder-like structures.

The morphologies of the samples were characterized using
small-angle X-ray scattering (SAXS), wide-angle X-ray scatter-
ing (WAXS), and transmission electron microscopy (TEM),
which were performed on samples subjected to thermal
annealing to reach thermodynamic equilibrium; the polymers
were annealed at 180 °C for 24 or 48 h in a vacuum oven. This
temperature was necessary to erase the thermal histories of the
samples and to keep the polymer blends within the temperature
range of 100 °C (the glass transition temperature of PS) and
180 °C (the melting point of PMAPOSS).

Figure 1 showed the SAXS profiles and TEM images of the
star-branched PS,—PMAPOSSs. The profile of the star-
branched PS,—PMAPOSS 1 (containing 26 vol % PS)
exhibited three scattering peaks, with the relative position
ratios of the peaks being 1:3'/%:4'/% Using the position of the
first-order peak (26 = 0.55), the long-period spacing of the
cylinder-like structure was found to be equal to 18.5 nm. For
increases in the volume fraction of PS to 42 and 58 vol %, the
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Table 1. Polymerization Results of Star-Branched PS,—PMAPOSSs

polymers PS M, PMAPOSS M,* total M,“
PS,—PMAPOSS 1 5100 10500 21800
PS,—PMAPOSS 2 20600 10500 35400
PS,—PMAPOSS 3 23400 11200 39800
PS,—PMAPOSS 4 29600 10500 66300
PS,—PMAPOSS § 39200 11200 78500
PS,-b- PMAPOSS,,° 26600 19000 47000

M,/M,* wt % PSP vol % PS© morphologyd
1.06 24 26 PS cylinder
1.08 40 42 lamella
1.04 S4 S8 lamella
1.02 60 63 POSS cylinder
1.04 67 70 POSS cylinder
1.05 59 63 lamella

“Estimated by SEC with standard polystyrene samples. *Determined by 'H NMR results and molecular weights. “Estimated by using the PS density
of 1.05 g/ cm? and the PMAPOSS density of 1.14 g/ cm? in combination with the 'H NMR data. “Determined by SAXS and TEM results. “Ref 17.

Figure 1. SAXS profiles and TEM images of star-branched PS,—
PMAPOSSs annealed at 180 °C. (a) PS,—PMAPOSS 1 (PS-cylinder),
for 24 h, (b) PS,—PMAPOSS 3 (lamella), for 24 h, (c) PS,—
PMAPOSS 5 (POSS-cylinder), for 48 h, and (d) schematic illustration
of lamellae-like nanostructure.

SAXS diffraction profiles exhibited three addition reflections,
whose position ratios were 1:2:3, indicating the star-branched
polymers 2 and 3 formed a lamellar structure with the d-spacing
being 21 and 23 nm, respectively. In contrast, for higher PS
volume fractions (63 and 70 vol %), the SAXS patterns showed
higher-order peaks at 1:3'%7"% and 1:3"%:4"%7"2 This
indicated that cylinder and/or spherical phases were formed
with the d-spacing being 29 and 38 nm, respectively. In
addition, TEM was employed to support the findings of the
SAXS-based analysis and explore the self-assembled star-shaped
PS,—PMAPOSSs nanostructures in real space.

All the polymers investigated exhibited well-defined
morphologies, which resulted from the microphase separation.
All the samples imaged using TEM were imaged without
staining, as the mass of the POSS-containing segment, which
was higher than that of the PS segment, could result in the
PMAPOSS domains appearing dark and the PS domains
appearing bright. The TEM images of the star-branched PS,—
PMAPOSSs 1 and 3 are shown in Figures 1 (a) and (b),
respectively, along with the corresponding SAXS profiles. By
directly measuring the distances between the center-to-center
PS domains on the images, it was found that the measured
distances were almost the same as the long-period spacing as
determined by SAXS (Figure 1a). On the other hand, in the
case of the high-coil-fraction star-branched PS,—PMAPOSS §
(@ps = 70 vol %), self-assembly into hexagonal structures, the
type not seen in the case of PS-b-PMAPOSS diblock
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copolymers with similar volume fractions, was observed (Figure
1(c)).

An interesting comparison can be made between the diblock
copolymer PS,,-b-PMAPOSS,, (ref 17) and the star-branched
PS,—PMAPOSS 4 (Figure 2). These samples contain the PS

A-B phase boundary

45%
sec8u LAY
ﬂ‘sff(;;%ﬂR "

diblock copolymer PS-b-PMAPOSS (¢pg = 62)
200.0 nm

highly curvature
4

200.0 nm
e

star-branched polymer PS,-PMAPOSS 4 (¢ps = 63 )

Figure 2. Differences between the morphology of (a) linear PS-b-
PMAPOSS (that was synthesized and measured according to ref 17)
and (b) the star-branched PS,—PMAPOSS 4. The greater crowding on
the PS side of the interface for the star-branched polymer case leads to
a high degree of curvature.

component in almost the same volume fractions (¢ps = 63 vol
%), and yet they exhibited very different morphologies. In the
case of the PMAPOSS-containing star-branched polymer, it was
found that the simultaneous control of the volume fraction and
the microphase behavior was possible by changing the
molecular architecture. It was also found that the volume
fraction of PS required for the formation of cylinder-like
nanostructures was about 60 vol %. Since each PMAPOSS arm
is attached to two PS arms for the star-branched polymers, as
opposed to just one for a linear diblock, there will be more
crowding on the PS side of the interface. As a result, this will
favor a higher degree of curvature, and it causes the difference
in the microphase structures (Figure 2). It could be seen that,
unlike the usually formed nanostructures, which are rectangular,
this structure was cylindrical, with the nanodomain boundaries
being 12.0 nm wide and 5.4 nm thick. On the basis of the
results of a simulation of the microphase separation of a rod—
coil diblock copolymer, it was found that this ellipsoidal
cylinder-like nanostructure had a higher free energy than that of
a more rounded structure and was also less stable. However,
such a structure is often observed in the case of rod—coil
diblock copolymers.*>* It should also be mentioned that the
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ellipsoidal cylinder-like structures were distinctly observed in
the current study.

Next, to determine which model more suitably described the
observed structure, the lengths of the PMAPOSS rods were
estimated. Since the d-spacing depends on the total molecular
weight of the polymer, the relations between the molecular
weight per PS chain and the resulting d-spacing values of the
star-branched PS,—PMAPOSSs were plotted (Figure S4,
Supporting Information). There existed proportionality be-
tween the two, and using a linear fit that passed through the
origin resulted in a y-axis intercept of 117.9 A, which was
reflective of the length of the PMAPOSS segment. Using the
molecular weights of the polymers, determined via SEC, and
the molecular weight of the monomer, the number of MAPOSS
units in the polymer was calculated and found to be about 10
units. POSS molecules are known to have shapes similar to
those of nanosized cages, with the size of the cage being 1.2 nm
in dimension. Therefore, the calculated values of the number of
units present and the cage size were in good agreement with
the estimated PMAPOSS length. Thus, we concluded that the
PMAPOSS length is 11.8 nm.

On the basis of the above results, it was considered how
lamellar structure would be formed of star-branched PS,—
PMAPOSS. In general, the results of attempts to increase the
size of the lamellar domain of rod—coil block copolymers by
varying the molecular weight blocks were significantly different
from those observed in the case of coil—coil block copolymers.
In the case of coil—coil diblock copolymers, as the molecular
weight of the blocks is increased, the coils become free to
expand three-dimensionally, and scaling increases by a factor of
N?3 where N is the number of volumetric repeat units. In
contrast, for a rod—coil block copolymer with a static rod
segment of length 4, coil fraction ¢, and a specified rod
orientation @ relative to the lamellar normal, the width of the
rod nanodomain should be equal to the rod length in the
direction of the lamellar normal, Na(1 — ¢)cos . From this
theory and the above-mentioned calculation results, it was
thought that the rod segments were thus expanded without
tilting. On the other hand, the PS length was estimated from
the d-spacing of the lamella and found to be 11.2 nm. The
theoretical expanded PS chain length was found to be 10 nm,
which was calculated using the static length (0.434 A*> mol g™")
and the molecular weight of PS.>* Thus, the estimated distance
was longer than the theoretical value. Therefore, as shown in
Figure 1d, it was assumed that the PS and the PMAPOSS
chains were both in the extended state and that the PS chains
were interwoven in the lamellar structure.

By increasing the PS volume fraction to 63 vol %, lateral
interactions between the POSSs along the PS direction were
disrupted owing to the bulk steric hindrance of the long PS
chains. As a result, the microphase-separated structures of star-
branched PS,—PMAPOSSs 4 and S were switched from the
lamellar phase to a more stable rectangular cylinder. In the
rod—coil diblock copolymer, cylindrical structure is considered
since the rod segments assembled into a interdi§itated bilayer, a
monolayer, or hockey puck arrangement.””**** The length of
the rectangular nanodomain in the TEM image was almost
equal to the length of the extended PMAPOSS segments.
Similar results have been reported by L. H. Radzilowski et al.,
and it was thus assumed that the cylinder-like structure might
constitute the interdigitated bilayers of rods.”” However, a more
detailed analysis of the rectangular nanodomain is underway,
and its results will be described in a future report.
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Finally, to determine whether the POSS cages were
organized within the self-assembled nanostructure, WAXS-
based measurements were performed (Figure 3). The

—— a) thermal annealed sample
-=== b) no treated sample
3

Intensity

20 40

26 (%)

0 10

Figure 3. WAXS profiles of star-branched PS,—PMAPOSS S: (a)
thermal annealed sample (solid line) and (b) no treated sample (dot
line).

unannealed star-branched PS,—PMAPOSS polymer exhibited
two diffraction peaks, at 20 = 8.56 and 18.4° (labeled 2 and 3 in
Figure 3), respectively, which corresponded to d-spacing values
of 1.02 and 047 nm. In the case of the annealed sample,
however, an additional diffraction peak, at 26 = 3.52° (labeled 1
in Figure 3), corresponding to a d-spacing of 2.5 nm, emerged.
This indicated the aggregation of the POSS units. On the basis
of the results of our previous study, these lengths were
attributable to the average distance between the main chains of
PMAPOSS (2.5 nm), the average distance between the POSS
cage in the PMAPOSS block (1.0 nm), and the 7—7 interaction
of the PS block (0.47 nm), respectively. A characteristic
reflection peak 1, which corresponded to a periodic length of
2.5 nm, was also seen in the case of the thermally annealed
sample.'”" This indicated that the thermal annealing induced
the molecular stacking of the PMAPOSS layers and the
aggregation of the formed POSS crystalline simultaneously.
Thus, the aggregation and crystallization of POSS were
observed in the PMAPOSS segments that were cylinder-like
in structure.

To summarize, we synthesized star-branched PS,—PMA-
POSSs and studied their nanostructures and self-assembly
mechanisms. Well-defined PS,—PMAPOSS star-branched
polymers were synthesized by living anionic polymerization
and an addition reaction. We also determined that a
PMAPOSS-containing block copolymer could be made to
self-assemble into cylinder-like nanostructures by using an
architectural approach. Thus, the results of this study can aid in
the application of rod—coil block copolymers in various areas
since it has been shown that it is possible to control the
structures of such copolymers.
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Experimental section and 'H NMR spectra, SEC curves, and
TEM images of the synthesized star-branched polymers
(Figures S1—4). This material is available free of charge via
the Internet at http://pubs.acs.org.
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