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Abstract
In this study, a soluble polysilsesquioxane containing a macrocyclic structure (PSQ-MC) was successfully prepared by the
hydrolytic condensation of a dual site-type silane coupling agent, i.e., bis{3-[3-(trimethoxysilyl)propylthio]propyl}phthalate
(BTPP), using hydrochloric acid as the catalyst in an acetone/ethyl acetate mixed solvent. Based on the results of 29Si NMR
and gel permeation chromatography and the fact that the dimer of the cyclized BTPP was present in the intermediate after the
reaction of BTPP in a dilute solution at room temperature, PSQ-MC was assumed to be a polymer in which an 8-membered
cyclic siloxane with two 23-membered rings was linked by a single siloxane bond. In addition, PSQ-MC was able to capture
palladium ions.

Introduction

Polymers containing macrocyclic structures that can capture
ions or molecules depending on the ring size and functional
groups have promise as metal scavengers and stationary
phases for chromatographic separation [1–4]. Cyclopoly-
merization is used to prepare such polymers with repre-
sentative examples being crown ether-containing polymers
[1–8]. To facilitate the formation of a macrocyclic structure,
polymerization is typically performed in the presence of
appropriate templates [9–12]. In addition to this method,
another preparation strategy involves cyclopolymerization
utilizing the defined conformation of a cyclohexane ring
and a hydrogen bond of a urethane bond [13, 14]. As
described above, a number of polymers containing macro-
cyclic structures have been developed thus far. However,
in all cases, the main chains comprise organic bonds.
To our knowledge, the preparation of polymers containing

macrocyclic structures with inorganic main chains has not
been reported thus far

The sol–gel method has been employed for the facile
formation of inorganic framework materials, such as silica
gels and various metal oxides [15]. Furthermore, silses-
quioxanes (SQs) can also be obtained by this reaction,
which have recently attracted the field of organic–inorganic
hybrid materials from the perspectives of both academic
and research applications [16–23]. SQs constituting the
(RSiO1.5)n structure are typically prepared by the sol–gel
reaction (hydrolytic condensation) of trifunctional silanes
(so-called silane coupling agents), such as organotrialk-
oxysilanes and organotrichlorosilanes. This interest stems
from their various functional groups as side chains (R)
because of their remarkable compatibility with organic
materials like polymers [24–27], in addition to their
superior thermal and chemical stabilities due to the siloxane
(Si–O–Si) bond frameworks with a high bond energy. The
hydrolytic condensation of such trifunctional silanes is often
facile and forms randomly structured (three-dimensional)
insoluble polySQs (PSQs) [17] or polyhedral oligomeric
SQs (POSSs) [28–38]. Because of the insolubility of ran-
domly structured PSQs, composite manufacturing is diffi-
cult after PSQ preparation. In addition, because POSSs
are typically crystalline oligomers, they do not exhibit film-
forming properties. Meanwhile, PSQs with one-dimensional
structures, such as ladder-like PSQs [39–43] and polymers
containing POSS units in their main chains [44–46], exhibit
excellent solubilities and film-forming properties, in
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addition to the typical characteristics of SQs. Thus far, our
group has reported the facile preparation of soluble ladder-
like PSQs containing ionic side chains by the hydrolytic
condensation of organotrialkoxysilanes containing func-
tional side-chain groups, which can be converted into ionic
groups during reactions [23, 47–53]. Furthermore, our
group has also reported a convenient one-step method for
preparing soluble POSS-linking polymers via hydrolytic
condensation [54]. However, the preparation of these
structurally controlled soluble PSQs is not typical, and types
of side-chain structures are limited. Therefore, the pre-
paration of PSQs as inorganic polymers containing macro-
cyclic structures has not been reported, as described above.

In this study, a new PSQ was prepared, which combines
the properties of polymers containing macrocyclic struc-
tures and structurally controlled soluble PSQs. To achieve
this goal, a dual site-type silane coupling agent, bis{3-[3-
(trimethoxysilyl)propylthio]propyl}phthalate (BTPP), was
evaluated, which was used to prepare highly dispersible
zirconia nanoparticles [55]. Because the structure of this
silane coupling agent is flanked by two alkoxysilyl-
containing substituents bonded to the ortho position of the
benzene ring, it was assumed that intramolecular cyclization
preferentially occurs during the reaction in a dilute solution,
and intermolecular condensation occurs via an increase in
the concentration and temperature of the reaction solution.
In this paper, the preparation and characterization of a
soluble PSQ containing macrocyclic structure (PSQ-MC)
and its formation mechanism and the capture of palladium
(Pd) ions using PSQ-MC are described.

Experimental

Materials

BTPP was prepared according to previously-reported pro-
cedures [55]. Other reagents and solvents were commer-
cially purchased and used without further purification.

Preparation of PSQ-MC

PSQ-MC was prepared by the following procedure. Con-
centrated hydrochloric acid (HCl) (36%, 1.519 g, 15.0
mmol) was diluted with acetone to prepare a 1.0 mol L−1

solution (15 mL), and this solution was added to an ethyl
acetate solution of BTPP (ca. 0.1 mol L−1), which was
prepared by mixing BTPP (3.195 g, 5.0 mmol) with ethyl
acetate (50 mL) while stirring at room temperature. The
resulting solution was further stirred for 24 h at room tem-
perature. Next, this solution was heated ca. 50 °C in an
open system until the solvent was completely evaporated
to accelerate the condensation. The resulting solid

product was maintained at 100 °C for 2 h. Subsequently,
after dissolving the product in ethyl acetate (ca. 20 mL)
and concentrating (ca. 5.0 mL) using a rotary evaporator,
the solution was added to toluene (ca. 250 mL) for pre-
cipitation. Then, the toluene-insoluble part was recovered
by decantation and washed with toluene (ca. 20 mL × 3)
to remove the low-molecular-weight compounds. The
resulting product was dried under reduced pressure at
room temperature to yield PSQ-MC as a yellow solid in
0.775 g (yield= ca. 31% based on the ideal average
chemical formula of one unit of this product, i.e.,
C20H28O7Si2S2, FW= 500.7). 1H NMR (400MHz, CDCl3):
δ 7.76–7.63 and 7.58–7.45 (br, 4H, Ph), δ 4.50–4.23 (br,
4H, –SCH2CH2CH2OC(=O)–), δ 2.74–2.41 (br, 8H,
–SiCH2CH2CH2SCH2–), δ 2.09–1.87 (br, 4H, –SCH2CH2

CH2OC(=O)–), δ 1.85–1.54 (br, 4H, –SiCH2CH2CH2S–), δ
0.94–0.61 (br, 4H, –SiCH2CH2CH2S–). IR (KBr): 1126
and 1045 cm−1 (siloxane bond). Solid-state 29Si NMR:
δ −50 to −62 (T2), δ −62 to −73 (T3).

Isolation of the intermediate derivative

The intermediate derivative was isolated via the following
procedure. Concentrated HCl (36%, 0.304 g, 3.0 mmol)
was diluted in acetone to prepare a 1.0 mol L−1 solution
(3.0 mL), and this solution was added to an ethyl acetate
solution of BTPP (ca. 0.1 mol L−1), which was prepared
by mixing BTPP (0.639 g, 1.0 mmol) with ethyl acetate
(10 mL) while stirring at room temperature. The resulting
solution was further stirred for 24 h. Subsequently, triethy-
lamine (purity: 99%, 1.022 g, 10.0 mmol) and chloro-
trimethylsilane (purity: 98%, 1.109 g, 10.0 mmol) were
added to the resulting solution, which was further stirred
ca. 50 °C for 24 h. After removing the insoluble part via
filtration, the soluble part was concentrated (ca. 5.0 mL)
using a rotary evaporator. Then, the resulting solution was
added to water (ca. 250 mL). The water-insoluble part was
isolated via decantation, washed with water (ca. 20 mL × 3),
and dried under reduced pressure at room temperature. The
resulting crude product was dissolved in ethyl acetate
(ca. 20 mL), and the solution was concentrated (ca. 5.0 mL)
using a rotary evaporator. After the resulting solution was
added to methanol (ca. 250 mL), the methanol-soluble part
was isolated by decantation, and methanol was removed
using a rotary evaporator. The resulting product was dried
under reduced pressure at room temperature to yield the
trimethylsilylated intermediate as a light yellow sticky solid
in 0.125 g (yield= ca. 21% based on the chemical formula
of the dimer of cyclized BTPP containing two trimethylsilyl
groups, i.e., C46H76O16Si6S4, FW= 1181.9, because the
introduction ratio of the silylating agent was equimolar to
BTPP, which was confirmed by the 1H NMR spectrum of
the trimethylsilylated intermediate). 1H NMR (400MHz,
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CDCl3): δ 7.77–7.67 and 7.59–7.49 (br, 4H, Ph), δ
4.47–4.32 (br, 4H, –SCH2CH2CH2OC(=O)–), δ 2.68–2.47
(br, 8H, –SiCH2CH2CH2SCH2–), δ 2.06–1.93 (br, 4H,
–SCH2CH2CH2OC(=O)–), δ 1.79–1.54 (br, 4H, –SiCH2

CH2CH2S–), δ 0.85–0.60 (br, 4H, –SiCH2CH2CH2S–), δ
0.17–0.06 (br, 9H, –SiOSiCH3).

Capture of Pd ions using PSQ-MC

The typical experimental procedure for capturing Pd ions
using PSQ-MC was as follows. Palladium(II) chloride
(PdCl2) (purity: 98%, 0.011 g, 0.06 mmol) was dissolved in
aqueous HCl (1.0 mol L−1, 30 mL), and this solution was
added to PSQ-MC (0.090 g, 0.18 mmol unit) in chloroform
(30 mL). After this solution with two phases was vigorously
stirred for 30 min at room temperature, the solvent in the
colored chloroform phase was evaporated to obtain the solid
product.

Measurements

1H NMR spectra were recorded on an ECX-400 spectro-
meter (JEOL RESONANCE, Inc., Tokyo, Japan). Solid-
state 29Si NMR spectra were recorded on an ECX-400 NMR
spectrometer (JEOL RESONANCE, Inc., Tokyo, Japan)
operating at a 29Si frequency of 79.43MHz (under a static
magnetic field of 9.4 T). A double-resonance probe with an
8 mm MAS probe head was used. The sample was packed
into a zirconia magic-angle spinning rotor. The MAS spin-
ning speed was set to 2.5 kHz (±2 Hz), and experiments
were performed at room temperature. A single-pulse exci-
tation method with high-power proton decoupling was
employed to obtain the 29Si NMR spectra. The 90° pulse
lengths were 7.2 μs for 1H and 6.5 μs for 29Si. Two-pulse
phase modulation 1H dipolar decoupling with a 1H field
strength of 83.3 kHz was applied during the detection of
free-induction decay. The dwell time and acquisition time
were 62.94 μs and 16.11 ms, respectively, and a pulse delay
of 140 s was used. IR spectra were recorded on a JASCO
FT/IR-4200 spectrometer (JASCO Corporation, Tokyo,
Japan). The weight-average molecular weights (Mw) and
molecular weight distribution (Mw/Mn) were determined by
gel permeation chromatography (GPC) using polystyrene
standards. GPC analyses were performed using a HITACHI
pump L-2130 and a HITACHI RI detector L-2490 (Hitachi
High-Tech Science Corporation, Tokyo, Japan) on Shodex
GPC KF-805L (bead size: 10 μm, measurable molecular
weight range: from 102 to 4 × 106) and KF-803L columns
(bead size: 6 μm, measurable molecular weight range: from
102 to 7 × 104). As the eluent, chloroform was pumped
through the system at a flow rate of 1.0 mLmin−1 at 40 °C.
Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) measurements of

the products were performed using a Voyager Biospec-
trometry Workstation Ver. 5.1 (SHIMADZU Co., Kyoto,
Japan) with 2,5-dihydroxybenzoic acid (DHB) as the matrix
in the positive ion mode. The atom ratios of Pd/S in the
products were confirmed by energy-dispersive X-ray (EDX)
analyses using an XL30 scanning electron microscope
(FEI Co. Japan Ltd, Tokyo, Japan).

Results and discussion

Preparation and characterization of PSQ-MC

PSQ-MC was prepared via the following two-step reaction.
In the first step, concentrated HCl was diluted with
acetone to prepare a 1.0 mol L−1 solution, followed by the
addition of this solution to an ethyl acetate solution of
BTPP (ca. 0.1 mol L−1) while stirring at room temperature.
Next, the resulting solution was further stirred for 24 h
(Scheme 1a). At this stage, the feed molar ratio of HCl to
BTPP was 3:1. In the second step, this solution was heated
ca. 50 °C in an open system until the solvent was com-
pletely evaporated (Scheme 1b). To remove low-molecular-
weight compounds, after dissolving the product in ethyl
acetate, the solution was added to toluene for precipitation
(Scheme 1c). The toluene insoluble part was recovered
by decantation, washed with toluene, and dried under
reduced pressure to yield PSQ-MC (yield= 31%). PSQ-MC
was soluble in dimethyl sulfoxide (DMSO), N,N-dime-
thylformamide (DMF), acetone, ethyl acetate, and chloro-
form, but it was insoluble in water, methanol, toluene, and
n-hexane. The 1H NMR spectrum of PSQ-MC in CDCl3
exhibited peaks corresponding to the polymer side chain
structure (Fig. 1).

To confirm the formation of the Si–O–Si bonds in PSQ-
MC, IR and solid-state 29Si NMR analyses were performed.
The IR spectrum of PSQ-MC exhibited large absorption
peaks at 1126 and 1045 cm–1, which corresponded to the
Si–O–Si bonds (Fig. 2). The solid-state 29Si NMR spectrum
of PSQ-MC exhibited peaks in the T2 and T3 regions at −50
to −62 ppm and −62 to −73 ppm, respectively (Fig. 3).
Their integral ratio was ca. 1:1, which revealed the presence
of large amount of Si–OH groups in the product. In addi-
tion, the Mw (Mw/Mn) of ca. 3.81 × 104 (2.16) for PSQ-MC
was estimated by GPC in chloroform (Fig. 4a). Based
on these results, the hydrolytic condensation of BTPP
was confirmed to progress, and a soluble polymer formed.

As described above, because PSQ-MC is a soluble high
molecular weight polymer, it was assumed that this PSQ is
not a polymer with a random structure. Conversely, ladder-
like PSQs are typically known to be soluble PSQs. How-
ever, because PSQ-MC contained a large amount of Si–OH
groups, the present PSQ is apparently not ladder-like PSQ,
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which contained a small amount of Si–OH groups.
According to these results, the PSQ-MC structure is
expected to include linking dimers of cyclized BTPP.
Therefore, a dimer of cyclized BTPP as shown in Scheme 1
is likely formed as an intermediate during the first reaction
step in a dilute solution at room temperature.
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Fig. 1 1H NMR spectrum of PSQ-MC in CDCl3. Chemical shifts were
referenced to tetramethylsilane (TMS, δ 0.0)
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Isolation and characterization of the intermediate
derivative

To confirm the structure of this intermediate, a stable
compound was prepared via the protection of the Si–OH
group in the intermediate using chlorotrimethylsilane
as the silylating agent. This intermediate was protected
via the continuous addition of triethylamine and chloro-
trimethylsilane to the reaction solution, which was prepared
in the first reaction step of BTPP using HCl in acetone/
ethyl acetate at room temperature for 24 h, followed
by stirring ca. 50 °C for 24 h (Scheme 2, i–v). After
removing the precipitate via filtration, the filtrate was
poured into water. Then, the water-insoluble part was
recovered by decantation, washed with water, and dried
under reduced pressure (Scheme 2, vi–viii). Subsequently,
this product was dissolved in ethyl acetate, concentrated,
and added into an excess amount of methanol. After
removing the precipitate by decantation, the solvent in the
methanol-soluble part was evaporated, and the resulting
solid was dried under reduced pressure to obtain the product
(Scheme 2, ix–xii).

The 1H NMR spectrum of the product exhibited a
signal corresponding to the trimethylsilyl group at

0.17–0.06 ppm in addition to the signals corresponding
to the side chain originating from BTPP, indicating that
the protecting group was introduced into the intermediate
(Fig. 5). However, the integral ratios also revealed that
all silanol groups were not protected. In the GPC chart of
the resulting product, a sharp peak corresponding to the
oligomer with a Mw of 1.87 × 103 (Mw/Mn= 1.18) was
observed (Fig. 4b).

In the MALDI-TOF mass spectrum of this product,
the peaks corresponding to the masses of compound i
in Fig. 6, where four Si–OH groups in the cyclized
BTPP dimer were protected by the trimethylsilyl group,
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were mainly observed (found m/z 1347.4 [M+Na]+;
calcd 1347.3 and found m/z 1363.4 [M+K]+; calcd
1363.3). In addition, several peaks corresponding to the
dimers of cyclized BTPP containing three trimethylsilyl
groups (compound ii: found m/z 1275.4 [M+Na]+; calcd
1275.3 and found m/z 1291.4 [M+K]+; calcd 1291.3) and
two trimethylsilyl groups (compound iii: found m/z 1203.4
[M+Na]+; calcd 1203.3 and found m/z 1219.3 [M+K]+;
calcd 1219.2) were observed (Fig. 6). However, several
minor peaks were also observed.

Because these results suggested the formation of a
cyclized BTPP dimer as shown in Scheme 1 after the first
reaction step in the dilute solution at room temperature, this
dimer was probably linked during the heating and con-
centration steps (second reaction step), leading to the for-
mation of PSQ-MC. Perhaps all Si–OH groups in the
dimers do not undergo condensation because of the steric
hindrance of the bulky macrocyclic structure. Hence, the
polymer containing the Si–OH groups was likely obtained.
Based on the aforementioned results, PSQ-MC was con-
cluded to be a polymer in which an 8-membered cyclic
siloxane with two 23-membered rings is linked by a single
siloxane bond (Scheme 1).

Necessity of the reaction in dilute solution at room
temperature for the preparation of PSQ-MC

For comparison, to confirm that the reaction must be in
a dilute solution at room temperature to prepare soluble
PSQ-MC, a reaction of BTPP via heating and concentration
was performed from the first step, i.e., without the reaction
at room temperature for 24 h. The feed amounts of the
starting material, catalyst, and solvents were the same
as those utilized for the reaction as shown in Scheme 1.
Consequently, most of the product was insoluble in com-
mon organic solvents and water. From the above results, a
two-step reaction process (the dimer of cyclized BTPP
was formed in dilute solution at room temperature in the
first step and the condensation of the dimer via heating
and concentration in the second step) was verified to be
crucial to obtain soluble PSQ-MC.

Capture of Pd ions using PSQ-MC

As an application for PSQ-MC, the capture of Pd ions as
a rare metal was investigated. Rare metals are globally
scarce, and it is often difficult to find suitable alternatives

Fig. 6 MALDI-TOF mass spectrum of the trimethylsilylated intermediate
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for applications in which they are utilized. Therefore, the
efficient recovery of rare metals from nature, wastewater,
and discarded high-tech products is crucial for the stable
supply of rare metals and for general resource recycling and
environmental sustainability. Because sulfur atoms can
form specific interactions with rare metals, such as Pd,
sulfur atom-containing polymers have been previously
developed [56, 57]. Meanwhile, PSQ-MC also contains a
sulfur atom in its macrocyclic side chains. Therefore, the
capture of Pd ions using PSQ-MC was investigated. PdCl2
was dissolved in aqueous HCl (1.0 mol L−1), and this
solution was added to a chloroform solution of PSQ-MC.
First, it was investigated in a molar ratio of PdCl2 to
repeating units of PSQ-MC= 1:3 (Fig. 7a). Then, when this
solution with two phases was vigorously stirred for 30 min
at room temperature, the chloroform phase was visually
confirmed to be colored. The EDX pattern of the solid
product obtained by the evaporation of the solvent in the
chloroform phase exhibited peaks corresponding to Pd
(Pd/S atom ratio was 0.19) (Fig. 8a), which were not
detected in that of PSQ-MC (Fig. 8b), indicating that
PSQ-MC can capture Pd ions. Furthermore, when the
capture of Pd ions using PSQ-MC was also investigated in
a molar ratio of PdCl2 to repeating units of PSQ-MC= 1:1
by stirring for 2 h at room temperature, an insoluble product
precipitated in the aqueous phase (Fig. 7b). The insoluble

product was recovered by filtration, and an EDX measure-
ment of the product was performed. Consequently, the
peaks derived from Pd were observed, and the Pd/S atom
ratio (0.49) was higher than that of the product obtained
in the aforementioned experiment (Fig. 8c). This value
is likely the maximum capture amount of Pd for PSQ-MC.
As a control experiment, when the same experiment as in
Fig. 7a was performed using chloroform that does not
contain PSQ-MC, the chloroform phase did not color at all.
Furthermore, when the solvent of the chloroform phase was
evaporated, no solid product was present. From these
results, it is confirmed that PSQ-MC is involved in Pd
ion capture.

Conclusions

In this study, a soluble PSQ containing macrocyclic struc-
ture, PSQ-MC, was successfully prepared by a two-step
hydrolytic condensation of a dual site-type silane coupling
agent, BTPP, using HCl as the catalyst in an acetone/ethyl
acetate mixed solvent. Based on the 29Si NMR and GPC
results and the fact that the dimer of the cyclized BTPP was
present in the intermediate after the first reaction step of
BTPP in a dilute solution at room temperature, PSQ-MC
was assumed to be a polymer in which an 8-membered
cyclic siloxane with two 23-membered rings was linked
by a single siloxane bond. In addition, PSQ-MC in
chloroform could capture Pd ions in the aqueous phase.

Fig. 7 Capture of Pd ions using PSQ-MC: Feed molar ratios of PdCl2
to repeating units of PSQ-MC= (a) 1:3 and (b) 1:1

Fig. 8 EDX patterns of (a) the solid product recovered from the
chloroform phase in the experiment shown in Fig. 7a, (b) PSQ-MC,
and (c) the insoluble solid product in the experiment shown in Fig. 7b

Preparation of a soluble polysilsesquioxane containing a macrocyclic structure and capture of palladium. . . 445



Acknowledgement We acknowledge the support of Prof. Y. Suda,
Dr. M. Wakao, and Dr. H. Shinchi of the Graduate School of Science
and Engineering, Kagoshima University (Japan) for the MALDI-TOF
MS measurements.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Kakuchi T, Haba O, Yokota K. Cyclopolymerization of divinyl
ethers. Synthesis and the cation-binding property of poly(crown
ethers). Macromolecules. 1992;25:4854–8.

2. Rahman MS, Hashimoto T, Kodaira T. Cationic cyclopolymer-
ization of new divinyl ethers: the effect of ether and ester neigh-
boring functional groups on their cyclopolymerization tendency.
J Polym Sci Part A Polym Chem. 2003;41:281–92.

3. Sakai R, Satoh T, Kakuchi R, Kaga H, Kakuchi T. Helicity
induction of polyisocyanate with a crown cavity on the main
chain synthesized by cyclopolymerization of α,ω-diisocyanate.
Macromolecules. 2004;37:3996–4003.

4. Zhang M, Yang Y, Liu L, Chang W, Li J. Pseudo-cryptand-
containing copolymers: cyclopolymerization and biocompatible
water-soluble Al3+ fluorescent sensor in vitro. Macromolecules.
2016;49:844–52.

5. Hashimoto H, Kakuchi T, Haba O, Yokota K. Polymeric chiral
crown ethers. 8. Synthesis of optically active poly(dibenzo-19-
crown-6)s via cyclopolymerization of diepoxides. Macro-
molecules. 1992;25:1828–31.

6. Habaue S, Morita M, Okamoto Y. Anionic polymerization of
macrocyclic α-(alkoxymethyl)acrylates leading to novel vinyl
polymer with crown ether type side chain. Macromolecules.
2002;35:2432–4.

7. Lin NT, Xie CY, Huang SL, Chen CH, Luh TY. Oligo-
norbornenes with hammock-like crown ether pendants as artificial
transmembrane ion channel. Chem Asian J. 2013;8:1436–40.

8. Zhao C, Nagura K, Takeuchi M, Sugiyasu K. Twisting poly(3-
substituted thiophene)s: cyclopolymerization of gemini thiophene
monomers through catalyst-transfer polycondensation. Polym J.
2017;49:133–9.

9. Yokota K, Kakuchi T, Taniguchi Y, Takada Y. Synthesis of
polymers containing crown lactone units via cyclopolymerization
in the presence of alkylaluminium chlorides. Makromol Chem
Rapid Commun. 1985;6:155–61.

10. Coluccini C, Metrangolo P, Parachini M, Pasini D, Resnati G,
Righetti P. “Push–pull” supramolecular chromophores supported on
cyclopolymers. J Polym Sci Part A Polym Chem. 2008;46:5202–13.

11. Terashima T, Kawabe M, Miyabara Y, Yoda H, Sawamoto M.
Polymeric pseudo-crown ether for cation recognition via
cation template-assisted cyclopolymerization. Nat Commun.
2013;4:2321.

12. Zou L, Liu J, Zhang K, Chen Y, Xi F. Cyclopolymerization of α,
ω-heterodifunctional monomers containing styrene and maleimide
moieties. J Polym Sci Part A Polym Chem. 2014;52:330–8.

13. Ochiai B, Ootani Y, Endo T. Controlled cyclopolymerization
through quantitative 19-membered ring formation. J Am Chem
Soc. 2008;130:10832–3.

14. Ochiai B, Shiomi T, Yoshita H. Cyclopolymerization of a bisa-
crylate through selective formation of a 19-membered ring. Polym
J. 2016;48:859–62.

15. Brinker CJ, Scherer GW. sol–gel science. 1st ed. Boston: Aca-
demic Press; 1990.

16. Baney RH, Itoh M, Sakakibara A, Suzuki T. Silsesquioxanes.
Chem Rev. 1995;95:1409–30.

17. Loy DA, Baugher BM, Baugher CR, Schneider DA, Rahimian K.
Substituent effects on the sol–gel chemistry of organotrialk-
oxysilanes. Chem Mater. 2000;12:3624–32.

18. Yamamoto K, Kanezashi M, Tsuru T, Ohshita J. Preparation
of bridged polysilsesquioxane-based membranes containing 1,2,3-
triazole moieties for water desalination. Polym J. 2017;49:
401–6.

19. Gon M, Tanaka K, Chujo Y. Recent progress in the development
of advanced element-block materials. Polym J. 2018;50:109–26.

20. Imoto H, Katoh R, Honda T, Yusa S, Naka K. Self-association
behavior of amphiphilic molecules based on incompletely con-
densed cage silsesquioxanes and poly(ethylene glycol)s. Polym J.
2018;50:337–45.

21. Imoto H. Development of macromolecules and supramolecules
based on silicon and arsenic chemistries. Polym J. 2018;50:837–46.

22. Yuasa S, Imoto H, Naka K. Synthesis and properties of hyper-
branched polymers by polymerization of an AB3-type incomple-
tely condensed cage silsesquioxane (IC-POSS) monomer. Polym
J. 2018;50:879–87.

23. Kaneko Y. Ionic silsesquioxanes: preparation, structure control,
characterization, and applications. Polymer. 2018;144:205–24.

24. Choi J, Harcup J, Yee AF, Zhu Q, Laine RM. Organic/inorganic
hybrid composites from cubic silsesquioxanes. J Am Chem Soc.
2001;123:11420–30.

25. Kim KM, Chujo Y. Organic–inorganic hybrid gels having
functionalized silsesquioxanes. J Mater Chem. 2003;13:1384–91.

26. Yu X, Zhong S, Li X, Tu Y, Yang S, Horn RMV, et al. A giant
surfactant of polystyrene-(carboxylic acid-functionalized poly-
hedral oligomeric silsesquioxane) amphiphile with highly
stretched polystyrene tails in micellar assemblies. J Am Chem
Soc. 2010;132:16741–4.

27. Yanagie M, Kaneko Y. Preparation of irrefrangible poly-
acrylamide hybrid hydrogels using water-dispersible cyclote-
trasiloxane or polyhedral oligomeric silsesquioxane containing
polymerizable groups as cross-linkers. Polym Chem. 2018;9:
2302–12.

28. Cordes DB, Lickiss PD, Rataboul F. Recent developments in the
chemistry of cubic polyhedral oligosilsesquioxanes. Chem Rev.
2010;110:2081–173.

29. Kaneko Y, Shoiriki M, Mizumo T. Preparation of cage-like octa
(3-aminopropyl)silsesquioxane trifluoromethanesulfonate in
higher yield with a shorter reaction time. J Mater Chem. 2012;22:
14475–8.

30. Tokunaga T, Shoiriki M, Mizumo T, Kaneko Y. Preparation of
low-crystalline POSS containing two types of alkylammonium
groups and its optically transparent film. J Mater Chem C.
2014;2:2496–501.

31. Ishii T, Mizumo T, Kaneko Y. Facile preparation of ionic liquid
containing silsesquioxane framework. Bull Chem Soc Jpn.
2014;87:155–9.

32. Ishii T, Enoki T, Mizumo T, Ohshita J, Kaneko Y. Preparation
of imidazolium-type ionic liquids containing silsesquioxane
frameworks and their thermal and ion-conductive properties.
RSC Adv. 2015;5:15226–32.

33. Harada A, Koge S, Ohshita J, Kaneko Y. Preparation of a ther-
mally stable room temperature ionic liquid containing cage-like
oligosilsesquioxane with two types of side-chain groups. Bull
Chem Soc Jpn. 2016;89:1129–35.

34. Hirohara T, Kai T, Ohshita J, Kaneko Y. Preparation of protic
ionic liquids containing cyclic oligosiloxane frameworks. RSC
Adv. 2017;7:10575–82.

446 D. Maeda et al.



35. Imai K, Kaneko Y. Preparation of ammonium-functionalized
polyhedral oligomeric silsesquioxanes with high proportions of
cagelike decamer and their facile separation. Inorg Chem. 2017;
56:4133–40.

36. Matsumoto T, Kaneko Y. Selective and high-yielding preparation
of ammonium-functionalized cage-like octasilsesquioxanes
using superacid catalyst in dimethyl sulfoxide. Chem Lett. 2018;
47:864–7.

37. Maeda D, Ishii T, Kaneko Y. Effect of lengths of substituents in
imidazolium groups on the preparation of imidazolium-salt-type
ionic liquids containing polyhedral oligomeric silsesquioxane
structures. Bull Chem Soc Jpn. 2018;91:1112–9.

38. Liu J, Kaneko Y. Preparation of polyhedral oligomeric silses-
quioxanes containing carboxyl side-chain groups and isolation
of a cage-like octamer using clay mineral. Bull Chem Soc Jpn.
2018;91:1120–7.

39. Brown JF Jr, Vogt LH Jr, Katchman A, Eustance JW, Kiser KM,
Krantz KW. Double chain polymers of phenylsilsesquioxane.
J Am Chem Soc. 1960;82:6194–5.

40. Unno M, Chang S, Matsumoto H. cis-trans-cis-Tetra-
bromotetramethylcyclotetrasiloxane: a versatile precursor of
ladder silsesquioxanes. Bull Chem Soc Jpn. 2005;78:1105–9.

41. Seki H, Kajiwara T, Abe Y, Gunji T. Synthesis and structure
of ladder polymethylsilsesquioxanes from sila-functionalized
cyclotetrasiloxanes. J Organomet Chem. 2010;695:1363–9.

42. Choi SS, Lee HS, Hwang SS, Choi DH, Baek KY. High photo-
and electroluminescence efficiencies of ladder-like structured
polysilsesquioxane with carbazole groups. J Mater Chem. 2010;
20:9852–4.

43. Ren Z, Sun D, Li H, Fu Q, Ma D, Zhang J, et al. Synthesis of
dibenzothiophene-containing ladder polysilsesquioxane as a blue
phosphorescent host material. Chem Eur J. 2012;18:4115–23.

44. Wu S, Hayakawa T, Kikuchi R, Grunzinger SJ, Kakimoto M,
Oikawa H. Synthesis and characterization of semiaromatic
polyimides containing POSS in main chain derived from
double-decker-shaped silsesquioxane. Macromolecules. 2007;40:
5698–705.

45. Maegawa T, Irie Y, Fueno H, Tanaka K, Naka K. Synthesis and
polymerization of a para-disubstituted T8-caged hexaisobutyl-
POSS monomer. Chem Lett. 2014;43:1532–4.

46. Maegawa T, Irie Y, Imoto H, Fueno H, Tanaka K, Naka K. para-
Bisvinylhexaisobutyl-substituted T8 caged monomer: synthesis
and hydrosilylation polymerization. Polym Chem. 2015;6:7500–4.

47. Kaneko Y, Iyi N, Kurashima K, Matsumoto T, Fujita T, Kitamura
K. Hexagonal-structured polysiloxane material prepared by
sol–gel reaction of aminoalkyltrialkoxysilane without using sur-
factants. Chem Mater. 2004;16:3417–23.

48. Kaneko Y, Iyi N, Matsumoto T, Kitamura K. Synthesis of rodlike
polysiloxane with hexagonal phase by sol–gel reaction of
organotrialkoxysilane monomer containing two amino groups.
Polymer. 2005;46:1828–33.

49. Kaneko Y, Iyi N. Sol–gel synthesis of rodlike polysilsesquioxanes
forming regular higher-ordered nanostructure. Z Krist. 2007;222:
656–62.

50. Kaneko Y, Toyodome H, Shoiriki M, Iyi N. Preparation of ionic
silsesquioxanes with regular structures and their hybridization.
Int J Polym Sci. 2012;684278.

51. Toyodome H, Kaneko Y, Shikinaka K, Iyi N. Preparation
of carboxylate group-containing rod-like polysilsesquioxane
with hexagonally stacked structure by sol–gel reaction of
2-cyanoethyltriethoxysilane. Polymer. 2012;53:6021–6.

52. Kaneko Y, Toyodome H, Mizumo T, Shikinaka K, Iyi N.
Preparation of a sulfo-group-containing rod-like poly-
silsesquioxane with a hexagonally stacked structure and its proton
conductivity. Chem Eur J. 2014;20:9394–9.

53. Harada A, Shikinaka K, Ohshita J, Kaneko Y. Preparation of
a one-dimensional soluble polysilsesquioxane containing phos-
phonic acid side-chain groups and its thermal and proton-
conduction properties. Polymer. 2017;121:228–33.

54. Tokunaga T, Koge S, Mizumo T, Ohshita J, Kaneko Y. Facile
preparation of a soluble polymer containing polyhedral oligomeric
silsesquioxane units in its main chain. Polym Chem. 2015;
6:3039–45.

55. Minami Y, Murata K, Watase S, Matsukawa K. Preparation
of photo-cured hybrid thin films using zirconia nanoparticles
modified with dual site silane coupling agent. J Photopolym Sci
Technol. 2014;27:261–2.

56. Ochiai B, Ogihara T, Mashiko M, Endo T. Synthesis
of rare-metal absorbing polymer by three-component
polyaddition through combination of chemo-selective nucleo-
philic and radical additions. J Am Chem Soc. 2009;131:
1636–7.

57. Nagai D, Yoshida M, Kishi T, Morinaga H, Hara Y, Mori M, et al.
A facile and high-recovery material for rare-metals based on a
water-soluble polyallylamine with side-chain thiourea groups.
Chem Commun. 2013;49:6852–4.

Preparation of a soluble polysilsesquioxane containing a macrocyclic structure and capture of palladium. . . 447


	Preparation of a soluble polysilsesquioxane containing a macrocyclic structure and capture of palladium ions
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of PSQ-MC
	Isolation of the intermediate derivative
	Capture of Pd ions using PSQ-MC
	Measurements

	Results and discussion
	Preparation and characterization of PSQ-MC
	Isolation and characterization of the intermediate derivative
	Necessity of the reaction in dilute solution at room temperature for the preparation of PSQ-MC
	Capture of Pd ions using PSQ-MC

	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




