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Abstract: We report high refractive-index (RI) films composed of polyhedral oligomeric silsesquioxane
(5SQ) matrices and various lanthanoid cations. The SSQ matrices were constructed from
octaammonium SSQ by connecting with bipyridine dicarboxylic acid, which is expected to capture
cations. By modulating the feed ratio between SSQ and dicarboxylic acid, the series of the SSQ
matrices were obtained with variable cross-linking ratios among the SSQ units. Thin transparent films
were able to be prepared through the drop-casting method with the aqueous mixtures containing SSQ
matrices and various kinds of lanthanoid salts up to 40 wt %. From RI measurements, it was revealed
that the increase of the amount of the metal ion can significantly lift up the Rl values. In particular,
critical losses of Abbe numbers, which theoretically have the trade-off relationship toward increases
in RI values, were hardly detected. This effect could be obtained by cation assembly in local spots
that are assisted by SSQ.
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1. Introduction

One of modern strategies for obtaining high refractive-index (RI) plastics is to prepare hybrid
materials with polymer matrices and metal particles or ions [1]. Because it is easy to modulate
properties in these hybrids by regulating types and concentrations of the loaded metal species, a wide
variety of hybrid-based high RI materials have been developed [2-6]. In this purpose, lanthanoid ions,
especially lanthanum, are also regarded as promising metal species for obtaining a high RI material
because of the large effect to increase Rls [7]. However, it is strongly required to find comparable or
substitute materials due to a drain on rare metal resources. In lanthanoids, cerium is known to be
relatively abundant compared to other rare earth elemelnts, while other types of elements have been
desired for fabricating optical, electrical, and magnetic materials [8,9]. Thus, if we can establish to use
cerium as a substituent of lanthanum, this technology should be helpful for solving the unbalance
between supply and demand.

Polyhedral oligomeric silsesquioxane (SSQ) has attracted attention as a platform for preparing
advanced optical materials [10-16]. By employing SSQ, the functional units can be accumulated in
the compact space at the molecular level [17-19]. As a result, unique functions originating from the
molecular assembly around SSQ can be observed. For example, by introducing SSQ into various
media, thermal stability can be readily improved with soft materials that are not suitable for the
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hybridization with inorganic components [20-22]]. Moreover, Kudo et al. reported that the Rl values
of the polymer films can be lifted up by simply connecting the polymer chain ends with the rigid
building blocks [23-26]. Based on this finding, we also prepared the SSQ networks composed of
oligosulfide linkers and detected the increase in the RI of conventional polymer films by blending
these sulfur-containing SSQ networks without enlarging wavelength dependency of light refraction
represented by an Abbe number [27]. More recently, similar increasing effects on RI without losses of
Abbe numbers were also observed with the hybrids containing halogenated SSQ [28]. The transparent
material having smaller wavelength dependency represented as a larger Abbe number is suitable in
order to fabricate practical plastic lens. It should be mentioned that there is the trade-off relationship
between high RI and Abbe number in theoretical. Meanwhile, only the increase in RI values can be
induced by blending the sulfur-containing SSQ networks and halogenated SSQ, which suggests that
the enhancement of local density around SSQ should affect only Rls.

We have recently proposed the facile preparation of functional hybrids by utilizing SSQ without
troublesome sol-gel methods [29]. Simply by mixing designed SSQ to show good compatibility with
polymer matrices, homogeneous materials with enhanced thermal stability, similarly to conventional
hybrids, were obtained with conventional polymers [30-35]. In particular, the applicability of
hybridization was able to be expanded to hydrophobic polymers, such as conjugated polymers, which
are usually insoluble under general conditions in the sol-gel reactions [36,37]. Thus, we regard SSQ as
an element-block, which is a minimum functional unit that consists of heteroatom [38,39] for producing
designable hybrids. Meanwhile, based on this hybridization strategy with SSQ, it is difficult to add
another inorganic species due to high hydrophobicity of SSQ.

We designed the SSQ material having metal capturing units in order to obtain multi-component
S5Q-based hybrids. In this paper, we report synthesis and properties of the water-soluble SSQ matrices
that can retain various types of metal cations. Transparent films were obtained through the drop-casting
with aqueous solutions of the matrices. Particularly, it was shown that large amounts of lanthanoid
cations until 40 wt % can be loaded onto the film without losses of transparency. Furthermore, we found
that the RIs of the films can be tuned by modulating the amount of cations without significant changes
in the Abbe numbers. These results mean that the optical properties in the trade-off relationship are
balanced in the SSQ matrices.

2. Results and Discussion

Scheme 1 shows the design and preparation of the materials. In general, the introduction of
metal cations to polymers is promised for effectively increasing the Rls of materials [7]. However, it is
necessary to inhibit aggregation for maintaining transparency of materials. Therefore, we designed the
SSQ matrices with the bipyridine linker to preserve dispersion states of metal cations homogeneously
for obtaining good transparency as well as high RlIs [40,41]. Furthermore, molecular assembly is easily
accomplished by adsorption to SSQ [42-49]. It was also shown that lanthanoid cations can be efficiently
captured in the presence of the appropriate ligand structures [50]. By applying the assembling effect
of SSQ), it can be expected that an additional enhancement to RI values is expected without losses of
Abbe numbers [27,28]. As a metal cation for loading onto the SSQ matrices, we selected the series of
lanthanoid ions, which have been used as an additive for increasing Rls of polymer films. By changing
the type of lanthanoid cations, we instead explored materials of lanthanum cation.

The series of the SSQ-containing films with various amounts of bipyridine linkers were prepared
by modulating the feed ratios of bipyridine dicarboxylic acid to Amino-SSQ (Table 1) [51,52]. In the
abbreviation, n denotes the mol% of SSQ-BPY(n) toward Amino-SSQ in the feed ratio. Owing to the
good solubility of the products in water, we can estimate the cross-linking ratios between the SSQ unit
and the bipyridine linker with 1H NMR spectroscopy [51,52]. After preparing film samples, it was
shown that the SSQ-BPY(1) and SSQ-BPY(2) had good transparency, while slightly and quite white
opaque films were obtained from SSQ-BPY(3) and SSQ-BPY(4), respectively (Figure 1). It is likely that
the products with high bipyridine concentrations could involve large clusters in the films. Therefore,
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white turbidity could be generated. We also attempted to prepare several control materials, such as
the mixture with Amino-SSQ and dicarboxylic acid without amide bonds and SSQ matrices, in the
absence of bipyridine moieties. In both cases, by adding cations, critical phase separation occurred and
homogeneous films that were suitable for optical measurements were no longer obtained. Moreover,
although we were not able to determine the exact cross-linking rates between the SSQ units in 'H
NMR spectra, good film-formability of the products proposes that the connection among the SSQ units
could proceed. For the following experiments, we used transparent SSQ-BPY(2) film because of good
transparency and film-formability.
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Scheme 1. Synthesis of the silsesquioxane (SSQ) matrices.
Table 1. Optical properties of SSQ-BPY(2) containing lanthanoid salts.

Polymer Feed Ratio of Dicarboxylic Acid (eq.)  Yield (%)  Crosslinking Ratio (%) ¢
SSQ-BPY(1) 1.0 82 13
SSQ-BPY(2) 2.0 75 24
SSQ-BPY(3) 3.0 72 35
SSQ-BPY(4) 40 63 42

® Determined from the 'H NMR spectra.
(a) SSQ-BPY(1) (b) SSQ-BPY(2)
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Figure 1. Appearances of the SSQ-BPY(n) films.

The SSQ-BPY(2) films containing 10-40 wt % lanthanoid metal salts (La, Ce, Gd, Yb) also had good
transparency, which was calculated as an averaged value of transmittance from 400 nm to 700 nm
(Figure 2). According to the data, extremely high values (99%) were observed, even in the presence of
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40 wt % cations (Figure S1). The surface morphologies of the films were investigated using scanning
electron microscopy (SEM). Significant phase separation or aggregations were hardly observed in the
SSQ-BPY(2) films, even with 40 wt % lanthanoid cations at the submicron scale (Figure 3). From these
data, we concluded that SSQ films can have sufficient good homogeneous states for an evaluation of
optical properties.

The RIs of the hybrid films with various concentrations of lanthanoid metal cations were measured
with reflectance spectroscopy (Figure 4). The averaged values were calculated from the data set at five
distinct points in the films (Table 2). The Rls of films in the presence of lanthanoid cations were higher
than that of the pure SSQ-BPY(2) film. Further, similar values were obtained as compared to Rls of the
films containing 40 wt % cations. In particular, the cerium-loaded films showed a similar degree of Rls
with the films containing lanthanum cations, which indicated that cerium is instead a component of
lanthanum for high RI materials in the SSQ matrix.

(a) La (b) Ce
¥ Pure 10% 20% 30% 40%

| and

=1 10% 20%  30%  40% i .

All-
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Figure 2. Appearances of the SSQ-BPY(2) films with 10-40 wt % lanthanoid salts.

Figure 3. Scanning electron microscopy (SEM) images of SSQ-BPY(2) films containing various types of
lanthanoid chloride salts (40 wt %). Scale bars represent 1 um.
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Table 2. Optical properties of SSQ-BPY(2) films containing lanthanoid salts.

Lanthanoid wt % np Anp D
none - 1.5332 37

10 1.5461 0.0129 35
20 1.5596 0.0264 37

La 30 15735  0.0402 44
40 15820  0.0488 39
10 15455 00123 35
c 20 15625  0.0293 40
€ 30 15765  0.0433 41
40 15794  0.0462 38
10 15478 00146 38
ad 20 15587  0.0255 39
30 15734  0.0402 39
40 15857  0.0525 35
10 15555  0.0223 39
b 20 15638  0.0306 34
30 15768  0.0436 39
40 15820  0.0488 38
1.60
x 1.58 1
o)
©
£
© l
< 1.56
"g La(lll)
= Ce(lll
5 1.54 (1)
4 Gd(lIn
Yb(Ill)
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Figure 4. Refractive indices (1) of the SSQ-BPY(2) films containing various concentrations of lanthanoid
chloride salts.

An Abbe number (vp) was calculated from the wavelength dependency of RI according to
Equation 1 (Table 2) [27,28]. Interestingly, less significant changes were observed, even by increasing
the amounts of the lanthanoid cations in SSQ-BPY(2) matrices. The molecular assembly of cations
around SSQ could play a major role in increasing the Rls of the films. Thus, all kinds of cation might
show similar RIs with each concentration without critical losses in Abbe numbers.

Thermal stability was evaluated by measuring decomposition temperatures with 5 wt % weight
losses (Figures S2 and S3). By adding 10 and 20 wt % cations, critical decreases in thermal stability
were induced by loading lanthanum cations (-45 °C~-17 °C), while smaller decreasing effects were
observed from the films with 40 wt % cerium cation (=12 °C) (Tables S1 and S2). It is implied that
a smaller size of Ce3" might be favorable for tight binding, followed by the suppression of thermal
motions of matrices. These results positively support that cerium cation in SSQ matrices can instead be
the element of lanthanum that is the typical component for fabricating high RI materials.
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3. Conclusions

Here we describe that water-soluble SSQ matrices can work as a platform for fabricating high RI
hybrid films. The transparent films can be obtained simply through casting methods with aqueous
dispersions containing SSQ matrices and cations. Even with 40 wt % of lanthanoid cations, the SSQ
films are able to maintain transparency as well as good homogeneity. The resulting films containing
cations show high RI values that originate from lanthanoid cations. In particular, Abbe numbers of the
hybrid films were maintained even with higher concentrations of cations. Another significant point is
the fact that cerium can instead be a material for lanthanum in the SSQ matrix. When considering the
difference in current production ratios between cerium and lanthanum, our strategy that is based on
SSQ hybrid materials presented here could contribute to solving the problem on resource constraints
of rare metals.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/7/1560/s1,
Experimental Section, Figure S1: Transparency of the films containing 40 wt % (a) La(III), (b) Ce(III), (c) GA(III) and
(d) Yb(III) salts. Averaged values were calculated from 400 to 800 nm, Figure S2: TGA profiles of SSQ networks,
Figure S3: TGA profiles of SSQ networks BPY(2) with various concentrations of metal cations, Table S1: Thermal
stability of network polymers, Table S2: Thermal stability of hybrid films with variable cation concentrations.

Author Contributions: Conceptualization, K.T.; data curation, K.U. and T.K,; funding acquisition, K.T. and
Y.C,; investigation, K.U.; project administration, K.T.; supervision, K.T.; writing—original draft, K.U. and K.T.;
writing—review and editing, Y.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by the Arai Science and Technology Foundation (for K.T.) and a
Grant-in-Aid for Scientific Research (A) (JP17H01220) and for Challenging Research (Pioneering) (JP18H05356).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Loste, J.; Lopez-Cuesta, J.-M.; Billon, L.; Garay, H.; Save, M. Transparent polymer nanocomposites:
An overview on their synthesis and advanced properties. Prog. Polym. Sci. 2019, 89, 133-158. [CrossRef]

2. Enomoto, K,; Kikuchi, M.; Narumi, A.; Kawaguchi, S. Surface modifier-free organic-inorganic hybridization
to produce optically transparent and highly refractive bulk materials composed of epoxy resins and ZrO,
nanoparticles. ACS Appl. Mater. Interfaces 2018, 10, 13985-13998. [CrossRef] [PubMed]

3. Enomoto, K.; Ichijo, Y.; Nakano, M.; Kikuchi, M.; Narumi, A.; Horiuchi, S.; Kawaguchi, S. Unique
hydrophobization and hybridization via direct phase transfer of ZrO, nanoparticles from water to
toluene producing highly transparent polystyrene and poly(methyl methacrylate) hybrid bulk materials.
Macromolecules 2018, 50, 25-32.

4. Matsukawa, K. Development of Photo-functional Materials from Organic/Inorganic Nano-Hybrids.
J. Photopolym. Sci. Technol. 2005, 18, 203-210. [CrossRef]

5. Tiwari, A.; Dhoble, SJ. Stabilization of ZnS nanoparticles by polymeric matrices: Syntheses, optical properties
and recent applications. RSC Adv. 2016, 6, 64400-64420. [CrossRef]

6.  Abdel-Baki, M.; El-Diasty, F. Optical properties of oxide glasses containing transition metals: Case of titanium-
and chromium-containing glasses. Curr. Opin. Solid State Mater. Sci. 2006, 10, 217-229. [CrossRef]

7. Carlos, L.D.; Ferreira, R.A.S.; Bermudez, V.D.Z.; Ribeiro, S.J.L. Lanthanide-Containing Light-Emitting
Organic-Inorganic Hybrids: A Bet on the Future. Adv. Mater. 2009, 21, 509-534. [CrossRef]

8. Zhang, S.; Ding, Y,; Liu, B.; Chang, C. Supply and demand of some critical metals and present status of their
recycling in WEEE. Waste Manag. 2017, 65, 113-127. [CrossRef]

9.  Binnemans, K,;Jones, P.T.; Acker, K.V,; Blanpain, B.; Mishra, B.; Apelian, D. Rare-Earth Economics: The Balance
Problem. JOM 2013, 65, 846-848. [CrossRef]

10. Yuasa, S.; Sato, Y.; Imoto, H.; Naka, K. Fabrication of composite films with poly(methyl methacrylate) and
incompletely condensed cage-silsesquioxane fillers. J. Appl. Polym. Sci. 2018, 135, 46033. [CrossRef]

11.  Tkachenko, I.M.; Kobzar, Y.L.; Tkachenko, V.E; Stryutsky, A.V.; Matkovska, L.K.; Shevchenko, V.V.;
Tsukruk, V.V.Novel branched nanostructures based on polyhedral oligomeric silsesquioxanes and azobenzene
dyes containing different spacers and isolation groups. J. Mater. Chem. C 2018, 6, 4065-4076. [CrossRef]


http://www.mdpi.com/2073-4360/12/7/1560/s1
http://dx.doi.org/10.1016/j.progpolymsci.2018.10.003
http://dx.doi.org/10.1021/acsami.8b00422
http://www.ncbi.nlm.nih.gov/pubmed/29608060
http://dx.doi.org/10.2494/photopolymer.18.203
http://dx.doi.org/10.1039/C6RA13108E
http://dx.doi.org/10.1016/j.cossms.2007.08.001
http://dx.doi.org/10.1002/adma.200801635
http://dx.doi.org/10.1016/j.wasman.2017.04.003
http://dx.doi.org/10.1007/s11837-013-0639-7
http://dx.doi.org/10.1002/app.46033
http://dx.doi.org/10.1039/C8TC00223A

Polymers 2020, 12, 1560 7 of 9

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ledin, P.A.; Tkachenko, LM.; Xu, W.; Choi, L; Shevchenko, V.V.; Tsukruk, V.V. Star-Shaped Molecules with
Polyhedral Oligomeric Silsesquioxane Core and Azobenzene Dye Arms. Langmuir 2014, 30, 8856-8865.
[CrossRef] [PubMed]

Araki, H.; Naka, K. Syntheses and properties of star- and dumbbell-shaped SSQ derivatives containing
isobutyl groups. Polym. J. 2012, 44, 340-346. [CrossRef]

Ledin, P.A; Russell, M.; Geldmeier, J.A.; Tkachenko, .M.; Mahmoud, M.A.; Shevchenko, V.; El-Sayed, M.A.;
Tsukruk, V.V. Light-Responsive Plasmonic Arrays Consisting of Silver Nanocubes and a Photoisomerizable
Matrix. ACS Appl. Mater. Interfaces 2015, 7, 4902—4912. [CrossRef]

Imoto, H.; Ishida, A.; Hashimoto, M.; Mizoue, Y.; Yusa, S.; Naka, K. Soluble network polymers based on
trifunctional open-cage silsesquioxanes. Chem. Lett. 2019, 48, 1266-1269. [CrossRef]

Yuasa, S.; Imoto, H.; Naka, K. Synthesis and properties of hyperbranched polymers by polymerization of
an AB3-type incompletely condensed cage silsesquioxane (IC-SSQ) monomer. Polym. J. 2018, 50, 879-887.
[CrossRef]

Gon, M; Sato, K.; Tanaka, K.; Chujo, Y. Controllable Intramolecular Interaction of 3D Arranged n-Conjugated
Luminophores Based on a SSQ Scaffold, Leading to Highly Thermostable and Emissive Materials. RSC Adv.
2016, 6, 78652-78660. [CrossRef]

Suenaga, K.; Tanaka, K.; Chujo, Y. Heat-Resistant Mechanoluminescent chromism of the Hybrid Molecule
Based on Boron Ketoiminate-Modified Octa-Substituted Polyhedral Oligomeric Silsesquioxane. Chem. Eur. J.
2017, 23, 1409-1414. [CrossRef]

Narikiyo, H.; Gon, M.; Tanaka, K., Chujo, Y. Control of intramolecular excimer emission in
luminophore-integrated ionic SSQs SSQessing flexible side-chains. Mater. Chem. Front. 2018, 2, 1449-1455.
[CrossRef]

Kato, K.; Gon, M.; Tanaka, K.; Chujo, Y. Stretchable Conductive Hybrid Films Consisting of Cubic
Silsesquioxane-capped Polyurethane and Poly(3-hexylthiophene). Polymers 2019, 11, 1195. [CrossRef]
[PubMed]

Gon, M,; Kato, K.; Tanaka, K.; Chujo, Y. Elastic and Mechanofluorochromic Hybrid Films with SSQ-Capped
Polyurethane and Polyfluorene. Mater. Chem. Front. 2019, 3, 1174-1180. [CrossRef]

Tanaka, K.; Ishiguro, F; Jeon, J.-H.; Hiraoka, T.; Chujo, Y. SSQ Ionic Liquid Crystals. NPG Asia Mater. 2015,
7,e174. [CrossRef]

Kudo, H.; Inoue, H.; Inagaki, T.; Nishikubo, T. Synthesis and Refractive-Index Properties of Star-Shaped
Polysulfides Radiating from Calixarenes. Macromolecules 2009, 42, 1051-1057. [CrossRef]

Kudo, H.; Inoue, H.; Nishikubo, T.; Anada, T. Syntheses and Refractive-Indices Properties of Novel Octa-Arms
Star-Shaped Polysulfides Radiating from p-t-Butylcalix[8 Jarene Core. Polym. J. 2006, 38, 289-297. [CrossRef]
Kudo, H.; Sato, K.; Nishikubo, T. Controlled Insertion Reaction of Thiirane into Carbamothioate: Novel
Synthesis of Well-Defined Polysulfide. Macromolecules 2010, 43, 9655-9659. [CrossRef]

Kudo, H.; Aoki, H.; Nishikubo, T. Temperature Dependence of Refractive Index of Films of Well-defined
Linear and Star-shaped Polystyrenes. Chem. Lett. 2008, 37, 282-283. [CrossRef]

Tanaka, K.; Yamane, H.; Mitamura, K.; Watase, S.; Matsukawa, K.; Chujo, Y. Transformation of Sulfur to
Organic-Inorganic Hybrids Employed by SSQ Networks and Their Application for the Modulation of
Refractive Indices. J. Polym. Sci. Part A Polym. Chem. 2014, 52, 2588-2595. [CrossRef]

Ueda, K,; Tanaka, K.; Chujo, Y. Molecular Fillers for Increasing Refractive Index of Polystyrene Hybrids by
Chain Assembly at Polyhedral Oligomeric Silsesquioxane. Polym. ]. 2020, 52, 523-528. [CrossRef]

Gon, M.,; Tanaka, K.; Chujo, Y. Creative Synthesis of Organic-Inorganic Molecular Hybrid Materials.
Bull. Chem. Soc. Jpn. 2017, 90, 463-474. [CrossRef]

Ueda, K.; Tanaka, K.; Chujo, Y. Fluoroalkyl SSQ with Dual Functional Groups as a Molecular Filler for
Lowering Refractive Indices and Improving Thermomechanical Properties of PMMA. Polymers 2018, 10,
1332. [CrossRef]

Tanaka, K.; Kozuka, H.; Ueda, K.; Jeon, J.-H.; Chujo, Y. SSQ-Based Molecular Fillers for Simultaneously
Enhancing Thermal and Viscoelasticity of Poly(methyl methacrylate) Films. Mater. Lett. 2017, 203, 62-67.
[CrossRef]


http://dx.doi.org/10.1021/la501930e
http://www.ncbi.nlm.nih.gov/pubmed/25010498
http://dx.doi.org/10.1038/pj.2011.133
http://dx.doi.org/10.1021/am508993z
http://dx.doi.org/10.1246/cl.190536
http://dx.doi.org/10.1038/s41428-018-0071-5
http://dx.doi.org/10.1039/C6RA14971E
http://dx.doi.org/10.1002/chem.201604662
http://dx.doi.org/10.1039/C8QM00181B
http://dx.doi.org/10.3390/polym11071195
http://www.ncbi.nlm.nih.gov/pubmed/31319479
http://dx.doi.org/10.1039/C9QM00100J
http://dx.doi.org/10.1038/am.2015.28
http://dx.doi.org/10.1021/ma802042y
http://dx.doi.org/10.1295/polymj.38.289
http://dx.doi.org/10.1021/ma101969r
http://dx.doi.org/10.1246/cl.2008.282
http://dx.doi.org/10.1002/pola.27274
http://dx.doi.org/10.1038/s41428-019-0302-4
http://dx.doi.org/10.1246/bcsj.20170005
http://dx.doi.org/10.3390/polym10121332
http://dx.doi.org/10.1016/j.matlet.2017.05.127

Polymers 2020, 12, 1560 80f9

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Tanaka, K.; Adachi, S.; Chujo, Y. Structure-Property Relationship of Octa-Substituted SSQ in Thermal and
Mechanical Reinforcements of Conventional Polymers. J. Polym. Sci. Part A Polym. Chem. 2009, 47, 5690-5697.
[CrossRef]

Tanaka, K.; Adachi, S.; Chujo, Y. Side-Chain Effect of Octa-Substituted SSQ Fillers on Refraction in Polymer
Composites. J. Polym. Sci. Part A Polym. Chem. 2010, 48, 5712-5717. [CrossRef]

Ueda, K.; Tanaka, K.; Chujo, Y. Synthesis of SSQ Derivatives Having Dual Types of Alkyl Substituents via in
situ Sol-Gel Reactions and Their Application as a Molecular Filler for Low-Refractive and Highly-Durable
Materials. Bull. Chem. Soc. [pn. 2017, 90, 205-209. [CrossRef]

Jeon, J.-H.; Tanaka, K.; Chujo, Y. Rational Design of SSQ Fillers for Simultaneous Improvements of
Thermomechanical Properties and Lowering Refractive Indices of Polymer Films. . Polym. Sci. Part A Polym.
Chem. 2013, 51, 3583-3589. [CrossRef]

Ueda, K.; Tanaka, K.; Chujo, Y. Optical, Electrical and Thermal Properties of Organic—Inorganic Hybrids with
Conjugated Polymers Based on SSQ Having Heterogeneous Substituents. Polymers 2019, 11, 44. [CrossRef]
Ueda, K; Tanaka, K.; Chujo, Y. Remarkably High Miscibility of Octa-Substituted SSQ with Commodity
Conjugated Polymers and Molecular Fillers for the Improvement of Homogeneities of Polymer Matrices.
Polym. ]. 2016, 48, 1133-1139. [CrossRef]

Chujo, Y.; Tanaka, K. New polymeric materials based on element-blocks. Bull. Chem. Soc. Jpn. 2015, 88,
633-643. [CrossRef]

Gon, M; Tanaka, K.; Chujo, Y. Recent Progress in the Development of Advanced Element-Block Materials.
Polym. ]. 2018, 50, 109-126. [CrossRef]

Jeon, J.-H.; Kakuta, T.; Tanaka, K.; Chujo, Y. Facile Design of Organic—Inorganic Hybrid Gels for Molecular
Recognition of Nucleoside Triphosphates. Bioorg. Med. Chem. Lett. 2015, 25, 2050-2055. [CrossRef] [PubMed]
Jeon, J.-H.; Tanaka, K.; Chujo, Y. Light-Driven Artificial Enzymes for Selective Oxidation of Guanosine
Triphosphate Using Water-Soluble SSQ Network Polymers. Org. Biomol. Chem. 2014, 12, 6500-6506.
[CrossRef] [PubMed]

Nakamura, R.; Narikiyo, H.; Gon, M.; Tanaka, K.; Chujo, Y. Oxygen-Resistant Electrochemiluminescence
System with Polyhedral Oligomeric Silsesquioxane. Polymers 2019, 11, 1170. [CrossRef] [PubMed]
Narikiyo, H.; Kakuta, T.; Matsuyama, H.; Gon, M.; Tanaka, K.; Chujo, Y. Development of Optical Sensor
for Discriminating Isomers of Fatty Acids Based on Emissive Network Polymers Composed of Polyhedral
Oligomeric Silsesquioxane. Bioorg. Med. Chem. 2017, 25, 3431-3436. [CrossRef]

Nakamura, R.; Narikiyo, H.; Gon, M.; Tanaka, K.; Chujo, Y. An Optical Sensor for Discriminating the
Chemical Compositions and Sizes of Plastic Particles in Water Based on Water-Soluble Networks Consisting
of Polyhedral Oligomeric Silsesquioxane Presenting Dual-Color Luminescence. Mater. Chem. Front. 2019, 3,
2690-2695. [CrossRef]

Kakuta, T.; Tanaka, K.; Chujo, Y. Synthesis of Emissive Water-Soluble Network Polymers Based on Polyhedral
Oligomeric Silsesquioxane and Their Application as an Optical Sensor for Discriminating the Particle Size.
J. Mater. Chem. C 2015, 3, 12539-12545. [CrossRef]

Kakuta, T; Jeon, J.-H.; Narikiyo, H.; Tanaka, K.; Chujo, Y. Development of Highly-Sensitive Detection System
in 1F NMR for Bioactive Compounds Based on the Assembly of Paramagnetic Complexes with Fluorinated
Cubic Silsesquioxanes. Bioorg. Med. Chem. 2017, 25, 1389-1393. [CrossRef] [PubMed]

Tanaka, K.; Chujo, Y. Advanced Functional Materials Based on Polyhedral Oligomeric Silsesquioxane (S5Q).
J. Mater. Chem. 2012, 22, 1733-1746. [CrossRef]

Tanaka, K.; Chujo, Y. Unique Properties of Amphiphilic SSQ and Their Applications. Polym. ]. 2013, 45,
247-254. [CrossRef]

Tanaka, K.; Chujo, Y. Chemicals-Inspired Biomaterials; Developing Biomaterials Inspired by Material Science
Based on SSQ. Bull. Chem. Soc. Jpn. 2013, 86, 1231-1239. [CrossRef]

Tanaka, K.; Kitamura, N.; Naka, K.; Morita, M.; Inubushi, T.; Chujo, M.; Nagao, M.; Chujo, Y. Improving
Proton Relaxivity of Dendritic MRI Contrast Agents by Rigid Silsesquioxane Core. Polym. J. 2009, 41, 287-292.
[CrossRef]


http://dx.doi.org/10.1002/pola.23612
http://dx.doi.org/10.1002/pola.24370
http://dx.doi.org/10.1246/bcsj.20160338
http://dx.doi.org/10.1002/pola.26757
http://dx.doi.org/10.3390/polym11010044
http://dx.doi.org/10.1038/pj.2016.84
http://dx.doi.org/10.1246/bcsj.20150081
http://dx.doi.org/10.1038/pj.2017.56
http://dx.doi.org/10.1016/j.bmcl.2015.03.093
http://www.ncbi.nlm.nih.gov/pubmed/25862197
http://dx.doi.org/10.1039/C4OB01115E
http://www.ncbi.nlm.nih.gov/pubmed/25026217
http://dx.doi.org/10.3390/polym11071170
http://www.ncbi.nlm.nih.gov/pubmed/31295820
http://dx.doi.org/10.1016/j.bmc.2017.04.029
http://dx.doi.org/10.1039/C9QM00510B
http://dx.doi.org/10.1039/C5TC03139G
http://dx.doi.org/10.1016/j.bmc.2016.12.044
http://www.ncbi.nlm.nih.gov/pubmed/28110816
http://dx.doi.org/10.1039/C1JM14231C
http://dx.doi.org/10.1038/pj.2012.154
http://dx.doi.org/10.1246/bcsj.20130182
http://dx.doi.org/10.1295/polymj.PJ2008274

Polymers 2020, 12, 1560 90f9

51. Tanaka, K.; Ohashi, W.; Kitamura, N.; Chujo, Y. Reductive Glutathione-Responsive Molecular Release Using
Water-Soluble SSQ Network Polymers. Bull. Chem. Soc. Jpn. 2011, 84, 612—-616. [CrossRef]

52. Tanaka, K.; Inafuku, K.; Adachi, S.; Chujo, Y. Tuning of Properties of SSQ-Condensed Water-Soluble Network
Polymers by Modulating the Crosslinking Ratio between SSQ. Macromolecules 2009, 42, 3489-3492. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1246/bcsj.20110032
http://dx.doi.org/10.1021/ma900113j
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Conclusions 
	References

