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Unique properties of amphiphilic POSS and
their applications

Kazuo Tanaka and Yoshiki Chujo

Our recent studies on advanced materials based on polyhedral oligomeric silsesquioxane (POSS) functionalized with polar

substituents are reviewed. First, the effects on the thermal properties of ion pairs after tethering to POSS are demonstrated.

A decrease in the melting temperature and an increase in the decomposition temperature of the ion pairs were simultaneously

achieved after POSS was modified with these ion pairs. The effects of the structural features of POSS on the thermal properties

of ionic pairs in such compounds are explained. Next, selective encapsulation of bioactive molecules using POSS-core

dendrimers is described. The binding affinity of bio-active molecules was enhanced through the formation of hydrogen bonds

with POSS-core dendrimers, and this enhancement was achieved by utilizing the amphiphilic properties of POSS-core

dendrimers. The system design concept and the results are explained. Finally, we introduce the unique optical properties that

can be induced in dyes through encapsulation in POSS-core dendrimers, with a focus on the influence of the POSS core on the

molecular rotation of the dye in the excited state.
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INTRODUCTION

A typical polyhedral oligomeric silsesquioxane (POSS) molecule has a
cubic rigid (T8) structure represented by the formula R8Si8O12. The
central inorganic core (Si8O12) is functionalized with organic sub-
stituents (R) at each of the eight vertices (Figure 1). POSS possesses a
symmetrical cubic structure. Because of such structural features, POSS
is expected to have distinctly different characteristics from those of
planar molecules. Based on these characteristics, a large number of
high-performance materials have been developed.1–14 Because the
molecular shapes and conformations of POSS vary depending on its
substituents,2 POSS has been effectively used as a building block at the
molecular scale to construct functional nanomaterials. Furthermore,
water-soluble POSS derivatives have been synthesized and recently
applied as bio-functional materials, such as sensors or probes to
monitor biological events, through their unique properties that are
observed only in water.15–24 In this review, advanced functional
materials made from POSS derivatives modified with polar
substituents are introduced. We mainly present our recent findings
on the intriguing substances that originated from these amphiphilic
POSS derivatives. First, the thermal properties of POSS and POSS salts
are explained. In particular, the curious thermodynamics of POSS-
based ionic liquids (ILs) are demonstrated. In the following three
chapters, we illustrate the peculiar behaviors of POSS materials with
polar substituents. In addition, we describe selective encapsulation of
biomolecules by POSS-core dendrimers and the influence of the POSS
core on the excited states of the encapsulated dyes.

REINFORCEMENT OF THERMAL AND MECHANICAL

PROPERTIES OF PLASTICS BY POSS

Closed silica cubes show a high thermal and chemical stability. For
example, it has been reported that POSS can enhance the thermal and
mechanical properties of a polymer if it is introduced into a polymer
with high compatibility.25,26 For example, the simple incorporation of
POSS into polymer chains, with or without covalent bonds, can
improve the thermal stability of the polymer to pyrolysis.27 Polyimide
aerogels can be reinforced more effectively by crosslinking with POSS
derivatives than by crosslinking with polymers.28 In a previous report
from our group, well-dispersed polymer composites were prepared
with various types of polymers and POSS fillers, and it was
demonstrated that the POSS fillers can contribute to enhancing the
thermal stability of the polymer matrices.29 From a thermo-
gravimetric analysis to compare Td20 values, which are defined as
the decomposition temperature that results in a 20% (w/w) weight
loss, the Td20 values of polystyrene (PS) composites containing 5 wt %
octyl- and octadecyl-POSS were significantly increased comparing
the PS film without POSS fillers (DTd20¼ þ 24.5 and þ 28.6 1C,
respectively). The Td20 value of the poly(methyl methacrylate)
increased markedly by þ 67.4 1C by adding phenyl-POSS. The
thermal stabilities of PS and ethylene–(vinyl acetate) copolymer
films were also enhanced by adding 5 wt% phenyl-POSS
(DTd20¼ þ 20.4 and þ 17.7 1C). By using other POSS fillers, such
as octyl- and octadecyl-POSS, the Td20 values of PS composites
were greatly enhanced (DTd20¼ þ 24.5 and þ 28.6 1C, respectively).
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In addition, we observed a large reinforcement of the mechanical
properties of conventional polymers by simply mixing as a POSS
filler, as shown by dynamic mechanical analysis. For instance, the
addition of 5 wt% phenyl-, octyl- and octadecyl-POSS increased the
storage moduli of poly(methyl methacrylate) by 37%, 30% and 34%,
respectively. The moduli of the PS composites were enhanced by 65
and 59% by adding 5 wt% phenyl- and octyl-POSS, respectively. The
suppression of molecular motions of the polymer chains by POSS
could be responsible for the enhancements of the thermal and
mechanical properties.

THE UNIQUE THERMAL PROPERTIES OF ION PAIRS

ASSEMBLED ONTO POSS

Three-dimensional polymeric materials have gained attention because
of the different properties that can originate from their structural
features. Room temperature ILs, which possess a melting temperature
below 25 1C, have been obtained using POSS as a polyanion
(Figure 2).30 It has been found that connecting ion pairs to POSS
can greatly improve the thermal stability and decrease the melting
temperatures of the ion pairs. However, the contribution of the POSS
core to the thermodynamics in these cases is unclear. Thereby, we
attempted to assess whether the cubic structure of POSS or the
rigidity of its silica cage had the largest effect on the thermal
properties of the ion pairs. The results and plausible mechanisms
from our recent study31 are described here.

A series of POSS molecules with variable numbers of ion pairs was
prepared via acid–base neutralization using POSS-(COOH)8 and
(Bmim)OH (Figure 2a).30,31 The stoichiometry between POSS
and the ion pairs was adjusted by changing the feeding ratios. We
named these salts POSS-Imn (where n is the number of imidazolium
cations tethered to the POSS core). Each product was colorless and
transparent (Figure 2b). All samples containing the POSS moiety
yielded single peaks at �66 p.p.m. in 29Si nuclear magnetic resonance
spectra, and these peaks were assigned to the T8 POSS structure
(Figure 2c). The integration areas under the peaks in the 1H nuclear
magnetic resonance spectrum corresponded to the desired ratios and
to the number of imidazolium cations. The samples were stored in a
glove box in an argon atmosphere, and the water abundance was kept
below 1.5 wt%, as determined by a Karl Fischer moisture titrator.
Further characterization data indicated that all products were
sufficiently pure for the analyses. We also prepared the ion pair
Arm-Im, which was composed of the side chain of the POSS salts, for
comparison purposes to evaluate the effects of connection to POSS.

The thermal stability of the synthetic compounds against pyrolysis
was evaluated by thermogravimetric analysis (Table 1). We observed
two weight losses in all samples. Because similar molecular weights
were obtained after the first weight loss, this step was assigned to the
degradation of the carboxyl groups. Therefore, the Td value represents
the influence on the thermal stability of the carboxyl groups after
introducing (Bmimþ ) to POSS. The Td values of POSS-Im6 and

POSS-Im8 were higher than those of Arm-Im and POSS-(COOH)8.
In contrast, POSS-Im2 and POSS-Im4 showed lower Td values than
Arm-Im and POSS-(COOH)8. These results indicated that the large
number of ion pairs tethered to POSS is essential for inducing the
characteristic changes in thermal stability observed in POSS-Im6 and
POSS-Im8. In addition, the presence of POSS makes only a minor
contribution to the increase in thermal stability because POSS-Im2
and POSS-Im4 showed lower Td values than Arm-Im. These results
imply that the structural features of POSS could contribute more than
its rigidity to enhancing the thermal stabilities of POSS-based ILs.29

To determine the melting temperatures (Tms), differential scanning
calorimetry measurements were executed (Table 1). The endothermic
peaks assigned to the melting process were observed below 100 1C for
all POSS-containing compounds except POSS-Im2. Therefore, POSS-
Im4, POSS-Im6 and POSS-Im8 can be categorized as ILs. Notably,
POSS-Im6 and POSS-Im8 melted below 25 1C. Thus, they can be
classified as a room temperature ILs. Significant tendencies were
obtained from the comparison. The Tm values of POSS-Im6 and
POSS-Im8 were 19 and 23 1C lower than that of Arm-Im, respectively.
In contrast, the Tm values of POSS-Im2 and POSS-Im4 were not
below 100 1C. Therefore, a large number of ion pairs is necessary to
decrease the Tms of POSS-tethered ion compounds. Similar to the
data from thermogravimetric analysis, when a large number of ion
pairs accumulate on POSS, the POSS-based molecules have thermal
properties that are characteristic of ILs.

To explain the thermodynamics of the melting process of POSS
with tethered ion pairs, the fusion enthalpies and entropies (DHfus

and DSfus) per single imidazolium molecule were calculated from the
areas of the endothermic peaks observed in the differential scanning
calorimetry profiles (Table 1). The differences in the thermodynamics
between POSS-Im4 and POSS-Im6 are also presented in Table 1.
POSS-Im6 and POSS-Im8 had lower DHfus values than did Arm-Im.
In contrast, POSS-Im2 and POSS-Im4 had larger values of DHfus than
did Arm-Im. These results can be explained by the cubic structure of
POSS, as shown in the proposed models in Figure 2d. After tethering
to the cubic core, the distal ion pairs are expected to be isolated and
distributed in a star-shape. These structures disrupt the aggregation of
ion pairs. Thus, the interaction between the POSS molecules could be
reduced in POSS-Im6 and POSS-Im8. The smaller values of DSfus for
POSS-Im6 and POSS-Im8 than that of Arm-Im can also be explained
by the contribution of the structural features of POSS to the thermal
properties. The star-shaped distribution of the ion pairs usually
increases the symmetry of the molecules, leading to high thermal
stability.32 In summary, when a large number of ion pairs accumulate
on POSS, a star-shaped structure should be induced. This structure
results in POSS molecules with larger exclusion volumes and a greater
symmetry, both of which could reduce the intermolecular interactions
between individual POSS molecules. Hence, the melting temperatures
of these POSS-based substances decrease. During the melting process,
the symmetric conformation of the POSS-IL molecules could be the
main contributor to their thermal behavior. Thus, linking ion pairs to
POSS can simultaneously lower the melting temperature and enhance
the thermal stability of the compound.

The introduction of the POSS core into ILs can present another
beneficial property. The chemical shifts of the peak assigned to the
2-position of imidazolium were compared in the 1H nuclear magnetic
resonance spectra with POSS-Imn (n¼ 2, 4, 6 and 8) and Arm-Im
(Figure 2e). It has been reported that the strength of the ability to
solubilize cellulose of imidazolium-based ILs can be evaluated from
the degree of the downfield shift of this peak.33 From our data, the
peak positions in POSS-Im6 and POSS-Im8 showed a larger

Figure 1 Chemical structure of POSS.
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downfield shift than those in Arm-Im, indicating that the strength of
the hydrogen bonds was significantly increased by tethering to POSS.
The POSS-based molecular design could therefore be feasible for

developing good solvents to dissolve cellulose. Further application of
the enhancement of hydrogen bonding strength is demonstrated in
the next section.
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Figure 2 (a) Chemical structures of the ionic pairs. (b) Appearance and (c) 29Si nuclear magnetic resonance (NMR) spectrum of POSS-Im8 at 25 1C.

(d) Proposed conformations of the POSS-based ionic compounds. (e) 1H NMR spectra of the ionic compounds in dimethyl sulfoxide at 25 1C.
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HYDROPHOBIC SPACES CREATED BY POSS IN AQUEOUS

SOLUTIONS

The closed cubic silica structure has extremely low polarity.34

Therefore, most hydrocarbon-substituted POSS derivatives are
soluble in weakly polar organic solvents, such as chloroform,
tetrahydrofuran and sometimes hexane. In contrast, by introducing
polar functional groups at the vertices, POSS becomes soluble in polar
solvents, such as water and methanol.35–37 In particular, the core of
the POSS dendrimers has a crucial role in these properties as a result
of its large overall shape and the groove between the dendrons even
with the small number of repeating units in the dendrons.38 Notably,
the hydrophobic spaces around the silica cube are maintained in these
polar solvents.39–44 In other words, POSS shows amphiphilicity,
which originates from the weak polarity of the closed silica cage in
water. The hydrophobicity of POSS can work as a driving force to
make a strong interaction with hydrophobic molecules, leading to
their encapsulation inside POSS-based materials in aqueous media.
For example, we synthesized a series of POSS network polymers
with different crosslinking ratios.42 In particular, POSS polymers

containing disulfide linkers encapsulated hydrophobic molecules
in aqueous solutions (Figure 3a).43 In contrast, under reducing
conditions, we demonstrated that dye-loaded network polymers
released encapsulated molecules (Figure 3b). Finally, we were able
to detect the increase of the emission intensity from the sample
containing the intercellular concentration of reduced glutathione
(Figure 3c).

The encapsulation of guest molecules was also observed in
dendrimers.44 We assumed that the core of the dendrimers had a
crucial role in creating the hydrophobic spaces because of the overall
shape and the groove between the dendrons. Based on this idea, we
evaluated the encapsulating ability of POSS-core dendrimers and
compared it with that of polyamidoamine dendrimers, which possess
the same dendrons but a different core (Figure 4). The amount of
encapsulated guest molecule inside each dendrimer was evaluated
with various types of aromatic molecules and dyes. Consequently, it
was found that POSS-core dendrimers captured more guest molecules
without a loss of affinity compared with polyamidoamine dendri-
mers.44 These results were applied to prevent the fluorescence
photobleaching of dyes44 and to convert the photon energy to
higher energy levels than those of the incident light in aqueous
media.45 Thus, POSS can work as a scaffold to construct molecular
assemblies in water and can form the basis of biomimetics.

DESIGN TO SELECTIVELY ENCAPSULATE BIOACTIVE

MOLECULES INTO POSS-CORE DENDRIMERS

We have explained the superior encapsulation ability of water-soluble
POSS-core dendrimers.44 In water, POSS-core dendrimers can take
up a globular conformation and can create distinct hydrophobic
spaces around the POSS core. Consequently, larger amounts of the
hydrophobic guest molecules can be sustained inside the dendrimers
than in the same generation of the polyamidoamine dendrimer, which
has similar dendrons.44 Then, we proceeded to realize the selective
encapsulation by POSS-core dendrimers.46

Table 1 Thermodynamic parameters of the ionic compounds

determined from the DSC and TGA curves

Salt

Td

(1C)

Tm

(1C)

Tm

(1C)a

Tg

(1C)a

DHfus

(kJmol�1)

DSfus

(Jmol�1 K�1)b

Arm-Im 202 49 48 �40 15 47

POSS-Im8 234 45 23 �52 6.8 21

POSS-Im6 233 44 19 �55 11 35

POSS-Im4 188 59 ND ND 39 120

POSS-Im2 165 142 ND ND 41 99

Abbreviations: DSC, differential scanning calorimetry; ND, not determined; POSS, polyhedral
oligomeric silsesquioxane; TGA, thermogravimetric analysis.
aDetermined from the second heating curves.
bCalculated from the following relation: DSfus¼DHfus/Tm.
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Figure 3 (a) Creation of strong hydrophobic spaces inside the water-soluble POSS network polymers with disulfide bonds. (b) Schematic illustration of the

detection of glutathione. The encapsulated fluorophores (fluorescein) and quenchers (ferrocene) are released by adding glutathione. Subsequently, the

fluorescence emission is recovered. (c) Increasing the fluorescence emission of the disulfide bond-containing POSS network polymers by adding glutathione.
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Molecular assemblies via hydrogen bonds have been used to
construct pre-programmed architectures. To achieve stable complexa-
tion and precise recognition, a new series of ligand molecules has been
explored.47,48 In biological fields, hydrogen-bond-mediated molecular
recognition is often used to capture target substances. For example, in
the active pocket of RNA polymerases, nucleoside triphosphates are
recognized with template sequences that are based on hydrogen-bond
patterns.49 Accordingly, mRNAs can be produced with high fidelity.
Complexation with the complementary nucleosides is below the level
of detection in water in the absence of enzymes, because the hydration
at the binding sites via hydrogen bonds crucially inhibits
complexation in water. The hydrophobic environments inside the
enzymes can enhance the stability of the complex by isolating it from
water molecules. In the POSS-IL study, we observed that the hydrogen
bond strength was significantly enhanced in POSS-Im6 and POSS-
Im8.31 Inspired by these results, we sought to apply the hydrophobic
space created inside POSS-core dendrimers as a scaffold to enhance
complex stability via hydrogen bonds.46

The strategy for selective encapsulation in POSS-core dendrimers is
illustrated in Figure 5. We expected that the POSS core could provide
hydrophobic spaces inside the dendrimer, leading to the enhancement
of hydrogen bonding. We designed the ligand molecule with a 1,8-
naphthyridine moiety; this ligand can form a complex with guanine via
hydrogen bonds.50,51 In the bulk water, the ligand is not observed to
form a complex with guanine nucleotides. Subtle changes in the optical
properties of the naphthyridine ligand are expected to occur on
binding. However, the complexation, with hydrogen bond formation,
is expected to be enhanced in POSS-core dendrimers because of the
distinct hydrophobicity of the POSS core. In particular, as in
fluorescence sensors for guanosine moieties in previous studies,52,53

the fluorescence emission can be quenched via electron transfer through
the hydrogen bonds. In other words, the decrease in the emission
represents formation of a complex between the naphthyridine ligand
and the guanosine nucleotides. Therefore, quantitative data such as the
binding constants can be evaluated from the changes in the optical
properties induced by the complexation via hydrogen bonds.54,55

Figure 4 Chemical structures of the dendrimers and the guest molecules encapsulated in the POSS-core dendrimer.
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We examined the changes in the fluorescence intensity elicited by
the naphthyridine ligand by titration of a series of guanosine
nucleotides (Figure 6a).46 Fluorescence emission with a peak at
380 nm was observed when the ligand was added to aqueous
solution. The addition of guanosine triphosphate (GTP) caused a
significant decrease in emission from the ligand. Less quenching was
observed when cyclic guanosine monophosphate (cGMP) was titrated
into the solution. These data suggest that complex formation should
occur with GTP or cGMP. In contrast, only slight changes in the
emission intensity were observed in the presence of rG and GMP.
These results indicate that the interaction between GTP and the ligand
can be enhanced by the G2 POSS-core dendrimer.

To examine the influence of the existence of the POSS core, we
measured the fluorescence emission by the same procedure but used
the G2 polyamidoamine dendrimer, which possesses an ethylene
diamine core instead of a POSS core. Following the addition of
guanosine nucleotides, including GTP, the fluorescence emissions
from the ligand were only slightly different. These results indicate that
the POSS core is responsible for enhancing the complex formation
between the naphthyridine ligand and GTP. As expected, the
hydrophobic space around the POSS core reduced the hydration of
the naphthyridine ligand, enhancing the affinity of the complex
through hydrogen bonding. Moreover, the fluorescence measurements
were also monitored in the presence of adenosine triphosphate, and it
was revealed that the emission was unchanged. This result indicates
that the triphosphate group has slightly influence on the emission
property of the naphthyridine ligand.

Plots to evaluate the binding constants according to the degree of
emission quenching are shown in Figure 6b. The binding constants
were determined (KA,GTP¼ 7500 M�1, KA,cGMP¼ 670 M�1). It was

found that POSS can enhance the binding affinity of GTP B10 times
more than that of cGMP. These results suggest that the naphthyridine
ligand can selectively recognize GTP in the POSS-core dendrimer.
From these data, we conclude that encapsulation in dendrimers can
be made selective. Furthermore, in this system, the POSS-core
dendrimer and the ligand molecules simply interact via non-covalent
bonds. Therefore, the target guest molecules could be tuned by
replacing the ligand units.

FREEZING EFFECT OF MOLECULAR MOTION IN POSS-CORE

DENDRIMERS

The encapsulation ability of POSS-cores was introduced in the
previous section. This ability arises from the amphiphilicity of
POSS-core dendrimers, as a result of the hydrophobic POSS core
and the polar dendrons. Next, we describe research on the unique
optical properties of dyes encapsulated in POSS-core dendrimers.
We have found that encapsulation at room temperature induced
photochemical properties detectable only in the frozen glassy matrix
of 2-methyltetrahydrofuran at �196 1C without complexation.56,57

Suppression of the molecular rotation of dyes has a role in
expressing these optical characteristics. The details are explained below.

We prepared and encapsulated trisvinyl-pyridinium triphenylamine
(TP3PY, Figure 4)56 in POSS-core dendrimers, and we examined a
series of properties of these dendrimer complexes. First, to confirm the
encapsulation and to assess the stability of the complexes in solution,
we measured the absorption of the supernatants obtained from the
solutions, which contained TP3PY with various concentrations of
POSS-core dendrimer after storage under ambient conditions. The
supernatant of pure TP3PY had a lower absorption with a peak at
474 nm after 3 days compared with those in the presence of POSS-
core dendrimer. In contrast, the absorption from the supernatant
decreased in a manner that corresponded to the increase in the
concentration of the POSS-core dendrimer. The decreases in the
absorption were completely suppressed in the presence of 10 equivalents
of the POSS-core dendrimer. These data suggest that 10 equivalents
of the POSS-core dendrimer is necessary to maintain the solution
state of TP3PY. The branching of TP3PY and its larger size than the
POSS-core dendrimer might result in the requirement of an excess of
dendrimer to stabilize TP3PY’s solution state.

The optical properties of TP3PY in the presence or absence of
the POSS-core dendrimer were investigated in various solvents.
Representative spectra in tetrahydrofuran are shown in Figure 7a.

Figure 5 Chemical structures of guanosine nucleotides and the

naphthyridine ligand and a model of complexation enhancement via

hydrogen bonds at the hydrophobic surface created by POSS.

Figure 6 (a) Stern–Volmer plots in the presence of the naphthyridine ligand

by adding various types of guanosine nucleotides. (b) The plots to

determine the binding constants between the naphthyridine ligand and the

guanosine nucleotides. The slopes represent the number of binding

guanosine nucleotides. The y intercepts represent the log KA values. The

lines were prepared with the least-squares method. R2 is the determination

coefficient. A full color version of this figure is available at Polymer Journal

online.
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Clear enhancements of quantum yields were observed by encapsula-
tion in each solvent (Figure 7b). The quantum yield of the emission
of TP3PY was enhanced sixfold in the presence of POSS-core
dendrimer than that of TP3PY in tetrahydrofuran. Notably, in water
and acetonitrile, new emission bands were observed (Figure 7c). From
these data, it is proposed that the POSS-core dendrimer has a key role
in increasing the emission intensity of TP3PY.

To clarify the mechanism of increasing the quantum yields by
encapsulating in POSS-core dendrimers, a series of measurements was
performed. According to the solvatochromic shift of the emission
from TP3PY, a Lippert–Mataga plot was made.58 A linear relationship
between the solvent polarity and the Stokes shift was obtained. The
emission band of TP3PY with a peak at 650 nm was assigned as the
induced charge transfer band. Moreover, the transition dipole
moment (Dm) was calculated as 11.80 D from the slope of the fitted
line. This data indicates that the emission of TP3PY at 650 nm should
be assigned as a twisted intramolecular charge transfer band.59 A new
emission peak at 550 nm, assigned as the localized excitation band,
was observed at �196 1C in 2-methyltetrahydrofuran, resulting in the
emission with two peaks (Figure 7c). These data also suggest that the
emission of TP3PY originates from the twisted intramolecular charge
transfer band. From the data, it can be said that the POSS-core
dendrimer has an ability to suppress the motions of the encapsulated
molecules even in excited states. We measured the fluorescence life
times of TP3PY (Figure 7d). As expected, the new emission with
the peak at 550 nm had a long life time. The data indicated that
the emission from the localized excitation band appeared after the
encapsulation. The twisting at the excited state was inhibited by
encapsulation in POSS-core dendrimers at room temperature.

These results illustrate that the nonirradiation decay caused by
molecular tumbling should be efficiently suppressed by encapsulation
in POSS-core dendrimers; therefore, the emission of TP3PY can be
increased. Optical probes with longer life times are favorable for
improving the signal-to-noise ratio as the signal emission can be
gathered after decaying the self-emission from the sample. Encapsula-
tion in POSS-core dendrimers should be feasible for developing
practical fluorescence probes.

CONCLUSION

The cubic silica of POSS has attracted attention as a building block
for nanomaterial construction. The modified POSS derivatives with
functional groups showed various types of interesting properties. As
we illustrate in this review, POSS can generate special environments as
a result of its structural features. Currently, there are few applications
of these special environments that arise from the intrinsic character-
istics of POSS, such as its amphiphilicity. However, the environments
have the potential to extend the applicability and versatility of POSS
for the construction of advanced materials not only in materials
science but also in biochemistry. We all can expect to receive new
nanomaterials based on the special distinct spaces created by POSS.
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