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Introduction. The development of materials with
enhanced properties that can be understood and tailored
at the molecular level is the premier challenge for
materials chemists. In an effort to meet this challenge,
new classes of monomers capable of imparting novel
properties to common classes of polymeric materials
have been prepared. Polyhedral oligomeric silsesqui-
oxanes (POSS) are a class of compounds which have
recently received a considerable amount of interest for
application in catalysis,! modeling of silica surfaces and
interfaces,? as precursors to silicates,? and as polymer-
izable reagents.* This report describes the preparation
of POSS monomers and corresponding linear polymers
derived from methacrylate-functionalized polyhedral
oligomeric silsesquioxanes (POSSMA).

Experimental Section. Precipitated powder samples
were used for X-ray diffraction and differential scanning
calorimetry (DSC) experiments. Samples were pressed
into pellets for thermomechanical analysis (TMA). DSC
experiments were run at 10 °C/min under nitrogen on
a TA Instruments module 910, and TMA experiments
were run at 3 °C/min under nitrogen on a TA Instru-
ments module 2940. NMR spectra were obtained on a
Bruker AMX 300 spectrometer operating at 300 MHz
(H) and 59.6 MHz (2°Si). Molecular weight determina-
tions were made by size exclusion chromatography with
DAWN light scattering and refractive index detectors.
Elemental analyses were performed by Galbraith Labo-
ratories, Inc.

POSSMA Macromers. POSS reagents containing
not more than one or two points of functionalization are
desirable for the design of linear polymeric POSS
systems. An efficient method for preparing such re-
agents involves the corner-capping of incompletely
condensed POSS trisilanols R;T-(OH)s (Figure 1). Cor-
ner-capping of the POSS trisilanol can be carried out
using a variety of trichlorosilane coupling agents® to
produce a fully condensed Ts-POSS silicon—oxygen
framework.! We have used this method to prepare
octameric Tsg-POSS reagents in which only one corner
is functionalized with a graftable or polymerizable group
(Scheme 1).7 Families of functionalized POSS R;Ts-
acrylic, -a-olefin, and -silane reagents suitable for the
preparation of linear POSS polymers have been pre-
pared in this manner.

POSS reagents are unique in both their chemical
composition and physical nature. The rigid, thermally
stable silicon—oxygen framework® contains an oxygen
to silicon ratio of 1.5, which is intermediate between
that for siloxanes and silica. This inorganic framework
is in turn covered by a hydrocarbon outer layer enabling
solubilization and derivatization of these systems.

Macromers 8 and 4 (Scheme 1) are highly soluble in
common solvents such as THF, hexane, and chloroform
and are readily characterized by solution NMR spec-
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Figure 1. Structural representation of R;T7(OH); trisilanol.
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troscopy.” The !'H spectra for 8 and 4 show nearly

identical sets of resonances for the vinyl protons, the
methyl of the methacrylate group, and the first meth-
ylene of the propyl ester linkage. Resonances for the
remaining two propyl ester methylenes partially overlap
with the three broad cyclohexyl and cyclopentyl reso-
nances of 3 and 4. The 2%Si spectra for 8 and 4 are
uncomplicated and show two resonances in a 1:7 ratio
in which those for equivalently substituted silicons are
overlapping.

Once appropriately functionalized, POSS macromers,
like organic reagents, can participate in a variety of
common transformations, polymerizations, and grafting
reactions. For example, monofunctionalized Ts-POSS-
a-olefins can be converted into a-epoxides using stan-
dard organic techniques.? In addition, the silane-
functionalized compounds R;TgH readily participate in
hydrosilylation reactions to afford a graftable source of
POSS useful in the meodification of various vinyl-
containing reagents and polymers.10

POSSMA Polymers. The amenability of new mono-
mers and polymers to standard reaction chemistry and
processing techniques is highly desirable for manufac-
turing and engineering purposes. The methacrylate
group on 3 and 4 enables these macromers to be
polymerized under common free-radical conditions
(Scheme 2).

Homopolymers 5 and 6 differ compositionally by the
nonreactive alkyl substituent (R) on the POSS cage (5,
R = ¢-CgHiy; 6, R = ¢-CsHy). Polymer 7 is a 50/50
copolymer containing both cyclohexyl- and cyclopentyl-
substituted POSS cages. The nature of the alkyl
substituent on the POSS cage significantly affects the
solubilities of these systems. Homopolymer 5 and
copolymer 7 are soluble in common solvents, while
homopolymer 6 is insoluble in all common hydrocarbon
and halogenated hydrocarbons. The disparity in solu-
bilities between polymers 5 and 6 is not easily under-
stood given the relatively minor differences between the
cyclohexyl and cyclopentyl groups, nor is the behavior
predictable given the observed solubility for copolymer
7. Solubility differences between the POSSMA mac-
romers 3 and 4 however were observed in THF, toluene,
and benzene where the cyclohexyl-substituted 3 shows
approximately twice the solubility of 4. For the POSS
triols (1, 2), 2 cannot be appreciably solubilized without
the addition of small amounts of a Lewis base (such as
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Table 1. Molecular Weights and Thermal Properties of
POSSMA Reagents and Polymers

mol wt Tdec

compound (amu) transition (°C)¢ °cy

1 (c-CeH11)7T7(OH); 973.69 244-287¢ 383
2 (¢c-CsHo»T7(OH)3 875.50 246—2764 310
3 macromer 1125.92 186—257, 387—416¢ 410

4 macromer 1027.73 192-242, 279298 351
5 homopolymer 222%/117° none 388
6 homopolymer none 389
7 copolymer 50/50 376%/147° none 389

e My, x 103, ® M, x 103, ¢ By TMA with a penetration probe and
10 g weight. ¢ Melt/polymerization. ¢ Melt/polymerization/decom-
position onset. f Defined by a 10% mass loss at a 10 °C/min heating
rate under nitrogen.

pyridine or other amine). In this case, Lewis bases are
needed in order to disrupt the hydrogen bonding be-
tween the silanols of the POSS cages.!1

It was originally thought that the bulkiness of the
POSSMA macromers 3 and 4 might prevent their
polymerization. Despite this preconsideration, these
systems easily polymerized and molecular weights were
determined for polymers 5 and 7. Homopolymer 5 had
M, = 117K and M,, = 222K, which corresponds to about
104 monomer units per chain. Copolymer 7 had M, =
147K, and M., = 376K, which corresponds to about 137
monomer units per chain if we assume that macromers
3 and 4 had similar reactivity ratios and were equally
consumed in the polymerization. The sequence compo-
sition, tacticity, and macromer reactivity ratio favored
under these and other conditions will be discussed in
subsequent work.

Characterization and Properties. While detailed
structure—property relationships have only begun to be
determined for polymeric POSS-based systems,1? it was
anticipated that POSS segments may behave as a hard,
reinforcing component in elastomers or as a crystalline/
glassy segment/phase or filler in linear thermoplastics.1?
Can POSS segments behave like conventional organic
hard blocks in thermoplastic systems? This assumption
is in part supported by the thermal transitions for the
macromers and polymers listed in Table 1.

The POSS triols and POSSMA macromers 1—4 were
confirmed by X-ray powder diffraction to be crystalline.
The POSS-triol systems displayed lower melt transitions

Macromolecules, Vol. 28, No. 24, 1995

than the corresponding macromers 8 and 4. Interest-
ingly, macromer 8 shows a broad two-step thermal
transition beginning at 186 °C that involves melting,
polymerization, and decomposition. The cyclopentyl-
substituted macromer 4 underwent a similar transition
beginning at 192 °C. Differences between the POSS
alkyl substituents (R) did not influence the relative
thermal stabilities of the macromers or polymers.

No thermal transitions were observed by DSC or TMA
(from 0 to 400 °C) for the polymeric POSS methacrylates
5—7. This result contrasts with the observed glass
transitions (T;) for atactic (105 °C), syndiotactic (160
°C), and isotactic (43 °C) PMMA and for atactic (104
°C), syndiotactic (163 °C), and isotactic (51 °C) PCyMA .14
It was our preconception that incorporation of the POSS
group into linear polymers would result in a reduction
of segmental mobility. This is due to the physical size
of 8 and 4, which is on the order of 15 A with
approximate equivalent weights of 1000 amu. The
dependency of T; in methacrylate polymers on the
nature and motions of the ester group is known.¥ The
apparent absence of a glass transition in the poly-
POSSMA systems perhaps reflects an overall rigid
nature of the methacrylate polymer backbone resulting
from the dominant Ts-POSS pendant groups. The
magnitude of such effects should be tailorable via
copolymerization.15

Polymers 5—7 are best described as transparent,
brittle plastics. X-ray diffraction studies on reprecipi-
tated powder samples of 5~7 showed them to be
amorphous, a surprising result given the highly crystal-
line structure of the pendant POSS group and the
observation of crystallinity and liquid crystallinity for
acrylates containing long and/or mesogenic ester groups.!6
The lack of crystallinity in these systems may reflect
the propyl ester linkage being too short to decouple the
Ts-POSS group from motions of the amorphous back-
bone. Alternatively, the macromeric nature of the POSS
group may prohibit or retard kinetic processes that
could ultimately lead to the formation of crystalline
regions in these materials. Attempts to anneal these
materials have been unsuccessful.

The thermal stability of polymers 57 (and for 1—4)
was observed to be very high, with 5—7 decomposing
at 388 °C without melting. This decomposition is higher
than that observed for poly(methyl methacrylate)
(PMMA). PMMA begins its depolymerization to methyl
methacrylate above 200 °C and quantitatively yields
monomer at 350—450 °C.17

The synthesis of functionalized polyhedra such as the
Ts-POSSMA in this work is an effort to advance materi-
als chemistry by providing new classes of monomers,
polymers, and additives. Monomethacrylate-function-
alized POSS reagents are capable of being polymerized
into novel linear silsesquioxane-based materials. Ef-
forts to copolymerize these POSSMA with other acrylic
comonomers have been successful, and reports will be
forthcoming.
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