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Polyhedral oligomeric silsesquioxanes (POSS) are a family
of nanoscale chemical structures that contain a silicon/oxygen
core based on (SiO1.5)n and have each apex (i.e., silicon atom)
connected to some organic group.1 It is this combination of an
inorganic core covered with an organic shell at the molecular
level that has led POSS structures to being labeled as hybrid
materials.2 The most easily prepared, commercially available,
and widely studied POSS structures have a core unit of eight
silicon atoms: (RSiO1.5)8 with R being a wide variety of neutral3

and charged4 organic functionalities. Thus, the chemical nature
of the R group that modifies a POSS cage controls the solubility
and hence compatibility of the hybrid material with solvents
and in many cases, a host polymeric material.5

Early in the development of POSS chemistry Feher and co-
workers6 discovered that incompletely condensed cages of the
formula R7Si7O9(OH)3 could be isolated and then capped with
an organosilane (R1SiX3) reagent to produce a wide variety of
POSS molecules with one apex uniquely modified.7 Over the
past two decades research groups have utilized monotethered-
POSS molecules for the covalent attachment to a variety of host
materials.8 More recently several groups have recognized that

the amphiphilic nature of monotethered-POSS molecules can
be utilized to assemble three- and two-dimensional nano- and
microstructures.9,10 In this communication we present the
synthesis of a new monotethered-POSS molecule that will form
micellar aggregates that undergo a thermally induced polym-
erization/cure reaction to afford very stable and discrete nano-
sized macromolecular structures.

Starting from methyl 3,5-dihydroxybenzoate, the bis-benzyl-
protected benzoic acid (2) is produced in essentially quantitative
yield in two steps (Scheme 1).11 Formation of amide3 is
subsequently achieved in high yield by treatment of2 with
oxalyl chloride (catalytic DMF) followed by reaction with
3-aminopropyl-hepta(isobutyl)POSS. The benzyl-protecting groups
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are readily removed under mild conditions using hydrogen and
Pd/C as catalyst12 to afford the dihydroxy benzamide4.13 A
chilled (-20 °C) ether solution containing4 and a slight excess
of cyanogen bromide is treated with triethylamine to afford after
workup, monomer5 in excellent yield and purity.14 It is
noteworthy to mention that the only purification steps required
to provide pure intermediates and the target monomer are either
simple aqueous workups or filtration through Celite.

A cure profile obtained in a differential scanning calorimeter
(DSC) for cyanate monomer5 is displayed in Figure 1. As
anticipated, we find an exothermic cure event; however, this
usually does not occur until well over 220°C for most aromatic
cyanate ester resins.15 The reason for the lower temperature cure
is unclear at this time. In Figure 1, we also show that when the
ramp is halted at 250°C and then cooled, the second heating
cycle shows no exothermic cure event. Thermogravimetric
analysis (TGA) of monomer5 under nitrogen (Figure 1)
confirms no weight loss during the cure reaction as expected
in the formation of the triazine rings. Treatment of a sample in
the TGA under a purge of air shows an intermediate weight
reduction of∼34% at∼300 °C that is consistent with loss of

the POSS-alkyl groups, and then after∼2 h at 600°C, complete
conversion to SiO2 is nearly quantitative.16 Both infrared and
NMR spectroscopic analysis of the cured materials show a
complete disappearance of the signals associated with the
cyanate ester group.17 Furthermore, silicon-29 NMR spectro-
scopic data of the thermally cured material reveals two very
sharp and strong signals atδ 67.5 and 67.8 ppm that are virtually
identical to the starting monomer5.

We have carried out the thermal curing of5 at a variety of
temperatures and monitored progress of the reaction using size
exclusion chromatography (SEC). A plot of the data for reaction
time vsMn is shown in Figure 2. Although at higher temperature
the cure is discernibly faster, it is evident that in a matter of
minutes even at 170°C the reaction is nearly complete and the
molecular weight becomes quite stable in a short time period.
Furthermore, the polydispersity (1.4-1.6) we measure is quite
narrow at the higher reaction temperatures (230 and 250°C),
especially for a polymerization reaction that is well-known to
form extensive 3-dimensional hyper-cross-linked networks.15

Further support for a compact and discrete nanostructure of
limited molecular weight for the thermally cured5 is revealed
by viscosity measurements.18 Plots of relative viscosity (ηrel)
for the POSS cyanate ester monomer5 and the thermally cured
polymer as a function of concentration in hexanes are shown
in Figure 3. Despite the relatively high concentrations used, the
relative viscosities measured remain low, even for the polym-

Figure 1. Simultaneous TGA (upper curve) and DSC (lower curves)
of monomer5, heated at 10°C/min under nitrogen. The dashed curve
is the DSC signal from the second heating of a separate sample of
monomer5 thermally cycled to 250°C (i.e., a completely cured sample).

Figure 2. SEC analysis for the curing reaction of5 carried out at
selected temperatures. Each data point represents a unique sample that
was quenched at the reported time and then analyzed by SEC. Results
are relative to polystyrene standards using THF as solvent. Polydis-
persity values were typically in the range of 1.4-1.6 for samples.

Figure 3. Relative viscosity of monomer5 and cured polymer (i.e.,
POSS-nanoplanets,formed at 210°C) in hexanes at 19.5°C.

Figure 4. Drawing that illustrates the chemical makeup forPOSS-
nanoplanets.
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erized system. The extrapolated intrinsic viscosities were 0.012
( 0.003 and 0.005( 0.002 dL/g for polymer and monomer5,
respectively. Using the universal constantΦ at a value of 2.5
× 1021 (dL/mol) cm3,19 the observed intrinsic viscosities are
consistent with a size on the order of∼1 nm for the monomer
5 and∼5 nm (for a hypothetical polymerization of 18) for the
cured material in hexanes.

For POSS-systems that are substituted at one corner, that is
monotethered, there exist a number of examples where distinct
phase separation has been noted.8a,9For monomer5, it appears
to favor a micellar-like structure that is thermodynamically
driven by the very distinctive (i.e., amphiphilic) chemical nature
of the dipolar cyanate ester-benzamide group and the very
hydrocarbon-like character of the seven isobutyl groups. The
difference in size of the groups dictates that the cyanate esters
will be directed to the core of a micelle. This results in a very
high effective concentration of the cyanate ester groups and may
also provide some degree of preorganization for the subsequent
trimerization reaction. This may account for the accelerated cure
that was mentioned above. A theoretical reaction of 18 units of
5 can produce a core with reasonable geometry and complete
reaction of the cyanate ester groups. Using an amorphous density
of 20 Å3 for non-hydrogen atoms, an 18-mer would have a
cyanate ester resin core diameter of∼2.4 nm and a surface area
of ∼16 nm2 (Figure 4). The core surface area can easily
accommodate the “footprint” of 18 POSS molecules to form a
hybrid “crust.” The surface of the spherical structure is
dominated by the iso-butyl groups. With this unique three-layer
architecture we are proposing to call these new macromolecular
structuresPOSS-nanoplanets.Our SEC data with a polydisper-
sity of 1.4-1.6 for the samples clearly show we do not prepare
a monodispersePOSS-nanoplanet,but rather, we in fact do
isolate systems that contain more and less POSS units. Having
a spherical-like structure also makes SEC polydispersity data
less sensitive to changes in molecular weight. Hence, it is very
likely we have an array of similar spherical-like architectures
that are induced by the strong amphiphilic nature of monomer
5.

To provide further physical characterization of thePOSS-
nanoplanetswe have examined the structures using atomic force
microscopy (AFM) in the tapping mode.20 A cyclohexane
solution of thePOSS-nanoplanetswas placed on a glass slide
and the solvent evaporated by spinning at 1000 rpm. The slide
surface is analyzed using AFM and the results are shown in
Figure 5.20 The AFM in the tapping mode shows thePOSS-
nanoplanetsform aggregates on the surface. The height of these

islands is measured at∼5 nm. These data are consistent with
the proposed structure for thePOSS-nanoplanet. The image on
the right side of Figure 5 shows a background check for the
slide preparation and AFM operation.

In conclusion, we have prepared a new mono-tethered and
functionalized POSS monomer that reacts under thermal curing
to afford robust and discrete micelle-like structures that we have
denoted asPOSS-nanoplanets. The unique structures have a
defined core of cured cyanate ester resin, a “crust” largely
consisting of the Si8O12 inorganic cages, and an “atmosphere”
that is dominated by the hydrocarbon isobutyl chains. Although
similar types of nanospherelike structures have been reported
using block polymers21 and dendrimeric structures,22 the
simplicity and thermal processing for creating the hybridPOSS-
nanoplanetsis quite unique. Work continues to uncover how
one can control the size of thePOSS-nanoplanets, and we are
exploring the inclusion of guest molecules of interest in the core
during the thermal cure cycle.
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