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Abstract

This paper provides a comprehensive review of recent studies on the superacid-catalyzed preparation of ionic polyhedral
oligomeric silsesquioxanes (POSSs) and their properties, polymerization, and hybridization, that have been developed by the
author and co-workers so far. Octameric POSSs (Tg-POSS) containing ammonium side-chain groups as the main products
can be obtained at a high yield within a short reaction time by dissolving amino group-containing organotrialkoxysilanes in
an aqueous superacid (e.g., trifluoromethanesulfonic acid) solution, followed by hydrolytic condensation by heating in an
open system to evaporate the solvents. When these reactions were performed in a hydrophobic alcohol, such as 1-hexanol, a
POSS mixture with a high proportion of decameric POSS (T;(,-POSS) was obtained. It was found that the proportion of T -
POSS can be increased by properly controlling the reaction conditions (temperature, pressure, and solvent evaporation time)
using a Kugelrohr apparatus during POSS preparation in an aqueous superacid solution. Furthermore, a low-crystalline
POSS and ionic liquids containing POSS components can be obtained by the superacid-catalyzed hydrolytic condensation of
the mixtures of two types of organotrialkoxysilanes containing functional groups, which can be converted into ionic groups.
This superacid-catalyzed hydrolytic condensation can be applied to the preparation of carboxyl-functionalized POSSs and an
ammonium-functionalized specific cyclotetrasiloxane isomer. An antifogging film with a hard-coating property comprising
polyamide obtained by the polycondensation of ammonium- and carboxyl-functionalized POSSs was developed as an ionic
POSS application. Furthermore, using an ionic POSS and cyclotetrasiloxane as crosslinking agents, polyacrylamide
hydrogels exhibiting extremely flexible and irrefrangible properties can be obtained.
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e Jonic POSSs can be obtained at a high yield within a short reaction time using superacid catalysts.

e The POSS size can be controlled by properly selecting the solvent type and reaction conditions.

e Low-crystalline ionic POSS can be obtained from a mixture of two types of organotrialkoxysilanes.

¢ Ionic liquids containing POSS components can be obtained from the mixture of two types of organotrialkoxysilanes.
e An antifogging film and hydrogel with flexible and irrefrangible properties were developed using ionic POSSs.

1 Introduction

Silsesquioxanes (SQs) are represented by a repeating struc-
ture of RSiO, 5, where R is organic groups or hydrogen; they
are prepared by the hydrolysis of organotrialkoxysilanes or
organotrichlorosilanes and a subsequent condensation reac-
tion. They exhibit thermal, mechanical, and chemical stabi-
lities derived from siloxane bond frameworks. In addition,
they can be imparted with various properties through the
introduction of functional groups into the side-chains (R) [1—
4]. Therefore, SQs have recently attracted considerable
attention. Among them, polyhedral oligomeric SQs (POSSs)
are siloxane compounds with cage structures and excellent
dispersibility in various media; they have been widely stu-
died in the field of organic-inorganic hybrids [5-17].
Although POSSs containing various side-chain groups have
been reported to date [18], there have been limitations, such
as low yield, long reaction time, and difficulty regarding the
material application because of the powdered oligomer.

To date, the author and co-workers have discovered
methods for synthesizing POSSs containing ionic side-chain
groups (ammonium, imidazolium, and carboxyl groups) at a
high yield, short reaction time, and good reproducibility
using superacid catalysts. In addition, methods for control-
ling the size and crystalline/amorphous structures of POSSs
have been developed, as well as the preparation of ionic
liquids containing POSS components. Furthermore, as ionic
POSS applications, characteristic materials (an antifogging
film and hydrogel) were prepared by polymerization and
hybridization using ionic POSSs. This is a comprehensive
paper on the superacid-catalyzed preparation of ionic POSSs
and their properties, polymerization, and hybridization,
which have recently been studied.

2 Preparation of ammonium-functionalized
POSS at a high yield within a short
reaction time

Reactive group-containing POSSs have attracted attention
because they can be hybridized with various organic

compounds by covalent bonds. For example, a primary
ammonium group-containing POSS, POSS-Am(1), is well-
known and widely used [19]. This POSS is obtained by the
hydrolytic condensation of 3-aminopropyltrialkoxysilane. It
is typically prepared using a method in which
3-aminopropyltrialkoxysilane is reacted in a dilute alcohol
solution in the presence of hydrochloric acid (HCI) under
mild conditions to suppress the reaction between multiple
molecules, and the gradually precipitating product is
recovered. Therefore, although a long-time reaction is
generally required for the preparation of POSS-Am(1), the
yield is relatively low (ca. 30%).

The author and co-workers reported that rod-like and ladder-
like polySQ containing ammonium side-chain groups could be

E R:-(CH2)3NH3+ Cl- i
(l)Me R R R
s Lo /
HCI aq. [ l l
NH, Ho__ISi oﬂsli no——S\i-OH
3-Aminopropyl- R R R

trimethoxysilane
(APTMS)

Ladder-like polySQ containing
primary ammonium group

(b)
\HOTf aq | R =(CHa)NH;" CF3S0;
=

R R, R’ /R!
\ / s Si— O\SI 0
si—O0—si RN _ Y4 \ |5 R
RO Oip g-0~_JL. -0 1.~
\SI/(’)O\Sl/‘OR / o) ?I (@) Sll
O ) o | R’——\/O‘»S" “~0—Si<g/ R
R’-\TS'\O/’,S'\R’ & \ //O
_Si—o—Si_, R~ >0—Si—0-Si~p
A" 1eposs R R 1,,-POSS

(Main product) (Minor product)
POSS containing primary ammonium groups
(POSS-Am(1))

Scheme 1 Preparation of (a) ladder-like polySQ and (b) POSS
(POSS-Am(1)) containing primary ammonium groups
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obtained by dissolving  3-aminopropyltrimethoxysilane
(APTMS) in an aqueous HCI solution (working as a catalyst
and solvent), followed by hydrolytic condensation by heating
in an open system to evaporate the solvent (Scheme 1a) [20].
Meanwhile, when this catalyst/solvent (aqueous HCI solution)
was replaced with an aqueous superacid  tri-
fluoromethanesulfonic acid (HOTY) solution and the solution
was similarly heated in an open system to evaporate the sol-
vent, POSS-Am(1) was obtained at a high yield (93%) within a
short reaction time (total reaction time, ca. 5-6 h) (Scheme 1b)
[21]. Octameric POSS (Tg-POSS) was the main product, with a
small amount of decameric POSS (T;,-POSS) (Tg:T, = 82:18)
[22].

The following mechanism is considered as the reason
POSS is formed without gelation or polymerization
although the condensation reaction is performed using the
heat concentration method. The amino group of APTMS
was protonated to form an ammonium cation using a
superacid, such as HOTS, which is prone to proton dis-
sociation. Therefore, considering that the condensation
reaction proceeded while electrostatic repulsion occurred
between the side-chains, it was presumed that a POSS
structure with a long distance between the side-chains was
formed. In this method, since the reaction was accelerated

@ Springer

by concentration, the condensation reaction occurred in a
concentrated solution. Under these conditions, the protons
in strong acids (e.g., HCI) do not completely dissociate.
Based on these differences in acids, it is considered that
POSS can not be formed using a strong acid but can be
formed using a superacid in the heat concentration method.

3 Preparation of size-controlled ammonium-
functionalized POSS

The focus of POSS research is Tg-POSS, and there is only a
limited number of studies on preferential preparation of
POSSs with larger structures than that of Tg-POSS. In
particular, for ammonium-functionalized POSSs, Tg-POSS
is formed as the main product, as previously described.
Meanwhile, the hydrolytic condensation was investigated
on APTMS and 3-(2-aminoethyl)aminopropyltrimethox-
ysilane (AEAPTMS) using the HOTf catalyst in various
solvents other than water. It was found that Tg-POSS is
selectively formed in dimethylsulfoxide (DMSO), a highly
polar organic solvent [23], while a mixture of POSSs with a
high proportion of T;(-POSS (ca. 50%) was obtained when
a hydrophobic alcohol, such as 1-hexanol, was used as a
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Scheme 3 Correlation between reaction conditions (temperature and
solvent evaporation time) and POSS size during the preparation of
ammonium-functionalized POSSs, a POSS-Am(1), b POSS-2Am,
¢ POSS-Am(2), d POSS-Am(3), and e POSS-Am(4), using an aqu-
eous HOTY solution

solvent (Scheme 2) [22]. Although the mechanism is
unknown, it was considered that the aforementioned elec-
trostatic repulsion in the mechanism of POSS-Am(1) for-
mation was weakened in a hydrophobic alcohol, such as
1-hexanol. Consequently, it was believed that T;o-POSS, in
which the distance between the side-chains was shorter than
that in Tg-POSS, was more preferentially formed. Presently,
it is difficult to selectively prepare T;(-POSS using this
method; however, a mixture of Tg-, Tjo-, and T;,-POSSs

could be separated into Tg-POSS and other POSSs using a
simple method that uses their differences in solubility in
various alcohols [22].

As previously mentioned, the hydrolytic condensation of
APTMS and AEAPTMS in an aqueous HOTY solution yields
Tg-POSS as the main product. To investigate this reaction in
detail, the reaction was performed by changing the tempera-
ture, pressure, and solvent evaporation time using a Kugelrohr
apparatus. At a relatively low setting temperature of a
Kugelrohr apparatus, such as 60 °C, Tg-POSS was the main
product regardless of the pressure and solvent evaporation
time. It was observed that the ratio of T;,-POSS increased (ca.
60% in molar ratio) when the solvent was slowly evaporated
over 6 h without considerably reducing the pressure at rela-
tively high setting temperatures, such as 100-120 °C (Scheme
3a, b) [24]. The same tendency was observed during the
preparation of POSSs containing secondary, tertiary, and
quaternary ammonium side-chain groups (POSS-Am(2),
POSS-Am(3), and POSS-Am(4), respectively) using a
similar method, i.e., the ratio of T;(-POSS increased (over
60% in molar ratio) when the solvent was slowly evaporated
without significantly lowering the pressure at relatively high
setting temperatures (Scheme 3c—e) [25]. Although the cor-
relation between the reaction conditions (temperature, pres-
sure, and solvent evaporation time) and POSS size has been
clarified, the mechanism remains unknown.

4 Preparation of low-crystalline POSS with
two types of ionic side-chain groups

Considering that POSS (particularly Tg-POSS), which is
symmetrical, exhibits high crystallinity and typically exists in
powder form, it is difficult to produce optically transparent
films using only POSS. Oppositely, when a mixture of two
types of amino group-containing organotrialkoxysilanes
(APTMS and AEAPTMS) was used as a starting material
and subjected to hydrolytic condensation in an aqueous
HOTSf solution, a low-crystalline POSS (Low-C POSS)
capable of forming a transparent cast film was obtained
(Scheme 4) [26]. The reason for the low crystallinity of Low-
C POSS was that the symmetry of the molecule was reduced
by randomly arranging two types of substituents on the side-
chains of POSS. Therefore, the Low-C POSS film became
transparent because there were virtually no crystal domains in
the film sufficiently large to scatter visible light.

5 Preparation and properties of ionic liquids
containing POSS components

Compounds that completely comprise ions and exist as a
liquid below ca. 100 °C (also defined as below ca. 150 °C)
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Scheme 4 Preparation of low-crystalline POSS (Low-C POSS) by the
hydrolytic condensation of a mixture of APTMS and AEAPTMS in an
aqueous HOTY solution

are called ionic liquids. Ionic liquids exhibit high ionic
conductivity, flame retardancy, and nonvolatility and have
recently attracted considerable attention [27-29]. Many
ionic liquids comprise organic cations, anions, or both,
while there are few reports of ionic liquids containing
inorganic components, such as siloxane frameworks. Ionic
liquids containing more inorganic components are expected
to further improve heat resistance and flame retardancy and
function as safe electrolytes and green solvents.

Based on the aforementioned background, an ionic liquid
containing a POSS component as an inorganic framework
was reported for the first time by Tanaka et al. [30]. The
POSS containing carboxylate anions in the side-chains and
imidazolium cations as counterions was observed to exhibit
properties of an ionic liquid with a melting point (7},,) at
23 °C. This ionic liquid had a rigid POSS framework; as a
result, the thermal decomposition temperature was higher
than that of an ionic liquid (without the POSS structure)
having the same structure as the side-chain of this POSS.

Meanwhile, the author and co-workers have reported that
random oligoSQs, which exhibit ionic liquid properties,
could be obtained by the hydrolytic condensation of orga-
notriethoxysilanes containing quaternary ammonium groups
and methyl imidazolium groups (TMATES and MeImTES,
respectively) as starting materials, using an aqueous
superacid  bis(trifluoromethanesulfonyl)imide =~ (HNTHf;)
solution [31, 32]. The glass transition point (7,) and actual
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flowing temperature were ca. 15 °C and 40 °C, respectively,
for the quaternary ammonium-salt type and ca. —25 °C and
0 °C, respectively, for the imidazolium-salt type, indicating
that they were room temperature ionic liquids. Although
they were oligomers with a relatively large number of
silanol (Si—-OH) groups, the condensation between the
Si—OH groups did not occur anymore, and the compounds
were stable. X-ray diffraction and differential scanning
calorimetry (DSC) measurements revealed that they were
amorphous.

The author and co-workers discovered that crystalline
POSSs could be easily obtained when a similar reaction was
performed in a water/methanol (1:19, v/v) mixed solvent
instead of only water [31, 32]. However, these crystalline
POSSs did not exhibit fluidity unless they were heated to
near 7T, (quaternary ammonium-salt type, 172°C;
imidazolium-salt type, 106 °C), and these temperatures
were higher than those of the aforementioned random oli-
20SQs. Considering the long-term stability, ionic liquids
containing POSS structures (in which Si—-OH groups do not
exist) are considered to be more advantageous than random
0ligoSQs (in which Si—OH groups exist). However, high
crystallinities of POSS cause high flow temperature and
have constituted problems during the preparation of POSS
ionic liquids containing quaternary ammonium and imida-
zolium groups.

Therefore, it was investigated the preparation of POSS
ionic liquids with randomly arranging two types of sub-
stituents on the side-chains, which exhibit fluidity around
room temperature, referring to the aforementioned pre-
paration method for Low-C POSS. When a mixture of
TMATES and MeImTES was used as a starting material
and the hydrolytic condensation of this mixture was per-
formed using an HNTT, catalyst in a water/methanol mixed
solvent, POSSs containing two types of side-chain groups,
which exhibit ionic liquid properties at room temperature,
were obtained (Scheme 5) [33]. Based on the DSC mea-
surement, no endothermic peak due to Ty, was observed; T,
was —8 °C, and the visually observed flow temperature was
ca. 30 °C.

In addition, POSSs containing the side-chain combina-
tions of primary and tertiary (POSS-Am(1,3)), primary and
quaternary (POSS-Am(1,4)), and secondary and quaternary
(POSS-Am(2,4)) ammonium groups were amorphous and
existed as ionic liquids flowing at relatively low tempera-
tures (Fig. 1) [34]. When the structures of the two side-
chain groups of POSS greatly differ, i.e., when the number
of methyl groups adjacent to the N atom of the ammonium
group differs by more than two, the symmetry of POSS is
considered to be reduced, resulting in the formation of an
amorphous POSS structure.

Regarding the imidazolium group-containing POSSs, when
the substituents R of the POSS shown in Scheme 6 were methyl
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Scheme 5 Preparation of POSS ionic liquid by the hydrolytic con-
densation of a mixture of TMATES and MeImTES in a water/
methanol (1:9 v/v) mixed solution of HNTf, and its thermal properties

(a) and ethyl (b) groups, they were crystalline POSSs, and the
T, values were 106 °C and 59 °C, respectively. They did not
flow unless heated up to T;,,. However, when the substituents R
were n-propyl (c) and n-butyl (d) groups, they did not have a T;,,
and were amorphous POSSs. The 7, values were —32 °C and
—33 °C, respectively, and the flow temperatures were ca. 10 °C
and 5 °C, respectively, indicating a room temperature ionic
liquid [35]. These results clarified that the amorphous structure
was important for obtaining POSSs, which exhibit the proper-
ties of ionic liquids at room temperature.

6 Preparation of carboxyl-functionalized
POSS

POSSs containing acidic side-chain groups, such as car-
boxyl groups, are difficult to directly prepare from orga-
notrialkoxysilanes. This is because the carboxyl group-
containing organotrialkoxysilane, which is a starting mate-
rial, does not exist as a general reagent. The author and co-
workers discovered that T;(-POSS (POSS-2C-HOTf) was
mainly formed when 3-(triethoxysilyl)propylsuccinic
anhydride (TESPSA) was used as a starting material to form
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Fig. 1 Thermal properties of POSSs containing two types of ammo-
nium side-chain groups (primary, secondary, tertiary, and quaternary
ammonium groups) with (a) amorphous and (b) crystalline structures

carboxyl-functionalized POSSs using an aqueous HOTf
solution (Scheme 7a) [36]. For catalysts other than HOTT,
Tg-POSS (POSS-2C-nBuyNOH) was formed as the main
product when an aqueous tetra-n-butylammonium hydro-
xide (nBuyNOH) solution was used (Scheme 7b). PolySQs
(PolySQ-2C-HCI and PolySQ-2C-NaOH) were obtained
when aqueous HCl and NaOH solutions were used,
respectively (Scheme 7c, d).

Furthermore, it was clarified that a carboxyl-
functionalized POSS (POSS-C) could be obtained by
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Scheme 6 Preparation of POSSs containing imidazolium groups in
which the substituents R were a methyl (MeIm-POSS-IL), b ethyl
(EtIm-POSS-IL), ¢ n-propyl (PrIm-POSS-IL), and (d) n-butyl
(BuIm-POSS-IL) groups, and their thermal properties

heat-treating a carboxyl group-containing rod-like/ladder-
like polySQ, which was prepared by the hydrolytic poly-
condensation of 2-cyanoethyltriethoxysilane using an aqu-
eous NaOH solution [37], in an aqueous HOTT solution and
evaporating the solvent (Scheme 8) [38].

7 Preparation of ammonium-functionalized
specific cyclotetrasiloxane isomer

This section explains that the above method for preparing
ammonium-functionalized POSS using superacids [21-26]
can be applied in the preparation of a specific cyclote-
trasiloxane isomer. Cyclosiloxanes are generally obtained
by the hydrolytic condensation of bifunctional silane com-
pounds and are used as raw materials for silicone
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Scheme 7 Preparation of POSSs and polySQs containing two car-
boxyl groups in the repeating unit by the hydrolytic condensation of
TESPSA in aqueous a HOTf, b nBuyNOH, ¢ HCl, and d NaOH
solutions

preparation. Conventionally, the hydrolytic condensation of
bifunctional silane compounds yields mixtures of cyclic and
linear siloxanes of various molecular weights. In addition,
cyclosiloxanes with the same molecular weight, in which
two types of side-chain groups are bonded to one Si atom,
possess isomers with different stereostructures. For exam-
ple, a cyclotetrasiloxane possesses four isomers: all-cis, all-
trans, cis-trans-cis, and cis-cis-trans [39], and it is difficult
to selectively prepare one of them at a high yield in one step
from a bifunctional silane compound. Therefore, the
development of new techniques to prepare a specific
cyclosiloxane isomer is extremely important in the aca-
demic and industrial fields.

As previously described, POSS can be obtained by the
hydrolytic condensation of APTMS in an aqueous HOTf
solution, while a rod-like/ladder-like PSQ can be obtained
by a similar reaction in an aqueous HCI solution
(Scheme 1). Therefore, it is expected that a cyclic com-
pound would be preferentially formed over the polymeric
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Scheme 8 Preparation of polySQ and POSS (POSS-C) containing one
carboxyl group in a repeating unit

compound during the hydrolytic condensation of amino
group-containing organoalkoxysilanes in an aqueous HOTf
solution.

The hydrolytic condensation was investigated on
3-aminopropyldiethoxymethylsilane (APDEMS), which is
a bifunctional organoalkoxysilane containing aminopropyl
and methyl side-chain groups, in an aqueous HOTT solu-
tion. As expected, no polymer was formed, and only
cyclosiloxane (Am-CyTS) was obtained. Unexpectedly,
this compound exhibited a single structure (cis-trans-cis
cyclotetramer only) (Scheme 9), which was clarified by 'H
NMR, g4 NMR, matrix-assisted laser desorption/ioniza-
tion-time of flight mass spectrometry (MALDI-TOF MS),
electrospray ionization (ESI) MS, and single-crystal X-ray
structural analysis [40]. For the previously described
POSS, it is expected that the cis-trans-cis structure was
formed as a structure in which the distance between the
side-chains was the longest by the electrostatic repulsion
between the side-chains. Furthermore, single-crystal X-ray
structural analysis showed that the fers-butoxycarbonyl
(Boc)-protected product has a layered structure, in which
hexagonal-arranged two-dimensional sheet-like aggregates
are stacked.

8 Preparation of antifogging film using
polyamide in which POSS-Am(1) and
POSS-C are linked

Antifogging films are used in applications, which can be
problematic if light passage or reflection is obstructed, e.g.,
show windows, goggles/helmets, greenhouses, automotive
glass/mirrors, medical devices, and solar panels. For anti-
fogging, two methods are used as follows: one in which the
surface of a substrate is rendered water-repellent to prevent

| R = (CHp)sNHs* CF3SO5~ |

CHs R CH,
EtO-Si-OEt S
HOTfaq. H,C” 5 R Q{O\ ?Hs
- \/Si\o/Si\
HsC R

NH,

3-Aminopropyl-
diethoxymethylsilane
(APDEMS)

cis-trans-cis
Cyclotetrasiloxane containing
primary ammonium groups
(Am-CyTS)

Scheme 9 Preparation of a cis-trans-cis cyclotetrasiloxane containing
primary ammonium groups

adhering water droplets [41-43] and another in which a thin
continuous water film is formed by rendering the surface
hydrophilic [44-49]. In particular, organic polymer coatings
using the latter method are more mainstream [50-53].
However, the hardness of these organic polymers is insuf-
ficient, and the transparency and antifogging properties
gradually decrease because of scratches and abrasion.

A POSS-linked polyamide (POSS Polyamide) was
prepared by the polycondensation of the aforementioned
POSS-Am(1) and POSS-C as a material for an antifogging
film with a hard-coating ability (Scheme 10) [54]. Specifi-
cally, POSS-Am(1) and POSS-C (molar ratio of units =
1:1) were stirred for 12 h at ca. 80 °C in dehydrated DMSO
in the presence of 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) as condensing agents. POSS Polyamide was soluble
in polar solvents, such as water, DMSO, and methanol,
therefore, it was presumed that the two POSSs were linearly
linked without exhibiting a considerably branched structure.

The pencil hardness of a cast film of POSS Polyamide
was SH. The reason for this relatively high hard-coating
property might be that a crosslinked structure was formed
by the dehydrating condensation of the ammonium and a
carboxyl groups of the polymer side-chains during the cast
film preparation by heating, in addition to the original
hardness of the POSS components.

The antifogging property of the cast film was evaluated.
When the aforementioned cast film was placed on 5 cm of
hot water (ca. 80 °C) and exposed to water vapor, it did not
fog at first and exhibited antifogging properties, but it
became cloudy in the middle. Subsequently, it became
transparent after further exposure to water vapor and finally
exhibited antifogging properties (Scheme 10). After the heat
treatment, the cast film exhibited a porous crosslinked
structure probably due to the formation of new amide
bonds. Upon exposure to water vapor, the water molecules
infiltrated the porous structure as water vapor, and the water
produced by cooling filled the pores. Thus, the hydro-
philicity of the cast film surface increased, and it was
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Scheme 10 Preparation of POSS-linked polyamide (POSS Poly-
amide) by the polycondensation of POSS-Am(1) and POSS-C and its
antifogging property

considered that the antifogging property was exhibited by
forming a continuous water film.

9 Preparation of hydrogels using ionic POSS
and cyclotetrasiloxane as crosslinking
agents and their mechanical properties

Hydrogel is a material that can contain a large amount of
water in a network polymer and is widely used in a variety
of applications, e.g., soft contact lenses and super-
absorbent polymers. However, because general hydrogels
are fragile, the development of durable hydrogels is
important to expand the application range of hydrogels.
Based on this, hydrogels with excellent mechanical prop-
erties, such as a topological [55], nanocomposite [56],
double-network [57], and tetra-PEG gels [58] have been
developed.

Crosslinking agents (POSS-MNa and CyTS-MNa) as
shown in Scheme 11 for hydrogel preparation were pre-
pared by introducing polymerizable groups via the reaction
of maleic anhydride with POSS-Am(1) and Am-CyTS, and
polyacrylamide hydrogels were prepared by the free-radical
polymerization of an acrylamide monomer using the
resulting crosslinking agents and potassium persulfate
(KPS) as an initiator (Scheme 11a, b) [59]. These hydrogels
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were not destroyed even when compressed to a strain of
97%, and they exhibited extremely flexible and irrefrangible
properties. For example, the state of compression of a
hydrogel (PAAm-POSS-MNa hydrogel) obtained using
POSS-MNa is shown in Scheme 11. It is considered that
the occurrence of chemical and physical crosslinking due to
the formation of aggregates of POSS-MNa and CyTS-
MNa was important for these excellent mechanical
properties.

10 Conclusion

This paper highlighted recent studies on the superacid-
catalyzed preparation of ionic POSSs and their properties,
polymerization, and hybridization, that have been devel-
oped by the author and co-workers so far. Ammonium-
functionalized Tg-POSS, as the main product, can be
prepared at a high yield within a short reaction time by the
hydrolytic condensation of amino group-containing orga-
notrialkoxysilanes in an aqueous superacid solution. When
these reactions were performed in a hydrophobic alcohol,
such as 1-hexanol, a POSS mixture with a high proportion
of To-POSS was obtained. In addition, the proportion of
T1o-POSS can be increased by properly controlling the
reaction conditions (temperature, pressure, and solvent
evaporation time) using a Kugelrohr apparatus in prepar-
ing POSSs in an aqueous superacid solution. Furthermore,
a low-crystalline POSS and ionic liquids containing POSS
components can be obtained by the superacid-catalyzed
hydrolytic condensation of the mixtures of two types of
organotrialkoxysilanes containing functional groups cap-
able of converting to ionic groups. The superacid-
catalyzed hydrolytic condensation was applicable to the
preparation of carboxyl-functionalized POSSs and an
ammonium-functionalized specific cyclotetrasiloxane iso-
mer. As an application of an ionic POSS, an antifogging
film with a hard-coating property can be prepared using
polyamide obtained by the polycondensation of ammo-
nium- and carboxyl-functionalized POSSs. Furthermore, it
was possible to obtain a polyacrylamide hydrogel exhi-
biting extremely flexible and irrefrangible properties using
an ionic POSS and cyclotetrasiloxane as crosslinking
agents.

Studies on the applications of POSS as a material are
expected to increase in industry and academia. To support
these applications, basic research on the development of a
facile preparation method, size control, and crystalline/
amorphous structure control for ionic POSS is important.
The author believes that applied research on the poly-
merization and hybridization of ionic POSS possesses
potential and would like to continue studying POSSs from
both basic and applied perspectives.
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Scheme 11 Preparation of polyacrylamide hydrogels by the free-
radical polymerization of acrylamide (AAm) using a POSS-MNa and

b CyTS-MNa as crosslinking agents
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