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ABSTRACT: A new class of organic-inorganic hybrid
polymers with well-defined structure was prepared by re-
acting diepoxyhexavinyl polyhedral oligomeric silsesquiox-
anes (DehvPOSS) with diamines of different chain lengths.
The structures and properties of these hybrid polymers were
well characterized by FTIR, 29Si-NMR, GC-MS, and TGA. A
modeling characterization was employed to help identify
the structures of organic tethers linked between the POSS
cages. The results indicated that at the stoichiometric ratio of
DehvPOSS to diamine, well-defined organic–inorganic hy-
brid polymers with controlled variation of the organic tether

architecture can be made, and each organic tether connected
four POSS cages. Thermal stability (Tdec) increased with an
increase in the tether length of the diamine molecules, and
the highest Tdec was obtained with butanediamine (rather
than propanediamine or ethanediamine) as the organic
tether. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 101:
3730–3735, 2006
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INTRODUCTION

Synthetic polymers have played an important role in
our daily lives for the last 20 years. However, along
with their increasing utilization, their inherent draw-
backs have emerged, such as weak mechanical
strength and low thermal stability compared to tradi-
tional metals or ceramics. Thus, many efforts have
been made to solve these problems, generally by add-
ing a second inorganic component to polymeric sys-
tems either by physical blending or chemical bonding.
The resulting materials are so-called organic–inor-
ganic hybrid polymers that combine the properties of
traditional organic polymers (i.e., processability,
toughness, cost) with the properties of inorganic com-
pounds (i.e., thermal and oxidative stability). Many
organic–inorganic hybrid materials have shown dra-

matic improvement in macroscopic properties com-
pared with either of their nonhybrid counterparts.1–8

Recently, polyhedral oligomeric silsesquioxane
(POSS)–based hybrid polymers9–24 have received
much attention because of the unique structure of
POSS monomers. With a general formula [(RSiO3/2)n,
where n � 8, 10, etc.], POSS monomers are well-
defined cagelike molecules (0.53 nm in diameter) and
to the vertexes of the cage are appended eight (when
n � 8) organic groups (R). These organic groups can
be functionalized to yield functional POSS monomers.
POSS monomers with single functional group can be
used to prepare pendant-type architecture,9�18 and
multifunctional POSS can be used to prepare bead-
type or star hybrid polymers.19–22 In this way, new
routes to thermoplastic or thermoset hybrid polymers
are developed.23–24 When using a suitable synthetic
method, the molecular structure of hybrid polymer
can be precisely controlled. The microstructure and
properties of the resulting polymers can be easily tai-
lored at molecular levels. In this article, we report an
efficient synthetic route to preparing POSS-containing
copolymers with a well-defined structure from diep-
oxyhexavinyl–POSS precursors and diamines of dif-
ferent chain lengths and our investigation of the rela-
tionship between the thermal stability of the hybrids
and the lengths of organic tethers (were tether is de-
fined as the chain bound between two POSS cages).

Correspondence to: Hongyao Xu (hongyaoxu@163.com).
Contract grant sponsor: National Natural Science Fund of

China; contract grant numbers: 90206014 and 50472038.
Contract grant sponsor: Program for New Century Excel-

lent Talents in University; contract grant number: NCET-04-
0588.

Contract grant sponsor: Excellent Youth Fund of Anhui
Province; contract grant number: 04044060.

Contract grant sponsor: Award for High Level Intellectu-
als from Anhui Province; contract grant number: 2004Z027.

Journal of Applied Polymer Science, Vol. 101, 3730–3735 (2006)
© 2006 Wiley Periodicals, Inc.



EXPERIMENTAL

Materials

Vinylethoxysilane was purchased from Nanjing Shu-
guang Co. (Nanjing, China). The m-chloroperoxyben-
zoic acid, used as the oxidizing agent was obtained
from Fluka (Buchs, Switzerland). Dichloromethane
and anhydrous alcohol were used as media and were
purchased from Shanghai Reagent Co. (Shanghai,
China). Dichloromethane was dried with P2O5 before
use. Epoxyethane, ethylenediamine, 1,3-propanedia-
mine, and 1,4-butanediamine were also purchased
from Shanghai Reagent Co. and used as received.

Instrumentation analyses

The FTIR spectra were recorded as KBr slices on a
Nicolet NEXUS 870 spectrometer. The 1H-NMR spec-
tra were recorded on an AVANCE/DMX-300 MHz
Bruker NMR spectrometer using chloroform-d as the
solvent. Tetramethylsilane (TMS) or chloroform-d was
used as the internal reference for the 1H-NMR analy-
ses. The solid-state 29Si-NMR spectra were measured
on a Bruker DSX-400 spectrometer operating at a res-
onance frequency of 79.38 MHz. Thermogravimetric
analyses (TGA) of the polymers were performed on a
Perkin Elmer TGA 7 under nitrogen at a heating rate
of 20°C/min. The GC-MS analyses of the organic teth-
ers were carried out using a Varian Saturn 2200
GC/MS analyzer.

Syntheses of monomers and polymers

Octavinyl polyhedral oligomeric silsesquioxane

The octavinyl polyhedral oligomeric silsesquioxane
(OvPOSS) was synthesized via hydrolysis and con-
densation of vinyltriethoxysilane, which was detailed
by Baney et al.25 in 1995. Typically, vinyltriethoxysi-
lane (105 mL, 0.5 mol) was dissolved in 245 mL of
anhydrous alcohol with stirring, and then some
amount of hydrochloric acid and 30 mL of water were
added to adjust the solution to a pH of 3. The system
was allowed to react for 10 h at 60°C under N2. The
mixture was cooled to room temperature. The white
crystalline powder was filtered, washed with cyclo-
hexane, and recrystallized from tetrahydrofuran/
methanol (1:3) to give 7.2 g (yield 18%).

FTIR (cm�1) with KBr powder: 1605, 1414, 1273,
1100. 1H-NMR (ppm): 5.9–6.1 (m, 24H).

Diepoxyhexavinyl polyhedral oligomeric
silsesquioxane

Diepoxyhexavinyl polyhedral oligomeric silsesquiox-
ane (DehvPOSS) was synthesized according to a pro-
cedure described previously.26 Octavinyl–POSS [5.0 g

(8 mmol)] and m-chloroperoxybenzoic acid [0.58 g (2.3
mmol)] were dissolved in 15 mL of anhydrous dichlo-
romethane in a 25-mL flask. The solution was stirred
for 7 days at 35°C and then cooled to 0°C. The solid
product was filtered, dissolved in toluene, purified
with silica gel chromatography, and recrystallized
from methanol to give 0.3 g (yield 55%).

FTIR (cm�1): 3066, 2961, 1409, 1275, 1063, 1122, 1233,
878. 1H-NMR (ppm): 2.24–2.26 (m, 2H), 2.77–2.92 (m,
2H), 5.92–6.13 (m, 18H).

Hybrid polymers

Three diamines (i.e., ethylenediamine, 1,3-propanedia-
mine, and 1,4-butanediamine) were chosen to react with
the diepoxyhexavinyl-POSS (DehvPOSS) in stoichiomet-
ric ratios to form DehvPOSS/diamine hybrid polymers
under nitrogen.

The polymerization of DehvPOSS with diamines
was carried out in a 100-mL round-bottomed flask
equipped with a magnetic stirring bar under nitrogen.
The following procedure is typical of those used (see
Table I, polymer A). First, 6.7 g (10 mmol) of Dehv-
POSS was dissolved in 40 mL of dichloromethane,
then, 0.33 mL of ethylenediamine (5 mmol) was added
dropwisely to the solution. The reaction mixture was
stirred for 72 h at 30°C. White solid polymer was
recovered by filtration and redissolved in THF. Then
the THF solution was added dropwise to 200 mL of
alcohol to precipitate the polymer. The dissolution-
precipitation process was repeated three times, and
the precipitate finally isolated was dried under vac-
uum at 40°C to a constant weight (yield 85%).

Model compound syntheses

The polymerization behavior of epoxy/amine mix-
tures without silsesquioxane cores was investigated
using pure epoxyethane and 1,4-butanediamine as the
model compounds. Typically, 3 mL of epoxyethane
(0.06 mol) was dissolved in 5 mL of dichloroethane;
then 3 mL of 1,4-butanediamine (0.03 mol) was
dropped slowly into the solution. The mixture was
allowed to react for 48 h at 10°C. The product was a
viscous liquid and soluble in common solvents. The
disappearance of epoxy rings in the mixture during
reaction was monitored by 1H-NMR. Typical 1H-NMR
signals of epoxide rings occur at 3.14, 2.79, and 2.59

TABLE I
Compositions and Yields of Hybrid Polymers

Polymer Diamine Yield (%)

A Ethylenediamine 85
B Propanediamine 93
C Butanediamine 96
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ppm. These model compounds were used as the stan-
dard in the tether structure studies below.

HF-treated samples for GC-MS analysis

The organic tethers between POSS cages were pre-
pared by dissolving the silica core (POSS) with HF and
extracted for GC-MS analyses. Typically, 0.05 g of
DehvPOSS/butanediamine hybrid polymers was dis-
solved in 5 mL of THF in a polytetrafluoroethylene
bottle. Then 0.05 mL of 50% HF was dropped into the
solution, and the mixture was kept at room tempera-
ture for 72 h. Then THF was removed by rotary evap-
oration. The residual material was mixed with freshly
dried ether to extract the organic components. The
extracted solution was filtered, and ether in the filtrate
solution was removed. A viscous liquid was obtained
and dissolved in 1 mL of N,N-dimethylformamide for
GC-MS analysis.

RESULTS AND DISCUSSION

Polymerization of DehvPOSS and diamine

Generally, the ring-opening addition reaction can
readily occur between epoxy rings and amino groups.
The POSS-containing hybrid polymers were prepared
by the stoichiometric reaction of DehvPOSS and three
diamines of different tether lengths (i.e., ethylene dia-
mine, 1,3-propanediamine, and 1,4-butanediamine).
The results are shown in Table I.

It can be seen from Table I that the polymer yields
were influenced by the chain length of the diamines
and increased with an increase in chain length. For
example, the yield was 85% using ethylenediamine as
the chain molecules, whereas it was 96% with 1,4-

butanediamine, which may be attributed to the effect
of steric hindrance.

Structure characterization

Figure 1 shows the FTIR spectra of three hybrid poly-
mers (A, B, and C), as well as pure DehvPOSS mono-
mer.

As can be seen from Figure 1, a sharp, strong, and
symmetric SiOOOSi stretching peak at approxi-
mately 1120 cm�1, which is typical of silsesquioxane
cages,27 was in the spectra of all the hybrids. The
consistent presence of this peak suggests that the cage
structures survived in the hybrid polymers. Several
functional groups were easily observed in the spectra.
However, epoxy ring asymmetric stretching and sym-
metric bending at approximately 1230 and 880 cm�1,
respectively, were relatively clear in pure POSS mono-
mer but disappeared or weakened in all the polymer
samples, and new, strong absorption bands at 3200–
3500 and 1040 cm�1, attributed to OOH and CON
stretching absorptions, respectively, appeared in the
spectra of the polymers, confirming that the epoxy
rings in the POSS monomers have been opened and
combined with the amino groups in diamines to yield
new hybrid polymer. Simultaneously, no NOH
stretching band appeared at approximately 3360
cm�1, suggesting that all the amino groups (ONH2)
had been consumed, meaning each amino group con-
nected two epoxy groups (see Scheme 1). Therefore,
the resulting polymers were well crosslinked net-

Figure 1 FTIR spectra of hybrid polymers, DehvPOSS,
and butanediamine.

Scheme 1 Polymerization of DehvPOSS with 1,4-butane-
diamine.
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works, as expected. This provided further support for
the insolubility of all the tested solvents.

Model polymerization investigations

Because of the crosslinking, it would be impossible to
study the real polymerization behavior or to charac-
terize the network using conventional techniques such
as 1H-NMR or GPC, which need solutions of samples.
In addition, direct characterization of the crosslinked
structure would produce more complicated data be-
cause of the complexity of the crosslinked network.
Likewise, preliminary solid-state NMR studies failed
to generate definite results.

Therefore, aiming to probe the formation of hybrid
polymers, a model polymerization study was under-
taken. Typically, epoxyethane and butanediamine
were allowed to react stoichiometrically in the same
conditions for the syntheses of hybrid polymers. Be-
cause the organic product is soluble in dimethylform-
amide solvent and readily vaporized before decompo-
sition, GC-MS analysis was employed to study the
components and structures of the product. Simulta-
neously, we used HF to digest the POSS cages in the
hybrid polymer C (see Scheme 2). The resulting or-
ganic compounds were soluble in common solvents.
Thus, the overall network structures could be clearly
characterized by analysis of the organic compounds
and structures with GC-MS.

Figure 2(a,b) shows the GC results of a model com-
pound and an HF-digested hybrid polymer. A single
peak was observed in the GC chromatograms of both
the model compound and the HF-digested hybrid
polymer, suggesting that all epoxy rings reacted with
the amino groups in the butanediamine molecules
and, thus, that the butanediamine was completely tet-
rafunctional. This is consistent with the results of the
FTIR spectra. Simultaneously, it also provided us with
an easy method to the investigation of the tether struc-
ture between the POSS cubes in the hybrid polymers,
which is discussed below.

Tether structure studies by GC-MS

From the above investigation, we realized that be-
cause the product in the above model polymerization

possessed an ideal structure, its GC chromatogram
could be used as a standard to identify the peaks in the
GC chromatograms of the real tethers.

Both the model samples and the HF-digested real
samples were extracted with dimethylformamide, and
analyzed by GC-MS. Figure 2 compares the chromato-
grams of the model and real samples. A single peak at
1.7 min observed in both samples implied that the
structures of the organic tethers in the hybrid poly-
mers were same as those in the model chains. That is,
the organic tethers were probably four-armed mole-
cules. Otherwise, if the amino groups were not com-
pletely reacted with the epoxy rings in the POSS
monomers, the HF-digested polymer sample would
be a mixture, possibly with tethers of four arms, three
arms, two arms, one arm, or even no arms, and con-
sequently, more peaks would appear on the GC chro-
matograms. Because only one peak was observed, we
inferred that the organic tethers between the POSS
cubes held four-armed structures. This inference was
supported by the data from the MS spectra.

Figure 3 shows the MS spectra of both the model
and real samples. Two spectra were very similar be-
cause most fragment ion peaks held the similar posi-
tions (m/z) in the spectra. This suggests that the model
chain and real tether had a similar structure. The
molecular ion peak was at 264 (m/z). Its poor intensity
resulted from the relatively long tether with four
branches, which was rather low in stability. The high
intensity of the characteristic ion peak at 31 revealed
that an � splitting of the hydroxyl occurred, and thus
an ion of HO� � CH2 had been generated. The ap-
pearance of M-18 (m/z � 246) and M-36 (m/z � 228)
ion peaks accounted for the dehydration of the molec-
ular ions because each had four hydroxyls at the ends.
Scheme 3 shows a possible fragmentation pathway for

Figure 2 GC chromatograms of both (a) model com-
pound and (b) HF-digested polymer.

Scheme 2 Preparation of real tethers by digestion of POSS
with HF.
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the tether molecules in MS analysis, from which al-
most every peak in the MS spectra could find its
corresponding fragment ion to tally with.

Polymer structure studies by solid-state 29Si-NMR

Because the hybrid polymers synthesized in our work
had a crosslinking structure, they were hardly soluble
in almost all the solvents. Therefore, a solid-state 29Si-
NMR technique was employed to characterize the
structure of the hybrid polymers.

Figure 4 shows the 29Si-NMR spectrum of the hy-
brid polymer from DehvPOSS and butanediamine
(polymer C). The two main peaks observed, at �79.9

Figure 3 MS spectra of (a) model and (b) real tethers.

Scheme 3 Fragmentation pathway for the tether molecules in MS analysis.

Figure 4 29Si-NMR spectrum of hybrid polymer C.
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and �109.3 ppm, suggest that there were two envi-
ronmentally different silicons in the polymers repre-
senting silicon atoms connected to vinyl groups and
organic tethers, respectively. According to Laine’s
work,26 the monomer DehvPOSS showed two 29Si-
NMR signals, at �79.8 (Si-vinyl) and �77.5 (Si-epoxy)
ppm. However, the signal at �77.5 ppm (Si-epoxy)
disappeared when DehvPOSS copolymerized with
acetylstyrene, and meanwhile, a new signal at �109
ppm appeared in the 29Si-NMR spectra of the poly-
mers, which may attributed to the polymerization.
This result was consistent with the analysis of GC-MS,
further supporting our hypothesis that each amino
group connected two epoxy groups.

Thermogravimetric analysis of hybrid polymers

Figure 5 shows the thermal stability (under N2) of the
three hybrid polymers. Compared with the thermal
stabilities of the hybrid polymers, the temperature at
5% mass loss was defined as Tdec.

Of the three hybrid polymers, polymer A had the
lowest thermal stability and began to decompose at
136.5°C, and its Tdec was 180°C. Polymer B began to
decompose at 225.0°C, and its Tdec was 255°C. However,
polymer C was rather stable at 282.5°C, and its Tdec was
about 460.0°C, showing that the thermal stability of the
DehvPOSS/diamine hybrid polymers increased with an
increase in the length of the organic tethers.

The low thermal stability of polymers A and B may
have resulted from the higher molecular tension as a
result of the short organic tethers between the bulky
POSS cages. The molecular tension decreased with an
increase in organic tether length, which resulted in
increased thermal stability. The good thermal stability
of polymer C may have been a result of the double
contribution of low molecular tension and hindrance
of the bulky inorganic POSS cages with high thermal
stability.

CONCLUSIONS

An efficient synthetic route for preparing well-defined
POSS-containing network hybrid polymers has been
described as direct polymerization of double epoxy-
functionalized POSS with diamine molecules. The hy-
brid polymers were characterized with FTIR, 29Si-
NMR, the model method, and GC-MS, and their ther-
mal properties were studied by TGA. The results
show that novel well-defined hybrid polymers can be
prepared by tailoring the nanoarchitecture, and the
thermal stability of hybrid polymers is strongly re-
lated to the length of the diamine tethers between
POSS cubes, increasing with an increase in the length
of the organic tethers between bulky POSS cages. The
higher molecular tension results in decreased thermal
stability, and hindrance of inorganic POSS cages effec-
tively increases the thermal stability of POSS-contain-
ing hybrid polymers.
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