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Design of low-crystalline and low-density
isobutyl-substituted caged silsesquioxane derivatives
by star-shaped architectures linked with short
aliphatic chains

Yuta Yasumoto1, Takahiro Yamanaka1, Shinichi Sakurai2, Hiroaki Imoto1 and Kensuke Naka1

The C2-, C3-, and C8-linked star-shaped isobutyl-substituted caged silsesquioxane derivatives (3a, 3b and 3c) were prepared by

the hydrosilylation of mono-vinyl-, allyl- and octenylisobutyl-T8-silsesquioxane (1a, 1b and 1c), respectively, along with the

synthesis of octadimethylsiloxy-Q8-silsesquioxane (2). 3a and 3b formed optically transparent films by casting the solutions onto

glass pieces. However, 3c formed an opaque white film. Differential scanning calorimetry traces of 3a and 3b exhibited lower

melting points than that of 3c and the appearance of a glass-transition point, suggesting their lower crystallinity, which promotes

the formation of transparent films. Wide-angle X-ray scattering measurements suggested that 3a and 3b formed more tightly

packed structures after melting. However, 3c formed a less dense structure after melting. The refractive index of the film of 3a

(1.4529±0.0005) was lower than that of 3b (1.4556±0.0007), which is due to the density of 3a (1.1433 g cm−3) being less

than that of 3b (1.1753 g cm−3).
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INTRODUCTION

Random silsesquioxanes, optically transparent hybrid polymeric
materials consisting of organic substituents and inorganic backbones,
have attracted widespread interest because of their excellent thermal,
mechanical, optical and electrical properties.1–3 The molecular
structures of random silsesquioxanes significantly affect their physical
properties. Lee et al.4 have demonstrated that both the refractive
indices and the dielectric constant decreased with increasing
cage/random ratios because the free volume of a cage structure is
larger than that of a random structure. However, the molecular
structures of random silsesquioxanes are hardly controlled by the
usual sol-gel method. Another disadvantage is that a high-temperature
curing process is generally required for the preparation of these
materials. To develop low-temperature processable hybrid materials
for industry that are precisely designed on the molecular level,
structurally well-defined caged silsesquioxanes have been considered
attractive candidates.
Among the caged silsesquioxanes, T8-caged silsesquioxanes, denoted

as (RSiO3/2)8, have been the subject of numerous studies, where they
are used as nano-scale building blocks to form
hybrid materials.5–7 The T8-caged silsesquioxanes are generally
used as a filler8–13 in matrix polymers and as co-monomers14–23 or
crosslinkers24–28 for co-polymerization with organic monomers.

Optically transparent films of a single T8-caged silsesquioxane
derivative are, however, hardly formed without crosslinking reagents
because of their high symmetry and crystallinity. Recently, we
reported that dumbbell-shaped trifluoropropyl-substituted T8-caged
silsesquioxane derivatives could form optically transparent films,
depending on the type of simple aliphatic linker chain.29 These
molecules are the first examples of optically transparent T8-caged
silsesquioxane films that show thermoplastic properties. The concept
is that lower symmetries of T8-caged silsesquioxanes decrease the
crystallinity and provide optically transparent film-forming properties.
Kaneko and colleagues have reported low molecular symmetry
T8-caged silsesquioxane derivatives with two different randomly
distributed side-chain groups; its crystallization was suppressed,
leading to the formation of an optically transparent film.30

Octadimethylsiloxy-Q8-silsesquioxanes denoted as (RSiMe2OSiO3/2)8
are alternative caged silsesquioxane frameworks and have been
used as nanobuilding blocks for various organic–inorganic hybrid
materials.6,31–33 We have reported that a star-shaped (heptaisobutyl-
T8-silsesquioxy)propyl-substituted octadimethylsiloxy-Q8-silsesquiox-
ane formed an optically transparent film by spin coating
and subsequently baking at 120 °C; however, dumbbell-shaped
isobutyl-substituted T8-caged silsesquioxane derivatives linked by
simple aliphatic chains formed opaque white films owing to their high
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crystallinity.34 The star-shaped structure significantly decreases the
melting point compared with those of the dumbbell-shaped
derivatives and most reported T8-caged silsesquioxane derivatives
containing isobutyl groups. This may be due to the strong influence
of the flexible dimethylsiloxy spacer.35,36 The refractive index the
star-shaped caged silsesquioxane derivative film was higher than that
of a corresponding random silsesquioxane, suggesting that the
star-shaped caged silsesquioxane derivative might form a more tightly
packed structure.34

Here we synthesized a series of star-shaped isobutyl-substituted
caged silsesquioxane derivatives with aliphatic linking chains of
different lengths, and their optical properties and nanostructures were
studied by wide-angle X-ray scattering (WAXS). We found that the
flexible linkers significantly affected the physical properties of the
star-shaped caged silsesquioxane derivatives. The formation of
optically transparent films and their refractive indices depended on
the length of the aliphatic linking chains. Optically transparent
silsesquioxane materials composed of a single caged silsesquioxane
component that has a well-defined molecular structure would facilitate
the design and control of physical properties more precisely than
for the random silsesquioxanes. Such materials are regarded as
thermoplastic hybrids and exhibit the required performance.

EXPERIMENTAL PROCEDURE

Materials
All solvents and chemicals were reagent-grade quality and were used without
further purification. All the reactions were performed under a nitrogen
atmosphere. Octa(dimethylsiloxy)-Q8-silsesquioxane (2),34 heptaisobutylvinyl-
T8-silsesquioxane (1a),37 and octakis[3-(heptaisobutyl-T8-silsesquioxy)
propyldimethylsiloxy]-Q8-silsesquioxane (3b)34 were prepared according to
previous reports.

Instruments
1H-(400MHz), 13C-(100MHz) and 29Si-(80MHz) nuclear magnetic resonance
(NMR) spectra were obtained using a BRUKER DPX-400 instrument (Bruker
Biospin, Rheinstetten, Germany). Matrix-assisted laser desorption/ionization
time of flight mass spectrometric (MALDI-TOF-MS) data were obtained using
a BRUKER Autoflex II instrument (Bruker Daltonics, Bellerica, MA, USA).
Fourier transform infrared spectra were obtained using a JASCO FT/IR-4100
spectrometer (JASCO, Tokyo, Japan), and samples were embedded in
KBr pellets. Ultraviolet-visible spectra were obtained using a JASCO
spectrophotometer V-670 KKN (JASCO). Differential scanning calorimetry
data were obtained using a TA Instruments 2920 Modulated DSC instrument
(TA Instruments, New Castle, DE, USA). Thermogravimetric analysis
was performed using a TA Instruments Hi-Res Modulated TGA 2950
thermogravimetric analyzer (TA Instruments). Refractive indices were
measured using an Abbe refractometer DR-M4 (ATAGO, Tokyo, Japan). Gel
permeation chromatography (GPC) was performed using a Shimadzu LC-6AD
instrument (Shimadzu, Kyoto, Japan) with a Shodex KF-803 column using
tetrahydrofuran (THF) as the eluent.

Synthesis
Heptaisobutyloctenyl-T8-silsesquioxane (1c). A THF solution (2.5ml) of
trichloro(octenyl)silane (0.80ml, 3.5 mmol) was added dropwise to a dried
THF solution (60ml) of heptaisobutyl-tricycloheptasiloxane trisodium
silanolate (2.50 g, 3.16mmol) and triethylamine (2.2ml, 16mmol) in an ice
bath; the solution was stirred for 1 h at 0 °C and for 3 h at room temperature.
Later, the remaining volatiles were removed under reduced pressure to obtain
the crude product. The crude product was dissolved in a minimal amount of
ethyl acetate and poured into methanol to give a white solid (1c) in 40% yield.
1H-NMR (CDCl3): δ 0.61 (dd, 32H, -Si-CH2-), 0.94 (d, 84H, -Si-CH2-CH-
CH3), 1.32–1.42 (m, 8H, -Si-CH2-CH2-CH2-CH2-CH2-), 1.82–1.92 (m, 14H,
-Si-CH2-CH-), 2.05 (q, 4H, -CH2-CH=CH2), 4.93–5.03 (m, 2H, -CH=CH2),
5.77–5.87 (m, H, -CH=CH2).

13C-NMR (CDCl3): δ 12.19, 22.73, 22.83, 24.08,

25.90, 28.99, 32.66, 34.04, 114.33, 139.32 (see Supplementary Figure S1).
29Si-NMR (CDCl3): δ − 66.94, − 67.68, − 67.82 (see Supplementary Figure S2).
HR-FAB-MS (m/z): calcd. for [M+H]+, 927.3726; obs, 927.3103.

Octakis[3-(heptaisobutyl-T8-silsesquioxy)ethyldimethylsiloxy]-Q8-silsesquioxane
(3a). Heptaisobutylvinyl-T8-silsesquioxane (1a) (0.31 g, 0.37 mmol), octa
(dimethylsiloxy)-Q8-silsesquioxane (2) (0.046 g, 0.045mmol) and dry THF
(0.45ml) were charged into a Schlenk flask at room temperature under a
nitrogen atmosphere. Karstedt’s catalyst, dissolved in toluene (0.1 M, 7 μl), was
added to the solution. The reaction mixture was magnetically stirred at 40 °C
for 24 h and concentrated under reduced pressure to obtain a residue. Silica gel
column chromatography (hexane/EtOAc= 9/1) was used to remove unreacted
raw materials and the catalyst from the resultant residue to obtain the crude
product. The crude product, including oligomeric byproducts, was purified by
fractionation with GPC using CHCl3 as the eluent to produce a white solid
(3a). Yield: 28%. 1H NMR (CDCl3, 400MHz): δ 0.12 (s, 48H, -Si-CH3),
0.52 (br, 32H, -Si-CH2-CH2-), 0.59 (m, 98H, -Si-CH2-CH-), 0.95 (d, 168H,
-Si-CH2-CH-CH3), 1.79–1.90 (m, 56H, -Si-CH2-CH-).

13C NMR (CDCl3,
100MHz): δ − 0.90, 8.71, 22.69, 22.73, 24.04, 25.91. 29Si NMR (CDCl3,
80MHz): δ − 108.76, − 67.61, − 67.51, − 66.91, 13.28. MALDI-TOF-MS (m/z):
calcd. for [M+Na]+, 7789.162; obs, 7789.171.

Octakis[3-(heptaisobutyl-T8-silsesquioxy)octyldimethylsiloxy]-Q8-silsesquioxane (3c).
Heptaisobutyloctenyl-T8-silsesquioxane (1c) (0.38 g, 0.41mmol), octa(dimethyl-
siloxy)-Q8-silsesquioxane (2) (0.050 g, 0.049mmol) and dry THF (0.42ml) were
charged into a Schlenk flask at room temperature under a nitrogen atmosphere.
Karstedt’s catalyst, dissolved in toluene (0.1 M, 7 μl), was added to the solution.
The reaction mixture was magnetically stirred at 40 °C for 24 h and concentrated
under reduced pressure to obtain a residue. Silica gel column chromatography
(hexane/EtOAc= 9/1) was used to remove unreacted raw materials and
the catalyst from the resultant residue to obtain the crude product. The
crude product, including oligomeric byproducts, was purified by fractionation
with GPC using CHCl3 as an eluent to produce a white solid (3c). Yield:
18%. 1H NMR (CDCl3, 400MHz): δ 0.12 (s, 48H, -Si-CH3), 0.59
(d, 128H, -Si-CH2-), 0.95 (d, 84H, -Si-CH2-CH-CH3), 1.26–1.40 (br, 8H,
-Si-CH2-CH2-CH2-CH2-CH2-), 1.82–1.88 (m, 56H, -Si-CH2-CH-).

13C NMR
(CDCl3, 100MHz): δ − 0.20, 12.20, 17.88, 22.67, 22.69, 22.87, 23.17, 24.03,
25.86, 29.52, 33.00, 33.70. 29Si NMR (CDCl3, 80MHz): δ − 108.84, − 67.83,
− 67.69, − 66.92, 12.64. MALDI-TOF-MS (m/z): calcd. for [M+Na]+, 8462.458;
obs, 8469.509.

Preparation of coating solutions and coated films
Coating solutions of the star-shaped caged silsesquioxane derivatives were
prepared by dissolving the samples (5mg) in ethyl acetate (1ml). The coating
solutions of the derivatives were cast onto soda-lime glass pieces, baked at 40 °C
for 30min on a hot plate and left at room temperature for 1 day. The thickness
of the films was approximately 10 μm. Optical transmittances of the films on
the soda-lime glass pieces were estimated by ultraviolet-visible spectra, after
subtracting the spectra of an un-coated soda-lime glass piece.

WAXS measurements
WAXS measurements using synchrotron X-rays were performed on the BL-9C
beamline at a wavelength of 0.150 nm at the Photon Factory of the High Energy
Accelerator Research Organization, Tsukuba, Japan. An imaging plate, BAS-IP
MS 2025 (Fuji Photo Film Co., Ltd.; size: 200× 250mm2), with an actual pixel
size of 100× 100 μm2, was used as the two-dimensional detector. The typical
exposure time was in the range of 10–30 s. BAS2500 (Fuji Photo Film Co., Ltd.)
was used for the development of exposed images on the imaging plate.
A polyethylene crystal was used as the standard sample to calibrate the
magnitude of the scattering vector, q, as defined by q= (4π/λ) sin (θ/2),
with λ and θ being the wavelength of X-ray and the scattering angle,
respectively. The two-dimensional WAXS patterns were further converted
to one-dimensional profiles by conducting a circular average. In situ
WAXS measurements at temperatures below room temperature were
conducted using a Linkam LK-600M (Japan Hightech, Fukuoka, Japan)
cooling unit. Prior to each measurement at a given temperature, the sample
was kept at isothermal conditions for at least 1 min.
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Calculation
For the calculation of the van der Waals molecular volume (Vvdw), the

structures were optimized by an MM2 calculation using the ChemBio3D

Ultra 14 molecular modeling program (PerkinElmer, Waltham, MA, USA).

The calculation was performed with the Gaussian 09 suite program with

RHF/6–31G theory.38

RESULTS AND DISCUSSION

Synthesis and characterization of star-shaped caged silsesquioxane
derivatives
The C2- and C8-linked star-shaped caged silsesquioxane derivatives
were prepared by hydrosilylation of heptaisobutylvinyl- and
octenyl-T8-silsesquioxanes (1a and 1c) and octadimethylsiloxy-Q8-
silsesquioxane using Karstedt’s catalyst, respectively (Scheme 1). The
products were purified using silica gel column chromatography to
remove both the unreacted raw materials and the catalyst to obtain
crude products that included the oligomeric byproducts. The crude
products were purified by fractionation with GPC using CHCl3 as an
eluent. The purity of each compound was confirmed by GPC analysis,
in which impurity peaks are barely noticeable, as shown in Figure 1.
The star structures of 3a and 3c were confirmed by 1H-, 13C- and

29Si-NMR and MALDI-TOF-MS analyses (see Supplementary Figures
S3–S6). Peaks in the 1H NMR spectrum of 3a that were assigned to
the ethylene and methyl groups of the linkers were observed at 0.95,
0.52 and 0.12 p.p.m. Those peaks belonging to 3c that were assigned to
the octylene and methyl groups of the linkers were also observed at
1.26–1.40, 0.59 and 0.12 p.p.m. The integral ratios of the ethylene or
octylene, methyl and isobutyl groups in the 1H-NMR spectra agreed
with the theoretical values. No SiH and vinyl protons were observed in
the 1H-NMR spectra, suggesting the complete introduction of the
heptaisobutyl substituted T8-caged silsesquioxane to 1. The 13C-NMR
and 29Si-NMR spectra of 3a and 3c also suggest the formation of the
star-shaped structures. Furthermore, the MALDI-TOF-MS results for
3a and 3c agreed with the theoretical values and provided conclusive
evidence for the formation of star-shaped structures.

Film-forming ability and optical characterization
We studied the film-forming ability of the product solutions on glasses
by casting the solutions onto glass pieces. In our previous study,34 we
observed that 3b formed a transparent film. We found that 3a
also formed a transparent film (Figure 2). However, an opaque white
film was formed in the case of 3c, which may due to the crystallization
of the T8-silsesquioxane units. The optical transmittance of the
films obtained from the 3a and 3b solutions was 4 98% in
the visible region, between 780 and 380 nm. The thickness of the
films was approximately 10 μm. Reducing the spacer linkers promotes
transparency in the films.
The refractive indices of the films from the 3a and 3b solutions

were measured using an Abbe refractometer, and we used the average
of values from 10 distinct points in each film. The refractive indices of
the films from the 3a and 3b solutions were 1.4529± 0.0005 and
1.4556± 0.0007, respectively. These results indicate that decreasing the
length of the methylene spacer decreases the refractive index. The
densities of 3a and 3b were 1.1433 and 1.1753 g cm− 3, respectively.
The coefficient of molecular packing (Kp) is defined as Kp=Vvdw/Vint,
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column using THF as the eluent with RI detection.
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where Vvdw and Vint are the van der Waals volume and the intrinsic
volume of molecule, respectively. Each Vint for 3a and 3b was
calculated from their respective densities and molecular weights. Each
Vvdw for 3a and 3b was calculated using density functional theory with
the B3LYP/6-31G+(d,p) functional. The values of Kp for 3a and 3b,
which were estimated using the experimental data and the calculated
Vvdw, are 0.821 and 0.951, respectively, suggesting that 3a has more
free volume than 3b does. A higher free volume in 3a reduces its
refractive index, with respect to that of 3b.

Thermal and WAXS studies of the star-shaped isobutyl-substituted
caged silsesquioxane derivatives
Differential scanning calorimetry traces of the star-shaped caged
silsesquioxane derivatives are shown in Figure 3. The star-shaped
caged silsesquioxane derivatives, 3a and 3b, exhibited clear baseline
shifts at 12 and 24 °C, respectively, which are indicative of their glass-
transition temperature. However, no clear baseline shift was observed
in the case of 3c. No obvious softening of the films obtained from
the 3a and 3b solutions was observed immediately above these
temperatures. The melting points of 3a, 3b and 3c were observed at
108, 96, and 215 °C, respectively. These results indicate that 3a and 3b

possess significantly lower melting points compared with 3c. The
lower melting points and the appearance of the glass-transition points
in 3a and 3b suggest that these species exhibit low crystallinity, which
promotes the formation of transparent films. The enthalpies corre-
sponding to the melting points significantly decrease with the length of
the methylene spacers, that is, those for 3a, 3b and 3c were 23, 79 and
134 kJ mol− 1, respectively. Thermogravimetric analysis of 3a, 3b and
3c revealed a 5 wt% loss at 319, 320 and 393 °C, respectively (see
Supplementary Figure S7). The star-shaped caged silsesquioxane
derivatives demonstrate high thermal stability.
To determine the assembly motif of the star-shaped caged

silsesquioxane derivatives, WAXS measurements were made on the
cast films of 3a, 3b and 3c, as well as of heptaisobutylallyl-T8-
silsesquioxane (1b) at room temperature (Figure 4). All crystalline
peaks corresponding to 1b are preserved in the star-shaped caged
silsesquioxane derivatives. The diffraction peaks of mono-alkyl
substituted heptaiosbutyl-T8-silsesquioxanes appeared at q= 5.8, 7.8,
8.7 and 13.5 nm− 1 and were associated with the hexagonal crystalline
structure of the T8-silsesquioxane unit.39 These data suggest that the
crystalline state of the T8-silsesquioxane units formed in the cast films
of all the samples. As the spacer length decreases, the peaks from the
T8-silsesquioxane component become more unclear and broader. As
determined by optical microscope, the films obtained from the 3a and
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3b solutions showed mostly smooth surfaces, although some crystal-
line particles were dispersed in the films. These results indicate that the
film states of the star-shaped polyhedral oligomeric silsesquioxane
compounds are a mixture of amorphous (the smooth area) and
crystalline (the particle area) states. The amorphous smooth area and
the crystalline particles appeared as the dark image and the bright spot
image, respectively, using a crossed Nicols setup in a polarized-light
microscope.
WAXS data were also collected for 3 at a temperature just above

their melting points. Clear and sharp peaks gave way to form
amorphous characteristics, when heated above each melting point.
These results support the notion that all crystalline peaks

corresponded to the T8-silsesquioxane moieties, prior to melting. At
room temperature, strong peaks for 3a, 3b and 3c were observed
around q= 6.07, 6.23 and 6.02 nm− 1, respectively (Figure 5). The
spacing values determined from the peak positions are 1.04, 1.01 and
1.04 nm, respectively, and correspond to the T8-silsesquioxane unit.
Above the melting temperature, the strongest peak for 3c was shifted
to a lower q value of 5.71 nm− 1, which is associated with a spacing of
1.10 nm (Figure 5c), suggesting that the packing structure of 3c
expanded after melting. In general, this tendency is observed for solid
materials, which expand their volumes with increasing temperature.
However, the strongest peaks for 3a and 3b were shifted to higher q
values to 6.32 and 6.33 nm− 1 (corresponding to spacings of 0.994 and

Figure 5 WAXS traces of (a) 3a, (b) 3b and (c) 3c at room temperature (dotted lines) and above their melting temperatures, that is, 124, 109 and 222 °C
for 3a, 3b and 3c, respectively (solid lines).
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0.993 nm), respectively (Figures 5a and b). These results indicate that
3a and 3b have free volumes at room temperature, and they formed
denser structures upon melting.
In the case of 3a, a small peak near q= 3.0 nm− 1 was observed at

room temperature. The spacing associated with this peak position is
2.1 nm. An additional small peak near q= 3.0 nm− 1 was more clearly
visible at a temperature above the melting point. These tiny peaks
around q= 3.0 nm− 1 are due to the intermolecular distance of the
star-shaped molecules. In the case of 3b, a shoulder peak around
q= 3.0 nm− 1 appeared above the melting point.
Previous reports suggested the strong influence of the flexible

dimethylsiloxy spacer on the molecular dynamics and organization of
alkyl chain-substituted octadimethylsiloxy-Q8-silsesquioxanes.

35,36

Therefore, functionalized octadimethylsiloxy-Q8-silsesquioxanes show
predominantly amorphous phases. We assume that the present
amorphous properties of 3a and 3b are derived mainly from the
flexible dimethylsiloxy spacer.

CONCLUSIONS

We synthesized a series of star-shaped isobutyl-substituted caged
silsesquioxane derivatives with different lengths of aliphatic linking
chains. The star-shaped compounds with C2- and C3-linkers (3a and
3b) formed optically transparent films when the solutions were cast
onto glass pieces. The star-shaped compound with the C8-linker (3c),
however, formed an opaque white film. The star-shaped caged
silsesquioxane derivatives, 3a and 3b, exhibited clear baseline shifts
at 12 and 24 °C, respectively, which are indicative of their
glass-transition temperature. However, no clear baseline shift was
observed in the case of 3c. The melting points of 3a, 3b and 3c were
observed at 108, 96 and 215 °C, respectively. Reduced melting points
and the appearance of glass-transition points in 3a and 3b suggest a
low crystallinity, which promotes the formation of transparent films.
Room temperature WAXS measurements of the as-cast films of 3a, 3b
and 3c showed strong peaks observed near q= 6.07, 6.23 and 6.02
nm− 1, respectively, which corresponded to the T8-silsesquioxane unit.
Above their melting temperatures, the strongest peak for 3c was
shifted to a lower q value of 5.71 nm− 1. However, those for 3a and 3b
were shifted to higher q values, 6.32 and 6.33 nm− 1, respectively.
These results suggest that 3a and 3b formed more tightly packed
structures upon melting. However, 3c formed a less dense structure
after melting. The refractive index of the 3a film (1.4529± 0.0005) was
lower than that of 3b (1.4556± 0.0007), owing to the density of 3a
(1.1433 g cm− 3) being less than that of 3b (1.1753 g cm− 3).
The present star-shaped caged silsesquioxane derivatives are regarded
as optically transparent thermoplastic silsesquioxane materials that
are derived from a single caged silsesquioxane compound. Therefore,
their structures are precisely controlled and their properties are
tunable.
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