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Abstract

This chapter describes in detail the synthesis of polyhedral oligomeric silsesquioxane (POSS) compounds,
the miscibility of POSS derivatives and polymers, and the preparation of monomers and polymers containing
POSS, including styryl-POSS, methacrylate-POSS, norbornyl-POSS, vinyl-POSS, epoxy-POSS, phenolic-POSS,
benzoxazine-POSS, amine-POSS, and hydroxyl-POSS. Both monofunctional and multifunctional monomers
are used in commercial and/or high-performance thermoplastic and thermosetting polymers, the corresponding
thermal, dynamic mechanical, electrical, and surface properties are also discussed in detail herein.

6.1. Introduction

The field of polymer nanocomposite materials has attracted great attention, imagination,
and interest from polymer scientists and engineers in recent years. The simple premise
of using building blocks having nanosize dimensions makes it possible to create new
polymeric materials exhibiting improved physical properties, such as unprecedented flexi-
bility. Silsesquioxanes are nanostructures having the empirical formula RSiO1.5, where R
is a hydrogen atom or an organic functional group, such as an alkyl, alkylene, acrylate,
hydroxyl, or epoxide unit. Figure 6.1 illustrates the silsesquioxanes that may be formed
from random, ladder, cage, and partial cage structures [1].

In 1946, Scott et al. discovered the first oligomeric organosilsesquioxane, (CH3SiO1.5)n ,
along with other volatile compounds through the thermolysis of polymeric products pre-
pared from the methyl trichlorosilane and dimethyl chlorosilane co-hydrolysis method [2].
Interest in this field has increased dramatically in recent years, even though silsequioxane
chemistry has been studied for more than half a century. In 1995, Baney et al. [3] reviewed
the preparation, properties, structures, and applications of silsequioxanes, especially those
of the ladder-like polysilsesquioxanes (Figure 6.1(b)). These ladder-like structures dis-
play excellent thermal stability, oxidative resistance at temperatures greater than 500◦C,
and good insulating and gas permeability properties [4]. More recently, attention has
been concentrated on silsesquioxanes possessing the specific cage structures displayed in
Figures 6.1(c)–(f). These polyhedral oligomeric silsesquioxanes are commonly abbreviated
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Figure 6.1 Structures of silsesquioxanes.
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Figure 6.2 Chemical structure of POSS.

as “POSS.” POSS compounds are true hybrid inorganic/organic chemical composites
that possess an inner inorganic silicon and oxygen core (SiO1.5)n and external organic
substituents that can possess a range of polar and nonpolar structures and functional groups.

Figure 6.2 displays POSS nanostructures having diameters ranging from 1 to 3 nm; they
can be considered as the smallest possible particles of silica, i.e., molecular silica. Unlike
most silicones or fillers, POSS molecules containing organic substituents on their outer sur-
faces are compatible or miscible with most polymers. In addition, these functional groups
can be specially designed as either nonreactive or reactive to be used in polymer blending
or copolymerization. POSS derivatives have been prepared with one or more covalently
bonded reactive functionalities so that they become suitable for polymerization, grafting,
surface bonding, or other transformations. Unlike traditional organic compounds, POSS
derivatives release no volatile organic components; thus, they are odorless and environmen-
tally friendly materials. The incorporation of POSS moieties into polymeric materials can
dramatically improve the polymers’ properties (e.g., strength, modulus, rigidity) as well as
reduce flammability, heat evolution, and viscosity during processing. These enhancements



Nanocomposites Based on POSS 157

apply to a wide range of commercial thermoplastic polymers (e.g., PE, PP, PS, PMMA,
PEO, and PCL), high-performance thermoplastic polymers (e.g., polyimide and PLED),
and thermosetting polymers (e.g., epoxy resin, phenolic resin, and polybenzoxazine). It
is especially convenient to incorporate the POSS moieties into polymers through simple
blending or copolymerization. In addition, when POSS monomers are soluble in monomer
mixtures, they can be incorporated as true molecular dispersions in copolymer systems.
The macrophase separation that usually occurs through the aggregation of POSS units can
be avoided through copolymerization (i.e., as a result of covalent bond formation between
POSS and polymers) – a significant advantage over current filler technologies. POSS
nanostructures also have significant promise for use in catalyst supports and biomedical
applications, such as scaffolds for drug delivery, imaging reagents, and combinatorial drug
development.

In this chapter, we describe methods for synthesizing POSS compounds and preparing
monomers and polymers containing POSS. We discuss the monofunctional and multifunc-
tional POSS monomers that have been used for thermoplastic and thermosetting polymers.
In addition, we compare the miscibility, phase behavior, thermal, dynamic mechanical,
electric, and surface properties of polymers containing POSS.

6.2. General Approaches Toward Synthesizing Polyhedral
Oligomeric Silsesquioxanes

POSS derivatives feature Si–O linkages in the form of a cage presenting a silicon atom at
each vertex, with substituents coordinating around the silicon vertices tetrahedrally. The
nature of the exo cage substituent in such compounds determines the mechanical, thermal,
and other physical properties. The number of RSiO3 units determines the shape of the
frame, which is uniquely unstrained for 6 to 12 units. A review by Voronkov et al. published
in 1982 covered the known methods of synthesizing POSS compounds [5]. In 2000, Feher
and co-workers reviewed recent progress in the field of POSS synthesis [6]. There are
many substituents appended to the silicon/oxygen cages (RSiO1.5)n (where R is an organic
or inorganic group; Figure 6.3) that are suitable for polymerization or copolymerization
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between the specific POSS derivative with other monomers. The general methods of
synthesizing both monofunctional and multifunctional octahedral silsesquioxanes (T8),
and examples of such derivatives, are described briefly below.

6.2.1. Monofunctional POSS

Monofunctional POSS derivatives are among the most useful compounds for polymer-
ization or copolymerization with other monomers. Figure 6.4 summarizes the three
general approaches toward synthesizing monofunctional POSS derivatives of the form
R′R7Si8O12.

Route I. Co-hydrolysis of trifunctional organo- or hydrosilanes: Poly-
condensation of monomers is the classical method of synthesizing silse-
squioxanes. When this reaction is performed in the presence of monomers possessing
various R groups, mixtures of heterosubstituted compounds are obtained, including the
desired monosubstituted products [7, 8].

I)     7  RSiY3    +    R'SiY3

R'

II)

+     R`

R R'

a) Si H + H2C C
H

Si CH2CH2

b) Si H + Si CH2N2CH + N2

c) Si H + Si ClCl2 + HCl

III)

OH

OH
OH

+    R'SiY3

R'

Figure 6.4 Three general ways of synthesizing monosubstituted octasilasesquioxane.
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Route II. Substitution reactions with retention of the siloxane cage: Figure 6.4 presents
a selection of substitution reactions using octahydro-silsesquioxane as starting materials
(IIa–c) that have been applied successfully to prepare monosubstituted silsesquioxanes.
By adjusting the ratio of the reactants, it is possible to obtain a considerable yield of the
desired monosubstituted product [9–14].

Route III. Corner-capping reactions: Feher and co-workers developed this approach
starting from the incompletely condensed R7Si7O9(OH)3 molecules (T7) [15–18]. The
three silanol groups are very reactive toward RSiCl3, giving the fully condensed products.
Variation of the R group on the silane enables the syntheses of a variety of monofunctional-
ized siloxane cages [19, 20]. Subsequent transformations can be performed until the desired
functionality is obtained. Moreover, incompletely condensed silsesquioxanes offer a route
toward the generation of hetero- and metalla-siloxanes in which a hetero main group or a
transition metal element is introduced into the silicon–oxygen framework [15–17, 21–24].

6.2.2. Multifunctional POSS

POSS (RSiO1.5)n derivatives in which R is a hydrogen atom and the value of n is 8, 10,
or 12 are unique structures generally formed through hydrolysis and condensation of tri-
alkoxysilanes [HSi(OR)3] or trichlorosilanes (HSiCl3) [5]. The hydrolysis of trimethoxysi-
lane in cyclohexane/acetic acid mixtures in the presence of concentrated hydrochloric
acid provides the octamer in low yield (13%) [25]. The hydrolytic polycondensation of
trifunctional monomers of the type RSiY3 leads to crosslinked three-dimensional net-
works and cis-syndiotactic (ladder-type) polymers, (RSiO1.5)n . The reaction rates, degrees
of oligomerization, and yields of the polyhedral compounds formed under these condi-
tions are strongly dependent on several factors, including the concentration of the initial
monomer in the solution, the nature of the solvent, the identity of the substituent R, the
functional group Y in the initial monomer, the type of catalyst, the reaction temperature,
the rate of addition of water, and the solubility of the polyhedral oligomers formed [25].
For example, POSS cages in which n is 4 or 6 can be obtained in nonpolar or weakly
polar solvents at 0◦C or 20◦C, but not in alcohols. In contrast, octa(phenylsilsesquioxane)
[Ph8(SiO1.5)8] is more readily formed in benzene, nitrobenzene, benzyl alcohol, pyridine,
or ethylene glycol dimethyl ether at high temperature (e.g., 100◦C). The effects of each
of these factors affecting POSS synthesis have been reviewed in depth previously [25].
Another approach toward multifunctional POSS derivatives is the functionalizing of pre-
formed POSS cages; e.g., through Pt-catalyzed hydrosilylation of alkenes or alkynes with
(HSiO1.5)8 and (HMe2SiOSiO1.5)8 cages (Figure 6.5) [26–28].

6.3. Hydrogen Bonding and Miscibility Behavior of
Polymer/POSS Nanocomposites

6.3.1. Hydrogen Bonding Interactions Between Polymers and POSS

The miscibility and specific interactions of polymer blends attract great attention in poly-
mer science because of their significant potential applicability in industry. Most inorganic
silicas or creamers are immiscible in most organic polymer systems because of poor spe-
cific interactions within these organic/inorganic hybrids and the negligibly small combined
entropy contribution to the free energy of mixing. Specific intermolecular interactions
are generally required to enhance the miscibility of polymers and inorganic particles.
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Figure 6.5 An example of multifunctional POSS synthesis.
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Figure 6.6 FT-IR spectra of phenolic/POSS hybrid with various POSS contents.

To improve properties and miscibility of hybrid materials, it is usually necessary to ensure
that favorable specific interactions exist between these components, such as hydrogen
bonding, dipole–dipole interactions, or acid/base complexation [29]. Determining the types
and strengths of the interactions between POSS derivatives and polymers is an important
challenge. For convenience, Chang et al. blended phenolic resin with a POSS derivative to
investigate the miscibility, specific interactions, and microstructural behavior [30]. Figure
6.6 displays IR spectra (2700–4000 cm–1) of pure phenolic and various phenolic/POSS
hybrids measured at room temperature [30].

The spectrum of the pure phenolic polymer contains two OH components: a very
broad band centered at 3350 cm–1 that is attributed to the wide distribution of the
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Figure 6.7 The synchronous 2D correlation map at 1000–1250 cm−1 region.

hydrogen-bonded OH groups and a relatively narrow band at 3525 cm–1 corresponding
to free OH groups. Two trends are observed for the OH stretching bands in the IR spectra
of the phenolic/POSS hybrids: the broad hydrogen-bonded OH band of phenolic shifts to
lower wavenumber upon increasing the POSS content, approaching a minimum at 3280
cm–1 for the hybrid containing 20 wt% POSS (Figure 6.6 (d)) [30].

This change arises from the switch of intramolecular hydroxyl–hydroxyl to intermole-
cular hydroxyl–siloxane interactions, i.e., hydrogen bonding between the OH groups of
phenolic, and the siloxane groups of POSS. Generalized 2D IR correlation spectroscopy
was used to explore the nature of the hydrogen bonding sites in the phenolic/POSS
hybrid. This tool can be used to study the mechanism of interpolymer miscibility through
the formation of hydrogen bonds, both qualitatively and quantitatively. Using this novel
method, spectral fluctuations can be treated as a function of time, temperature, pressure,
or composition to investigate the specific interactions occurring between polymer chains.
2D IR correlation spectroscopy can identify different intra- and intermolecular interactions
through selected bands from a 1D vibration spectrum [31]. Figure 6.7 presents the synchro-
nous 2D correlation maps of set A in the range from 1250 to 1000 cm–1. The absorption
bands of the POSS derivative at 1100 and 1230 cm–1 correspond to siloxane Si–O–Si and
Si–C stretching vibrations, respectively. The 1223 cm–1 peak is due to the phenyl–OH
stretching vibration of the phenolic. There are two positive cross-peaks shown in Figure
6.7, indicating hydrogen bonding interactions between the siloxane group of the POSS
derivative (1100 cm–1) and the phenyl–OH group (1223 cm–1) of the phenolic.

6.3.2. Miscibility Between Polymers and POSS Derivatives

The most important feature of a miscible polymer blend is that interassociation is stronger
than self-association. Conversely, if the self-association is stronger than the interasso-
ciation, the blend tends to be immiscible or only partially miscible. According to the
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Figure 6.8 FT-IR spectra of 2,4-dimethylphenol with various POSS concentrations.

Painter–Coleman association model (PCAM) [29], the interassociation equilibrium con-
stant between a noncarbonyl group component and a hydrogen bond donating component
can be calculated using the classical Coggeshall and Saier (C&S) method. Figure 6.8
displays the OH group absorption of 2,4-dimethylphenol (a model compound for phenolic)
in cyclohexane solutions containing various concentrations of POSS; the intensity of the
free OH absorption at 3620 cm–1 decreases with increasing POSS content. The absolute
intensity of the free OH group at 3620 cm–1 is assumed to be an indication of the content of
free OH groups in the mixture [30]. Figure 6.8 indicates that the frequency of the associated
OH band shifts from free OH group at 3620 to 3490 cm–1 as a result of interassocia-
tion hydrogen bonding between 2,4-dimethylphenol and POSS [30]. The interassociation
equilibrium constant, K A, yielded through this procedure is 38.6, based on the classic
C&S method [32], whereas the self-association equilibrium constant for the phenolic is
52.3 [33]. Clearly, the interassociation equilibrium constant from the phenolic/POSS is
relatively lower compared with the self-association equilibrium constant of pure phenolic,
indicating that the phenolic/POSS hybrid is partially miscible or immiscible because of its
relatively poor intermolecular association [34].

For this reason, functionalization of POSS derivatives possessing pendent hydrogen
bond acceptor groups is expected to improve the miscibility with phenolic resin. Func-
tionalization of Q8MH

8 can be achieved through hydrosilylation of its Si–H groups with
acetoxystyrene [34] in the presence of a Pt catalyst to form AS-POSS (Figure 6.9).

Figure 6.10 presents scaled IR spectra, recorded at room temperature, of pure phenolic
and various phenolic/AS–POSS nanocomposites. Figure 6.10(a) indicates clearly that the
intensity of the free OH absorption (3525 cm–1) decreases gradually as the AS-POSS
content of the blend is increased from 5 to 90 wt%. The band for the hydrogen-bonded
OH units in the phenolic tends to shift to higher frequency (toward 3465 cm–1) upon
increasing the AS-POSS content. This change is due to the switch from hydroxyl–hydroxyl
interactions to the formation of hydroxyl–carbonyl and/or hydroxyl–siloxane hydrogen
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Figure 6.10 IR spectra for phenolic/AS-POSS blends: (a) hydroxyl and (b) carbonyl.

bonds. Figure 6.10(b) displays IR spectra (1680–1820 cm−1) measured at room temper-
ature for various phenolic/AS-POSS blend composites. The C=O stretching frequency is
split into two bands at 1763 and 1735 cm–1 corresponding to the free and hydrogen-bonded
C=O groups, respectively. These bands are readily decomposed into two Gaussian peaks
corresponding to areas of the hydrogen-bonded C=O (1735 cm–1) and the free C=O (1763
cm–1) peaks [35].

According to the PCAM, the interassociation equilibrium constant between a noncar-
bonyl group component and a hydrogen bond donating component can be calculated using
the classical C&S method. To recheck the interassociation equilibrium constant between
the phenolic OH groups and the POSS siloxane groups, the value of K A can be determined
indirectly from a least-squares fitting procedure of the experimental fraction of hydrogen-
bonded C=O groups of AS-POSS in this binary blend. Figure 6.11 indicates that the
experimental values are generally lower than the predicted values when using the value of
K A of 64.6 obtained from the phenolic/PAS blends [36]. This result also indicates that the
OH groups of phenolic not only interact with the C=O groups of the acetoxystyrene units
but also with the siloxane groups of the POSS core, which is consistent with the results
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Figure 6.11 Fraction of hydrogen-bonded carbonyl groups versus phenolic contents.

reported from a previous study. To calculate the values of the interassociation constants
K A, a least-squares method was employed as described previously [36], which resulted
in an interassociation equilibrium constant of 26.0 for the phenolic/AS-POSS blend. The
value of K A obtained from the phenolic/PAS blend was 64.6, implying that the value of K A

between the OH group of phenolic and the siloxane group of POSS is equal to 38.6 (i.e.,
64.6 − 26.0 = 38.6), which is exactly consistent with the value reported previously based
on classical C&S methodology [32]. Therefore, there is a good correlation between these
two different methods when determining the values of the interassociation equilibrium
constants for hydroxyl–siloxane interactions. In addition, the trend of the glass transition
temperature (Tg) of the phenolic/AS-POSS blend (q = 25) is greater than that of the
phenolic/PAS blend (q = −245) system based on the Kwei equation [37].

This behavior may arise from two phenomena: (i) the star-shaped acetoxystyrene-POSS
presents a larger fraction of hydrogen-bonded C=O groups than does the linear PAS, which
is similar to the findings made in a previous study of a phenolic/poly(methyl methacrylate)
blend system [38]; (ii) the siloxane groups of the POSS core can also form hydrogen bonds
with the OH groups of the phenolic. Therefore, the presence of POSS moieties effectively
increases the values of Tg of the resultant organic/inorganic polymer nanocomposites.

The low molecular weight of POSS derivative is unable to effectively increase the
glass transition temperature in the phenolic/AS-POSS blend system. As a result, Lin et al.
synthesized a new POSS derivative containing eight phenol groups and then copolymerized
it with phenol and formaldehyde to form novolac-type phenolic/POSS nanocomposites
through covalent bonding, which exhibits high thermal stabilities and low surface energies
(Figure 6.12) [39].

Figure 6.13 displays conventional second-run DSC and TGA thermograms of
phenolic/OP–POSS nanocomposites at various weight ratios [39]. Each of these hybrids
possesses essentially a single value of Tg , suggesting that these hybrids exhibit a sin-
gle phase. The glass transition temperatures of these nanocomposites are significantly
enhanced after incorporation of POSS units; however, fractions of incompletely reacted
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functional groups are still remained on the POSS and phenolic components. The enhanced
glass transition temperature is resulted from the restricted motion of the polymer chains
caused by the physical crosslinkage through hydrogen bonding interactions from these
evenly distributed POSS units within the phenolic matrix. Figure 6.13(b) shows thermal
degradation of neat phenolic resin and the POSS-containing nanocomposites [39].

The char yield increases upon increasing the POSS content except the sample incor-
porating 10 wt% POSS, providing further evidence that some lower molecular weight
species are still present in the phenolic/octaphenol-POSS 10 wt% sample. The value of
Td increases significantly upon increasing the POSS content, the phenolic/OP–POSS 10
wt% sample exhibits a value of Td 123◦C higher than that of the pure phenolic resin. This
phenomenon can be explained in terms of the nano-reinforcement effect of incorporating
POSS moieties into polymeric matrixes. The nanoscale dispersion of POSS moieties within
the matrix and their covalent and hydrogen bonds to the phenolic resin are responsible for
enhancing the initial decomposition temperature [39].

6.4. POSS-Containing Polymers and Copolymers

POSS feedstocks, which have been functionalized with various reactive organic groups,
can be incorporated into virtually any existing polymer system through either grafting or
copolymerization. POSS homopolymers can also be synthesized. The incorporation of the
POSS nanocluster cages into polymeric materials can result in dramatic improvements in
polymer properties, including temperature and oxidation resistance, surface hardening, and
reduction in flammability. Therefore, research in POSS-related polymers and copolymers
has accelerated recently. Some representative systems are discussed below.

6.4.1. Polyolefin/POSS and Norbornyl/POSS Copolymers

A number of interesting design strategies for the preparation of polyolefin/POSS hybrid
materials have evolved over the past decade. Hsiao et al. [40] used DSC to investigate
a series of iPP melt-blended with nanostructured POSS molecules to study the quiescent
melt crystallization behavior, and shear-induced crystallization behavior. Tabuani and co-
workers [41, 42] reported the influence of the POSS substituent groups on the morphologi-
cal and thermal characteristics of melt-blended PP/POSS composites. Furthermore, Cough-
lin et al. and Mather et al. reported polyolefin copolymers containing norbornyl-POSS
macromonome [43–45]. Polyolefin-POSS copolymers incorporating a norbornylene-POSS
macromonomer have been prepared using a metallocene/methyl aluminoxane (MAO) co-
catalyst system (Figure 6.14) [43].

6.4.2. Polystyrene/POSS Nanocomposites

Haddad synthesized and characterized (Figure 6.15) a series of linear thermoplastic hybrid
materials containing an organic polystyrene backbone and large inorganic silsesquioxane
groups pendent to the polymer backbone [46]. The pendent inorganic groups drastically
modify the thermal properties of the polystyrene, and the interchain and/or intrachain
POSS–POSS interactions affected the solubility and thermal properties [46].

Couglin et al. [47] developed a synthetic route for preparing syndiotactic PS (sPS)–
POSS copolymers (Figure 6.16). Copolymerizations of styrene and POSS afforded a novel
nanocomposite of sPS and POSS. The rate of copolymerizations was much slower than
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that of radical polymerization, presumably because of the coordination polymerization
mechanism. TGA traces of the sPS–POSS copolymers under both nitrogen and air revealed
their improved thermal stability, i.e., higher degradation temperatures and char yields [47].

Couglin et al. also reported a synthetic protocol for preparing well-defined POSS–
polystyrene hemi-telechelic hybrids (Figure 6.17) [48]. These model systems provide the
opportunity to experimentally probe the ordering or aggregation behavior of inorganic
nanoparticles within polymeric matrices.

Chang et al. synthesized and characterized a series of hybrid poly (acetoxylstyrene-
co-isobutylstyryl-POSS) (PAS–POSS) systems [49, 50]. The presence of the POSS
moiety effectively increases the glass transition temperatures of the resultant
organic/inorganic hybrid polymers at relatively high POSS contents. Furthermore,
a series of poly(hydroxystyrene-co-vinylpyrrolidone-co-isobutylstyryl-POSS) hybrid
polymers incorporating various POSS contents were prepared through free radical
copolymerization of acetoxystyrene, vinylpyrrolidone, and POSS, followed by selective
removal of the acetyl protecting group [51, 52]. The value of Tg of the PHS–PVP–POSS
hybrids increases substantially upon incorporating the POSS moiety (Figure 6.18). The
presence of the physically crosslinked POSS through hydrogen bonding in these hybrid
polymers tends to restrict the polymer chain motion, and results in higher Tg .

Figure 6.19 displays the C=O stretching region (1620–1720 cm–1) of FTIR spec-
tra recorded at room temperature of different concentrations of ethylpyrrolidone (EPr,
a model compound for PVP) in cyclohexane, PAS-co-PVP-co-POSS2.2, PAS-co-PVP,
pure PVP, PVPh/PVP blend, PVPh-co-PVP, PVPh-co-PVP-co-POSS0.8, PVPh-co-PVP-
co-POSS2.2, and PVPh-co-PVP-co-POSS3.2 copolymers [51, 52]. The C=O band of the
EPr/cyclohexane solution is broaden and shifted to lower wavenumber upon increasing
the EPr concentration because of higher probability of forming pyrrolidone/pyrrolidone
interactions. These results confirm that the wavenumber and half-width are both dependent
upon the specific and dipole interactions between molecules or polymer chains. In addition,
the signal for the pure PVP homopolymer appeared at lower wavenumber and gives a
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Figure 6.18 DSC thermograms of PAS-co-PVP-co-POSS, PAS-co-PVP, pure PVP, PVPh/PVP
blend, PVPh-co-PVP, and with different POSS contents of PVPh-co-PVP-co-POSS.

Figure 6.19 FTIR spectra for various EPr concentrations in cyclohexane, PAS-co-PVP-co-POSS,
PAS-co-PVP, pure PVP, PVPh/PVP blend, PVPh-co-PVP, and with different POSS contents of
PVPh-co-PVP-co-POSS.
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broader half-width relative to that of EPr in cyclohexane because no inert diluent (nonpo-
lar) group is present in the pure PVP homopolymer. Therefore, the probability of dipole–
dipole interactions of the PVP is expected to be greater than that in the EPr/cyclohexane
system. Upon incorporation of acetoxystyrene monomers into the PVP chain, the half-
width of the PVP C=O band at 1680 cm–1 decreases and shifts to higher wavenumber
(1682 cm–1). The value of Tg of PAS-co-PVP decreases significantly (26◦C) as a result of
the lower degree of dipole–dipole interactions of the pyrrolidone moieties in the polymer
chain. The C=O band of the PAS-co-PVP at 1682 cm–1 shifts slightly higher (to 1683
cm–1) upon incorporation of the POSS moiety into the PAS-co-PVP copolymer chain. It
appears that the incorporation of the inert diluent group (POSS) into the polymer chain
decreases the strength of its original dipole–dipole interactions [51, 52].

For this reason, the Tg of PAS-co-PVP-co-POSS2.2 also decreases significantly (24◦C)
relative to that of the PAS-co-PVP copolymer. This result provides evidence for why most
POSS hybrid polymer systems possess lower Tg , relative to those of the original polymer
matrices, at lower POSS contents. Figure 6.20 displays all the shifts and interactions of the
characteristic vibration bands [51, 52].
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Figure 6.21 Synthesis of PMMA–POSS nanocomposites.

Figure 6.22 Synthesis of triblock and star-block copolymers.

6.4.3. Poly(methacrylate)/POSS Copolymers

Methacrylate-substituted POSS macromers can be prepared containing one polymerizable
functional group (Figure 6.21) [53–60]. The resulting materials are generally transparent
brittle plastics, i.e., the incorporation of the POSS group into linear polymers tends to
prevent or reduce the segmental segregation or mobility.

Pyun and Matyjaszewski used atom transfer radical polymerization (ATRP) to synthe-
size an MA-POSS homopolymer and block copolymers from a cyclopentyl-substituted
POSS monomer [60, 61]. They employed ATRP to prepare the block copolymer of
MA-POSS with n-butyl acrylate; 4-(methylphenyl) 2-bromoisobutyrate as the initia-
tor and CuCl/PMDETA as the catalyst (Figure 6.22) [60, 61]. Triblock copolymers
were prepared from a difunctional (both ends) bromine-terminated poly(n-butyl acry-
late) macroinitiator (Mn,NMR = 7780) and MA-POSS. In the syntheses of the triblock
copolymers, the macroinitiator was prepared through ATRP of n-BA using dimethyl-2,6-
dibromoheptanedioate as the difunctional initiator. Synthesis of P(MA-POSS)-b-PBA-b-
P(MA-POSS) triblock and PMA-b-P(MA-POSS) star-block copolymers were carried out
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by chain extension of the difunctional bromine-terminated n-butyl acrylate macroinitiator
using MA-POSS monomer. A star-block copolymer of methyl methacrylate and MA-POSS
were also prepared through ATRP of methyl methacrylate using a trifunctional initiator.
The polydispersity (Mw/Mn) of this star block copolymer was 1.30 [60, 61].

TEM characterization of the triblock copolymer thin film P(MA-POSS)10-b-PBA201-b-
P(MA-POSS)10 revealed the formation of PBA cylinders in a P(MA-POSS) matrix. Chen
et al. reported the polymerization of an isobutyl-substituted MA-POSS monomer from a
self-assembled monolayer (SAM) of ATRP initiators covalently immobilized on flat silicon
wafers (Figure 6.23) [62]. This method is a simple and effective approach toward preparing
well-defined POSS-containing polymer films from flat surfaces [62].

Laine et al. synthesized a star poly(methyl methacrylate) from an octafunctional
silsesquioxane cube using the “core-first” method and ATRP (Figure 6.24) [63].

Fukuda and co-workers used an incompletely condensed POSS possessing a highly
reactive trisodium silanolate group for the synthesis of several initiators for ATRP to obtain
tadpole-shaped polymeric hybrids with a POSS unit at the end of the polymer chain (Figure
6.25) [64, 65].

Recently, Chang et al. reported polymer hybrids having controllable molecular weights
and a chain-end-tethered POSS moiety synthesized through ATRP (Figure 6.26) [66].

Blending both PMMA–POSS and PMMA with phenolic resin revealed that the POSS
terminus affected the thermal properties, miscibility behavior, and hydrogen bonding
interactions [66]. A further investigation [ref] of the specific interassociation interac-

AQ1:
Please
provide
the
missing
reference
number in
the
sentence
‘A further
investiga-
tion
[ref] . . . ’

tions between the terminal siloxane units of the POSS moieties and the OH groups
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of the phenolic revealed an interesting “screening effect” in these phenolic and low-
molecular-weight PMMA–POSS blends (less than PMMA entanglement), as indicated in
Figure 6.27 [66].

6.4.4. Poly(ethylene oxide)/POSS Nanocomposites

Poly(ethylene oxide) (PEO) is an important polymer electrolyte in lithium ion batteries
because of its ability to solvate lithium ions. Nevertheless, it is a semicrystalline polymer
and ionic conduction occurs mostly in the amorphous phase; the room temperature (RT)
ionic conductivity of PEO is low due to its crystallization. The ion mobility increases with
greater free volume upon increasing the number of chain ends; therefore, higher conduc-
tivity is expected for low-molar-mass or highly branched PEO polymers compared with
linear, high-molar-mass PEO. Thus, one approach toward increasing the RT conductivity
of PEO-based polymer electrolytes is the attachment of short-chain PEO oligomers as
side chains to form “comb-shaped” or “hairy rod”-like polymeric structures, or as “arms”
from inorganic scaffolds. Wunder et al. [67] grafted oligomeric PEO chains onto Q8MH

8 to
produce the PEO functionalized silsesquioxanes as displayed in Figure 6.28.
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Figure 6.27 Proposed screening effect microstructure in phenolic/PMMA–POSS blends.
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A strong self-supporting film prepared from 10% methyl cellulose and 90% Q8M8PEO
(n = 8)/LiClO4 resulted in RT conductivity of 10–5 S/cm [67].

In addition, well-defined amphiphilic telechelics incorporating POSS have been syn-
thesized through direct urethane linkage between the OH end groups of a poly(ethylene
glycol) (PEG) homopolymer and the monoisocyanate groups of a POSS macromer, as
indicated in Figure 6.29 [68].

They found that the synthesized amphiphilic telechelics exhibited a relatively narrow
and unimodal molecular weight distribution (Mw/lMn < 1.1) and had close to 2.0 end
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groups per PEG chain [68]. The crystallinity of the PEO segments in the amphiphilic
telechelics decreased dramatically when the POSS content in the amphiphilic telechelic
reached 40.7%, and became amorphous at values beyond ca. 50%. As a result, they ob-
tained several amphiphilic telechelics with a range of thermal and morphological properties
through controlling the ratio of the hydrophilic PEG homopolymer and the hydrophobic
and bulky POSS macromers [68].

6.4.5. PCL/POSS Nanocomposites

Chang et al. synthesized a series of the organic/inorganic hybrid star PCLs through coor-
dinated ring-opening polymerization of ε-caprolactone using POSS as the initiator (Figure
6.30) [69].

Similar to the linear PCL analogues reported previously, this star PCL formed inclusion
complexes (ICs) with α- and γ -CD, but not with β-CD [69]. The stoichiometries of all
the ICs with α- and γ -CD were greater than those of the corresponding CD/linear PCL ICs
because of steric hindrance around the bulky POSS core and some g of the gε-caprolactone
units near the core were unable to form ICs. Zheng et al. [70] reported another approach
for the preparation of octa(3-hydroxypropyl) POSS; they used an octafunctional initiator
for the synthesis of eight-armed star-shaped PCLs. Organic/inorganic star PCLs possessing
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various degrees of polymerization were synthesized via ring-opening polymerization cat-
alyzed by stannous(II) octanoate [Sn(Oct)2] [70].

6.4.6. Polyimide/POSS Nanocomposites

Polyimides (PIs) are widely used in microelectronics industries because of their outstand-
ing characteristics, such as excellent tensile strength and modulus, good thermal stability
and dielectric properties, and high resistance to organic solvents. There are two common
routes for incorporating POSS units into a PI matrix. One method of achieving PI–POSS
nanocomposites is to use a POSS derivative possessing eight functional groups (e.g.,
epoxy or amino groups) to serve as a crosslinking agent. Laine and co-workers described
[71, 72] the nitration of octa-phenyl POSS, which was first reported in 1961 by Olsson
[72], and subsequent production of octakis(aminophenyl)–POSS through Pd/C-catalyzed
hydrogenation (Figure 6.31(a)).

Furthermore, the octa-amino POSS was employed in conjunction with dianhydrides to
prepare extremely thermally resistant crosslinked PI networks [71, 72]. This amino-POSS
derivative can be reacted with maleic anhydride to obtain the octa-N -phenylmaleimide
[73], which can also serve as a crosslinking agent in maleimide polymer chemistry. He et
al. [74] and Chang et al. [75] demonstrated that the PI prepolymer, polyamic acid (PAA),
can react with octakis(glycidyldimethylsiloxy)-octasilsesquioxane (Figure 6.31(b)).

Using these approaches, the dielectric constants of the PI nanocomposites can be
reduced, and their thermal properties modified, upon increasing the POSS content.



Nanocomposites Based on POSS 177

Figure 6.32 SEM cross-section analysis of PI–POSS hybrid materials (a) PI-3P, (b) PI-7P, (c) PI-
10P. (d) Fractured cross-section surface of the PI-10P.

Figures 6.32(a)–(d) display cross-sectional SEM images of various morphologies obtained
at various epoxy-POSS contents. In this study, excess diamine (ODA) was reacted initially
with BTDA and then the terminal amino groups of the polyamic acid were reacted with
epoxy-POSS. By varying the equivalent ratio of the ODA, polyamic acids of various
molecular weights and nanocomposites possessing various morphologies were obtained.
The reduction in the dielectric constant of the PI–POSS hybrids can be explained in terms
of the nanovoid volume of the POSS cores and the free volume increase resulting from the
presence of the rigid, large POSS units inducing a loose PI network (Figure 6.32(d)) [75].

Wei et al. [76–78] reported the grafting reaction of a novel POSS derivative as an
approach toward PI-tethered POSS nanocomposites possessing well-defined architectures
(Figure 6.33). These types of PI-tethered POSS nanocomposites have both lower and
tunable dielectric constants, with the lowest value of 2.3, and controllable mechanical
properties, relative to those of the pure PI. The tethered POSS molecules in the amorphous
PI retain a nanoporous crystal structure, but form an additional ordered architecture as a
result of microphase separation. Using this approach, the dielectric constant of the film can
be tuned by modifying the amount of POSS added [76–78].

6.4.7. Epoxy/POSS Nanocomposites

Monofunctional and multifunctional POSS–epoxies have been incorporated into the back-
bones of epoxy resins to improve their thermal properties [79–84]. The multifunctional
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epoxy-substituted POSS monomer was incorporated into an epoxy resin network
composed of difunctional epoxies. The presence of POSS can increase the glass transition
temperature of the epoxy resin because the nanoscopic size and mass of the POSS cages
enhance their ability to hinder the segmental motion of molecular chains and network
junctions. Chang et al. also reported a new nanomaterial (Figure 6.34) based on POSS-
epoxy (OG) and meta-phenylenediamine (mPDA) [85]. The activation energy in curing
the OG/mPDA system was higher than that of the DGEBA/mPDA system, as determined
using both the Kissinger and Flynn–Wall–Ozawa methods [86, 87]. In an isothermal kinetic
study based on an autocatalytic system, the activation energy for curing OG/mPDA was
also higher than that of the DGEBA/mPDA system [85].

The Tg of the cured OG/mPDA product is significantly higher than that of the
DGEBA/mPDA material because the presence of these POSS cages is able to effectively
hinder the motion of the network junctions. The cured OG/mPDA product possesses
inherently higher thermal stability than the cured DGEBA/mPDA product, as evidenced
by the higher maximum decomposition temperature and the higher char yield of the
former system. However, the existence of a large fraction of unreacted amino groups
causes a lower initial decomposition temperature of the OG/mPDA system because
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they tend to decompose or volatilize upon heating at relatively low temperatures. The
dielectric constant of the OG/mPDA material (2.31) is substantially lower than that of the
DGEBA/mPDA system (3.51) because of the presence of the nanoporous POSS cubes in
the epoxy matrix [85].

6.4.8. Polybenzoxazine/POSS Nanocomposites

Chang et al. synthesized a novel benzoxazine ring containing POSS monomer (BZ–POSS)
through two routes (Figure 6.35): (i) hydrosilylation of a vinyl-terminated benzoxazine
using the hydrosilane functional group of a POSS derivative (H–POSS) and (ii) the reaction
of a primary amine-containing POSS (amine-POSS) with phenol and formaldehyde [88].
The BZ–POSS monomer was copolymerized with other benzoxazine monomers through
ring-opening polymerization under conditions similar to those used to polymerize pure
benzoxazines. The thermal properties of these POSS-containing organic/inorganic poly-
benzoxazine nanocomposites were improved over those of the pure polybenzoxazine, as
analyzed using DSC and TGA [88].
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The chemical structure and mechanism for the synthesis of benzoxazine-POSS.
In addition, benzoxazine can be synthesized through the Mannich condensation of

phenol, formaldehyde, and primary amines through ring-opening polymerization. Poly-
benzoxazines are phenolic-like materials that possess dimensional and thermal sta-
bility, and release no toxic byproducts during polymerization [89]. To further im-
prove the thermal stability of polybenzoxazines, a hydrosilane-functionalized polyhedral
oligomeric silsesquioxane (H-POSS) was incorporated into the vinyl-terminated benzox-
azine monomer (VB-a) followed by ring-opening polymerization. Chang et al. also pre-
pared hybrids from a nonreactive POSS (IB-POSS) and VB-a. The value of Tg of a regular
polymerized VB-a (i.e., PVB-a) was 307◦C, whereas for the hybrid containing 5 wt%
H-POSS it was 333◦C [90]. A new class of polybenzoxazine/POSS nanocomposites pos-
sessing network structures was prepared through reacting a multifunctional benzoxazine
POSS (MBZ–POSS) with benzoxazine monomers (Pa and Ba) at various compositional
ratios. The octafunctional cubic silsesquioxane (MBZ–POSS) used as the curing agent
was synthesized from eight organic benzoxazine tethers through hydrosilylation of the
vinyl-terminated benzoxazine monomer VP-a with Q8M8 using a Pt-dvs as the catalyst.
Incorporation of the silsesquioxane cores into the polybenzoxazine matrix significantly
hindered the mobility of the polymer chains and enhanced the thermal stability of these
hybrid materials [90].

6.4.9. Other Applications

6.4.9.1. Polymer Light Emitting Diodes (PLEDs) Incorporating POSS
Hybrid Polymers

Heeger et al. reported the incorporation of POSS moieties into conjugated polymers [91,
92], by synthesizing (Figure 6.36) the POSS-anchored semiconducting polymers POSS-
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anchored poly(2-methoxy-5-(ethylexyloxy)-1,4-phenylenevinylene) (MEH–PPV–POSS)
and POSS-anchored poly(9,9-dihexyfluorenyl-2,7-diyl) (PFO–POSS). Relative to the cor-
responding parent polymer, these POSS-anchored semiconducting polymers exhibited
higher brightness and external quantum efficiencies [91, 92].

The role of POSS was suggested to reduce the formation of aggregation and/or excimers
or to lower the concentration of conjugated defects. Shim et al. [93–96] prepared POSS-
substituted polyfluorene polymers (Figure 6.37). The incorporation of the POSS groups
inhibited interchain interactions and fluorenone formation and, thus, led to a reduction
in the degree of undesired emission (>500 nm) of the poly(dialkylfluorene)s and an
improvement in the thermal stability of the PFO–POSS systems. Devices incorporating
PFO–POSS hybrids as emitting layers exhibited very stable blue light emissions and high
performance [93].

Wei et al. and Hsu et al. [97–99] reported a new series of asymmetric conjugated
polymers presenting POSS units on their side chains (Figure 6.38). An EL device prepared
from MEH–PPV emitted a strong peak at 590 nm and a vibronic signal in the range 610–
620 nm [97].

The introduction of bulky siloxane units into the PPV side chains presumably in-
creases the interchain distance, thereby retarding interchain interactions and reducing the
degree of exciton migration to defect sites. A star-like polyfluorene derivative, PFO–
SQ, was synthesized through the Ni(0)-catalyzed reaction of octa(2-(4-bromophenyl)
ethyl)octasilsesquioxane (OBPE–SQ) and polydioctylfluoroene (PFO), as depicted in
Figure 6.39 [100]. The incorporation of the silsesquioxane core into the polyfluorene
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significantly reduced the degree of aggregation and enhanced the thermal stability. The
incorporation of inorganic silsesquioxane cores into polyfluorenes is a new method for
preparing organic light-emitting diodes with improved thermal and optoelectronic charac-
teristics [100].

6.4.9.2. Liquid Crystal Polymers (LCPs) Incorporating POSS Hybrid Polymers
With the goal of developing diverse building blocks for nanocomposite materials, Laine
and coworkers [101] synthesized liquid crystalline materials by appending mesogenic
groups to cubic silsesquioxane cores via hydrosilylation of allyloxy-functionalized meso-
gens with octakis(dimethylsiloxy)octasilsesquioxane (Q8MH

8 ). Figure 6.40 indicates that
hydrosilylation leads to cubes possessing an average of five appended LC groups; this
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structure differs from the more “regular” fully LC-substituted analogs reported previously.
Despite the structural irregularity, three of the four penta-LC-cube derivatives exhibited LC
transitions, with a tendency to form SmA. One interesting observation was a redistribution
of the diffuse liquid-like scattered intensity at 11–12 Å in the smectic phase upon align-
ment. These results provide the basis for future work on producing LC cubes as potential
precursors to LC-ordered organic/inorganic nanocomposites. Although, the LC transition
temperatures were reduced somewhat, they remained above those values considered useful
for biologically important applications [101].

Chujo reported the preparation of a POSS macromonomer through radical copolymer-
ization, LC hybrid copolymers incorporating various proportions of the synthesized LC
monomer (Figure 6.41) [102]. The obtained LC hybrid polymers were soluble in common
solvents, such as tetrahydrofuran, toluene, and chloroform. The thermal stability of the
hybrid polymers increased upon increasing the ratio of POSS moieties [102].

6.4.9.3. Lithographic Applications of POSS-Containing Photoresists
Several POSS-based photoresists have been reported, including positive-tone POSS-
containing photoresists. Wu et al. [103, 104] reported that the incorporation of POSS
units in methacrylate-based chemically amplified photoresists influenced their reactive ion
etching (RIE) behavior (Figure 6.42). Whereas polymers incorporating low POSS concen-
trations exhibited little improvements in their RIE resistances, the presence of 20.5 wt%
POSS monomer in methacrylate-based resist significantly improved the RIE resistance
in O2 plasma. High-resolution transmission electron microscopy revealed that the RIE
resistance improvement was due to the formation of rectangular crystallite-constituting
networks of the silica cages uniformly distributed within the polymer matrix [103, 104].

Gonsalves et al. [105, 106] synthesized and characterized a series of POSS-containing
positive-tone photoresists for use in both extreme ultraviolet lithography (EUVL) and
electron beam lithography (Figure 6.43).

These photoresist systems exhibited the ideal combination of enhanced etch resistance
and enhanced sensitivity required to satisfy both low- and high-voltage patterning ap-
plications. The photoresist sensitivity was enhanced after the direct incorporation of a



184 Kuo et al.

CH2 C

CH3

C O

O

C

CH2

CH3

C

CH3

CH2

C O

OCH3

n
C

CH3

C O

O

CH2

CH2

CH2

*
p q

CH2 C

CH3

C O

OH

m
*

R: c-C5H9

O

Si
O

Si

O

Si
O

SiO

Si
O

Si

O

OSiO

O
O

O

R

R

R

R

R

R

R

Si

H3C
CH3

H2
C C

CH3

C O

O

C

CH3

H2
C

n
C

CH3

C O

O

CH2

CH2

CH2

*
q

H2
C C

CH3

C O

O

m
*

R: c-C5H9

O

Si
O

Si

O

Si
O

SiO

Si
O

Si

O

OSiO

O
O

O

R

R

R

R

R

R

R

Si

H3C
CH3

S+CH3 CH3
CF3SO3

-

Figure 6.42 Microstructures of methacrylate-based chemically amplified photoresists.

H2
C C

CH3

C O

O

H2
C C

CH3 H2
C

C O

OCH3

o
C

CH3

C O

O

CH2

CH2

CH2

*
p q

H2
C C

CH3

C O

OH

n

R: c-C5H9

C

CH3

H3C
CH3

O

Si
O

Si

O

Si
O

SiO

Si
O

Si

O

OSiO

O
O

O

R

R

R

R

R

R

R

Si

H2
C C

CH3

C O

O

m
*

S+CH3 CH3
CF3SO3

-

Figure 6.43 Microstructure of the nanocomposite resist.



Nanocomposites Based on POSS 185

H2
C C

CH3

C O

O

C

CH3

H2
C

n
C

CH3

C O

O

CH2

CH2

CH2

*
q

H2
C C

CX3

C O

OH

m
*

X: H or F
R: Et or c-C5H9 O

Si
O

Si

O

Si
O

SiO

Si
O

Si

O

OSiO

O
O

O

R

R

R

R

R

R

R

Si

H3C
CH3

Figure 6.44 Microstructure of the POSS terpolymers.

photoacid-generating monomer into the resist polymer backbone, while the etch resistance
of the material was improved after copolymerization with a POSS-containing monomer
[105]. Argitis et al. [107–109] described the lithographic behavior and related material
properties of chemically amplified, positive-tone, methacrylate-based photoresists incor-
porating POSS groups as the etch-resistant component (Figure 6.44).

The POSS-containing photoresists studied for 157-nm lithographic applications exhib-
ited high sensitivity (<10 mJ/cm2 under open field exposure), no silicon outgassing, and
sub-100-nm resolution capabilities; indeed, 90-nm patterns in 100-nm-thick films could be
resolved. Alternatively, an octavinylsesquioxane dry resist was prepared as a negative-tone
resist that exhibited high sensitivity for deep-UV, electron-beam, and X-ray lithography
[110]. Furthermore, Zheng et al. [111] synthesized a novel photosensitive otaccinnamoy-
lamidophenyl POSS derivative (OcapPOSS) through the reaction of cinnamoyl chloride
and octaaminophenyl POSS. The presence of the POSS cages restricted the mobility of
the poly(vinyl cinnamate) macromolecular chains and, thus, hindered the formation of
tetrabutane rings. DSC analysis revealed that the values of Tg of the nanocomposites were
significantly higher than that of the parent poly(vinyl cinnamate). Recently, Chang et al.
[112] developed methacrylate-based, POSS derivative-containing photoresist materials for
UV-lithography with enhanced sensitivity, higher contrast, and improved resolution as a
result of the presence of hydrogen bonding interactions between the siloxane units of the
POSS moieties and the OH groups [30, 39]. Hydrogen bonding interactions within these
photosensitive copolymers not only formed physically crosslinked bonds but also raised
the density of methacrylate olefinic units around the POSS moieties, thereby enhancing
the rate of chemically crosslinked photopolymerization (Figure 6.45) [112].

6.4.9.4. Low-k Applications of POSS-Containing Materials
To decrease the dielectric constants of polymers, several research groups [113–117] have
been exploring the possibility of incorporating various nanoforms into polymer matrixes
to take the advantage of the low dielectric constant of air (k = 1). There are two typi-
cal routes employed for preparing materials with low dielectric constants: (i) nanopore
formation through decomposition (e.g., thermal decomposition, photodegradation with
UV irradiation, or solvent etching) of a dispersion phase within a material matrix and
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Figure 6.45 The proposed microstructure via hydrogen bonding interaction of POSS.

(ii) incorporation of a low-k moieties (e.g., fluorinated units, supercritical fluids, or low-
k particles) within a material matrix. There are several drawbacks to each of these two
methods, such as contaminant release, solvent effects, and compatibility of the dispersion
and the matrix. Recently, a low dielectric constant material was prepared after dispersion
of POSS-containing molecules into a polymer matrix [51, 53]. Chang et al. developed
some POSS-containing low-k materials using both of the methods mentioned above, taking
advantage of hydrogen bonding interactions between the POSS moieties and OH groups
to achieve homogenous nanocomposites [118, 119]. In these nanocomposite materials, the
POSS moieties not only served as low-k materials but also contributed to the improved
thermal and mechanical properties.

6.5. Conclusion

The POSS nanocomposites presented here are composite materials reinforced with sil-
ica cages, i.e., an ultrafine filler of nanometer size, which is almost equal to the size
of the polymer matrix. Although the POSS content can be as low as ca. 1–5 wt%,
individual POSS particles can exist at distances as close as several nanometers apart.
Therefore, these nanocomposites possess microstructures that do not exist in conven-
tional composites. For this reason, the field of POSS nanocomposite research has become
extremely active in recent years (Figure 6.46). In this chapter, we have reviewed only
the studies that have made major contributions to this research field, focusing on the
preparation of such polymer–POSS nanocomposites as styryl-POSS, methacrylate-POSS,
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norbornyl-POSS, vinyl-POSS, epoxy-POSS, phenolic-POSS, benzoxazine-POSS, amine-
POSS, and hydroxyl-POSS. Both monofunctional and multifunctional monomers of these
types are used to prepare commercial and/or high-performance thermoplastic and ther-
mosetting polymers. This chapter also provides details of their corresponding thermal, dy-
namic mechanical, electrical, and surface properties. Other important publications related
to POSS are cited in the reference section [120–161].
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