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ABSTRACT: Dimethacrylate-based networks were modified with well-defined organic-inorganic building blocks,
i.e., polyhedral oligomeric silsesquioxanes (POSS). POSS were incorporated in the polymer networks either as
dangling chains or as cross-linking points. For this purpose, the POSS functionality was varied. The influence of
the structure of the organic substituent of the POSS cage was also investigated. The structure of the POSS-
modified networks was determined by WAXS, TEM, and thermomechanical analysis. The POSS as a pendant
unit on the network backbone shows a strong tendency toward aggregation and crystallization, depending on the
nature of the organic ligands. The POSS-POSS interaction was found to be the main parameter governing the
network morphology. However, dynamic mechanical properties remain nearly at the same level as the neat matrix.
Multifunctional POSS shows a higher miscibility with the dimethacrylate monomer and disperses very well in
the cured network. As expected, the rubbery modulus grows with increasing amounts of POSS according to the
high functionality of these additional cross-links, whereas the glass transition temperature remains constant. It is
also demonstrated that if the polymerization occurs at high temperature, the distribution of relaxation times is
reduced and more homogeneous hybrid networks, in terms of molecular mobility, are obtained.

Introduction

For the last decade, organic-inorganic hybrid nanocomposites
based on the incorporation of polyhedral oligomeric silsesqui-
oxanes or POSS into polymeric matrices have received a
considerable amount of attention. POSS have a compact hybrid
structure with an inorganic core made up of silicon and oxygen
(SiO1.5)n (with n ) 8, 10, and 12) externally surrounded by
nonreactive or reactive polymerizable organic ligands.1,2 The
interaction between the organic ligand and the matrix controls
the degree of dispersion of POSS in the medium, i.e., its
compatibility, and thus the final properties of the POSS-modified
polymers. POSS can be dispersed on a molecular level (1-3
nm) or as aggregates (crystalline or amorphous), which can be
on the order of micrometers in size. In the case of functional
POSS which can be covalently bonded to the polymer backbone,
the length scale of association may be reduced.

Both monofunctional and multifunctional POSS have been
used to modify thermosetting materials and most of the papers
published are related to epoxy-based networks.3-13 Only a few
studies concern dimethacrylate-based networks.14-19 Depending
on its functionality, POSS can be incorporated as a pendant
unit in the network if it bears only one reactive group, or POSS
can be incorporated as a junction (cross-linking point) if it bears
more than two reactive groups.

In this study, two types of monofunctional methacryl-POSS
and one multifunctional methacryl-POSS were incorporated
into dimethacrylate-based networks through radical-initiated
copolymerization with organic methacrylate monomers.16-18 The
main applications of dimethacrylate-based networks can be
found in dental restorative materials, photolithography, informa-
tion-storage systems, coatings, photonics, and ophthalmic lenses.
It is well-known that unmodified dimethacrylate-based networks
are highly heterogeneous. This structural heterogeneity is
inherent in the polymerization process. The formation of

microgels in the early stage of the reaction is the primary cause
of structural heterogeneity of the network.20-26 Microgels are
densely cross-linked and cyclized polymers. Microgels result
from the formation of a highly cross-linked region near the site
of the initiated radical. Gelation occurs when microgels have
grown and connected, resulting in a macroscopic network. As
a consequence, at a very low conversion, the polymerization
passes from chemical control to diffusion control, so that the
final double bond conversion, the polymerization rate, and the
network structure depend only on the network mobility and
hence on the temperature and monomer structure. The structural
heterogeneity of dimethacrylate-based networks has been dem-
onstrated through the characterization of relaxation times (by
dynamic mechanical spectroscopy) and morphology (by trans-
mission electron microscopy and atomic force microscopy).
Before gelation, the microgel size was measured using dynamic
light scattering. The copolymerization between a methacrylate-
based monomer and a methacryl-based POSS leads to a more
complex situation. Indeed, an additional important parameter
is the reactivity ratio of the two monomers. In a mixture of
methyl methacrylate (MMA) and methacryl-based POSS, it was
shown that the reactivity ratio,rPOSS, is below one while the
reactivity ratio of MMA, rMMA, is above 1.27 These values are
also dependent on the nature of the organic substituent of the
POSS cage. It means that monofunctional methacryl-based
POSS are slightly less reactive than classical methacrylate-based
monomers.

The objective of this work is to determine how these
functionalized POSS and the structure of the organic substituent
on the inorganic cage will affect the compatibility, the mor-
phologies and the final properties of methacrylate-based net-
works. For this purpose, the microstructure of the POSS-
modified networks was characterized by wide-angle X-ray
scattering (WAXS), transmission electron microscopy (TEM),
and dynamic mechanical analysis (DMA).* Corresponding author. E-mail: jocelyne.galy@insa-lyon.fr.
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Experimental Section

Materials. (Isobutyl)7Si8O12(propyl methacrylate) and (cyclo-
hexyl)7Si8O12(propyl methacrylate), denotediBuPOSS and CyPOSS
respectively, and (propyl methacrylate)8Si8O12, denoted multiPOSS,
were purchased from Hybrid Plastics27 (Hattiesburg, MS).iBuPOSS
and CyPOSS are crystalline compounds (Tm ) 109°C for iBuPOSS
whereas no fusion was observed before degradation for CyPOSS)
while multiPOSS is an amorphous compound. MALDI-TOF and
29Si NMR spectroscopies reveal thatiBuPOSS and CyPOSS have
a pure T8 core whereas MultiPOSS is a complex mixture of
structures ranging from T8 to T12. iBuPOSS and MultiPOSS were
used as received, but CyPOSS was purified by recrystallization from
methanol in order to remove residual trisilanol POSS that was found
by MALDI -TOF and 29Si NMR spectroscopies.16 Cyclohexyl
methacrylate denoted CHMA, from Aldrich and tetra ethoxylated
bisphenol A dimethacrylate, denoted Bis-EMA, from Cray Valley
Co., were used as received. Azobis(isobutyronitrile) free radical
initiator, AIBN, andtert-butyl peroxide,tBPO, were purchased from
Aldrich and were used as received. Chemical structures of all
monomers used in this study are shown in Scheme 1.

Network Synthesis. POSS Cages as Dangling Objects.Samples
were prepared by adding 5-10 wt % of monofunctional POSS to
a mixture of CHMA/Bis-EMA ((100- x)/x) wherex ranges from
0 to 50 wt %. The solubility ofiBuPOSS into Bis-EMA is weak:

for 1 wt % of POSS, the temperature must be higher than 45°C to
have a homogeneous mixture, and for 5 wt %, the temperature must
be above 90°C. The solubility of CyPOSS is worse even at low
concentrations: for 1 wt % of POSS the temperature needed to
have a homogeneous mixture is above 130°C.16 This clear
difference of solubility betweeniBuPOSS and CyPOSS is due to
the difference of interactions developed between the clusters
forming crystalline structures. Therefore, to improve the solubility
of these monofunctional POSS monomers, we used CHMA as a
reactive solvent. The three monomers (Bis-EMA, CHMA, and
POSS) and AIBN (0.5 wt %) were mixed at room temperature.
After degassing under argon to remove oxygen which inhibits the
free radical polymerization, the homogeneous mixture was poured
into a 1 mmthick mold, made of two glass plates. All samples
were cured at 65°C for 8 h followed by a post-curing at 130°C
for 2 h. An example of a typical polymer repetitive unit is illustrated
in Scheme 2.

POSS Cages as Cross-Links.Samples based on multifunctional
POSS were prepared by blending 5, 10, or 15 wt % of multiPOSS
into Bis-EMA. It was not necessary in that case to use a reactive
diluent because of the high solubility of this POSS into the organic
monomer. This is due to the presence of the eight methacrylate
groups which interact favorably with Bis-EMA. AIBN (0.5 wt %)
was used. The curing cycle was 8 h at 80°C (due to the lower

Scheme 1. Chemical Structure of the POSS Monomers and Organic Monomers Used in This Study
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reactivity of multiPOSS, a higher temperature of curing was needed)
followed by a post-curing at 150°C for 2 h. Some networks were
also synthesized using 0.5 wt % oftBPO. In that case the curing
cycle was 4 h at 130°C in order to obtain a reaction kinetics in the
same range as with AIBN.

Infrared Spectroscopy.Double bond conversion was measured
by Near Infra-Red spectroscopy on a Bruker Equinox 55 spec-
trometer, using the absorption band at 6163 cm-1 associated with
the vinyl methacrylate functions.28 As the double bond from POSS,
CHMA, or Bis-EMA cannot be distinguished by this technique,
the values reported later correspond to the whole methacrylate
conversion. The reference band used for the calculation was the
CH band from the aromatic cycles at 4624 cm-1.28 Conversions
were calculated from the Beer-Lambert law.

X-ray Scattering. Wide-angle X-ray diffraction (WAXS) was
carried out on a Siemens D500, at room temperature. Cu KR
radiation was used.

Transmission Electron Microscopy.A Phillips CM12 transmis-
sion electron microscope was used to characterize the morphology
of the nanocomposites. The specimens used were microtomed to
an approximate thickness of 100 nm and were set on a copper grid.

Dynamic Mechanical Spectroscopy.Viscoelastic properties
were analyzed using a RSA II rheometer from Rheometric Co.
Samples were tested in tensile mode applying a dynamic strain of
0.05% at 1 Hz. Storage modulus and loss modulus,E′ and E′′
respectively, and tanδ were measured as a function of temperature
from -130 to +180 °C at a heating rate of 4°C/min. Samples
were approximately 30× 5 × 1 mm3.

Master curves were obtained by applying the time-temperature
equivalence principle from a reference temperature (T0), chosen
close to TR (at 1 Hz). Storage and loss moduli were measured on
temperature steps (each 5°C from TR - 50 °C to TR + 50 °C) for
various frequencies ranging from 0.1 to 100 rad‚s-1. For each
isothermal recording, a shift factoraT was obtained fromE′ and
E′′ in order to get master curves, i.e.,E′ andE′′ vs frequency atT0.
Any vertical correction was done. Then, the set ofaT values was
used to build theE′ master curve and computeC0

1 and C0
2, the

WLF coefficients according to the WLF equation.

Results and Discussion

1. Structure of Networks with POSS as Dangling Object.
WAXS profiles for the iBuPOSS-modified Bis-EMA/CHMA
networks and CyPOSS-modified Bis-EMA/CHMA networks are
shown in Figure 1 and Figure 2, respectively.

One can see in Figure 1, parts d and a, sharp crystalline peaks
of the pureiBuPOSS and the amorphous halo of the neat Bis-
EMA/CHMA matrix, respectively. The diffractogram of the 5
wt % iBuPOSS-filled network (Figure 1b) shows a unique peak
at 2θ ) 8.25° (d ) 10.68 Å) and the amorphous halo. Increasing
the amount ofiBuPOSS up to 10 wt % causes the intensity of
the peak at 2θ ) 8.25° to increase (Figure 1c). Weaker

reflections at 2θ ) 11.1°, 12.3°, 19.2° are also observed on the
diffractogram. This proves that appreciable POSS crystallinity
is present within the polymer network, especially at a loading
of 10 wt %. The size of crystallites, determined from the full
width at half-maximum of the peak, thanks to the Debye-Sherrer
formula, is in the range of 60-70 nm. So cross-linking does
not suppress crystallinity. However, the comparison of the peak
position of the pureiBuPOSS to the modified network reveals
that the POSS crystal structure is affected by the incorporation
in the organic matrix. The main reflections ofiBuPOSS crystal
at 2θ ) 8.1, 10.2, 11.8, and 18.8° do not match those of the
filled network and the reflection at 2θ ) 7.5° is not present in
the modified material as well.

Scheme 2. Example of a Possible Structural Unit in Nanocomposites

Figure 1. WAXS patterns: (a) Bis-EMA/CHMA (50/50); (b) Bis-
EMA/CHMA (50/50) + 5 wt % iBuPOSS; (c) Bis-EMA/CHMA (50/
50) + 10 wt % iBuPOSS; (d)iBuPOSS.

Figure 2. WAXS patterns: (a) Bis-EMA/CHMA (50/50); (b) Bis-
EMA/CHMA (50/50) + 5 wt % CyPOSS; (c) Bis-EMA/CHMA (50/
50) + 10 wt % CyPOSS; (d) CyPOSS.
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Very different behavior is observed on CyPOSS-based
networks (Figure 2). There is a strong correspondence between
the peak patterns of the networks and pure CyPOSS. The four
main reflection peaks of CyPOSS at 2θ ) 7.8, 10.41, 11.5, and
18° are retrieved in the two CyPOSS-based networks. So, one
can conclude that the crystal structure of CyPOSS is not affected
by the incorporation in the network. The size of the crystalline
domains is estimated to be equal to 100-120 nm.

The comparison of the spectrum of Bis-EMA/CHMA (50/
50) + 5 wt % iBuPOSS to the spectrum of Bis-EMA/CHMA
(50/50)+ 5 wt % CyPOSS (Figure 1b and Figure 2b) indicates
a lower amount of crystallinity and a better dispersion of the
iBuPOSS as compared to CyPOSS. Moreover the simple naked
eye examinations of the samples show thatiBuPOSS-based
networks are transparent while CyPOSS-based networks are
opaque even for a 5 wt % loading. It is clear that the
monofunctional POSS bearing seven cyclohexyl groups has a
great tendency to aggregate within the methacrylate polymer
matrix during the polymerization process.

The TEM micrographs of the POSS-filled networks, reported
in Figures 3 and 4, show dark zones that correspond to the
POSS-rich zones (higher electron density due to the presence
of silicon atoms). A uniform and fine dispersion of domains is

observed in Bis-EMA/CHMA (50/50)+ 10 wt % iBuPOSS
network (Figure 3); the domain size about 50 nm is in agreement
with the conclusions from WAXS analyses. Because of the fact
that the crystalline structure ofiBuPOSS incorporated in the
network is not the same as the pure POSS, we suggest that the
POSS, which is initially soluble in the monomer mixture, phase
separates from the reactive organic medium because its solubility
in the organic medium becomes lower during the polymeriza-
tion. Moreover, kinetic reasons may be evoked; the reactivity
of methacrylate POSS is likely to be lower compared to that of
Bis-EMA and CHMA due to steric hindrance.17,27 Thus, the
slower incorporation of POSS into the network may contribute
to the phenomenon of phase separation (higher concentration
of iBuPOSS in the sol phase).

Numerous POSS-rich domains are visible in the Bis-EMA/
CHMA (50/50) + 5 wt % CyPOSS network (Figure 4). In
contrast to the previous network, the dispersion of these domains
is heterogeneous and coarse. Most of the aggregates have a size
of about 1µm and their structure is not well-defined. Substruc-
ture between a few hundreds and a few tens of nanometers can
be seen. No POSS-rich phase could be observed at high
magnification, unlike theiBuPOSS-based network. Two pa-
rameters may explain this behavior: (i) the low solubility of

Figure 3. TEM micrographs of the Bis-EMA/CHMA (50/50)+ 10 wt % iBuPOSS network at two magnifications.

Figure 4. TEM micrographs of the Bis-EMA/CHMA (50/50)+ 5 wt % CyPOSS network at different magnifications.
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CyPOSS in the organic medium even if the initial mixture seems
homogeneous (transparent) at room temperature and (ii) the
strong tendency of these POSS molecules to aggregate because
of the very favorable CyPOSS-CyPOSS interactions.

A very important question arising is whether all the POSS
are covalently linked to the network, because we know from
the infrared spectroscopy that the final double bond conversion
does not reach 100% (Table 1): only 82-85% of double bonds
have reacted during polymerization. The hybrid network (Bis-
EMA/CHMA (50/50) + 10 wt % POSS) has been washed by
THF for 72 h in a Soxhlet apparatus. Then an elemental analysis
of the washed material was carried out and the amount of
extracted POSS calculated; it appears that of the 10 wt % of
either POSS monomer initially added to the organic monomers,
5 wt % of iBuPOSS and only 2 wt % of CyPOSS are covalently
linked to the network. The WAXS profiles corresponding to
the extracted network are shown in Figure 5. It reveals only a
broad amorphous maximum at 2θ ≈ 8°, instead of the sharp
crystalline reflection at 2θ ) 8.3°. This maximum is assumed
to be characteristic of intermolecular packing as such an
amorphous halo is observed for the material before extraction
(Figure 5b) or for the pure matrix (Figure 1a). We can infer
that most of POSS present in phase-separated crystals have been
removed from the material. In our hybrid networks we will now
consider that there are two kinds of POSS: those covalently
bonded to the network and acting as pendant objects, and those
which are aggregated into inorganic crystalline domains of
various sizes, but not chemically bound to the matrix, which
behave as a filler.

Additionally, the influence of the amount of reactive solvent,
MCHA, used in the monomer mixture and the influence of the
post-curing step have been examined. Figure 6 shows that the
iBuPOSS does not organize itself in the same way depending
on the proportion of CHMA with respect to Bis-EMA. Three
WAXS profiles, corresponding to three different hybrid I/O
networks based oniBuPOSS without post-curing, are reported:

(i) The linear copolymer (CHMA+ 10 wt % iBuPOSS,
Figure 6c) is fully amorphous and exhibits a broad maximum
at 2θ ) 8.5°, this maximum is also observed in the neat poly-
(cyclohexyl methacrylate) polymer and is attributed to the
intermolecular organization of the polymer chains.30 Therefore,

one can conclude thatiBuPOSS molecules are individually
dispersed.

(ii) As soon as 10 wt % of Bis-EMA is introduced in the
organic monomer mixture (Figure 6b) some POSS crystals
appear during the first step of the curing cycle (8 h at 65 C°) as
the clusters phase separate during the polymerization

(iii) Increasing the amount of Bis-EMA (Figure 6a) reduces
the solubility of POSS, and as a consequence, more crystallinity
is observed. Sharp peaks at 2θ ) 8.3 and 7.5° are observed.

The post-curing cycle (2 h at 130°C) modifies the morphol-
ogy of the POSS in the polymer network (Figure 6d): the
intensity of the peak at 8.3° decreases and the peak at 7.5°
disappears. It means that the number of crystallites decreases
after the post-curing step. The crystalline organization of the
clusters is unchanged after post-curing as shown by the fact
that the peaks at 2θ ) 8.3, 11.1, and 12.3° are still present. In
fact, 130 °C is above the melting temperature ofiBuPOSS
crystallites (Tm ) 109 °C), so the crystalline organization is
broken during the post-curing step and probably some of these
clusters are able to diffuse and to react with surrounding trapped
radicals.

In the case of CyPOSS, no significant difference in the
WAXS pattern can be seen whatever the amount of CHMA or
the application of post-curing. All the WAXS patterns were
similar to the one reported in Figure 2c, i.e., in all cases
crystalline domains are observed. This result underlines the very
strong influence of the nature of the nonreactive organic
substituents of monofunctional POSS (isobutyl vs cyclohexyl)
on the miscibility of POSS molecules in an organic medium
and on the interaction energy between clusters in crystalline
structures built fromiBuPOSS or CyPOSS. An example of the
microstructure of a POSS-modified dimethacrylate network is
represented in Scheme 3 in an idealized two-dimensional
schematic representation: covalently bonded POSS, and crystal-
line POSS particles and amorphous aggregates are shown.

The dynamic mechanical analysis was conducted on the two
hybrid networks (Bis-EMA/CHMA (50/50)+ 10 wt %
iBuPOSS and Bis-EMA/CHMA (50/50)+ 10 wt % CyPOSS)
and compared to the reference fully organic network (Bis-EMA/
CHMA (50/50)). Variations ofG′ and tanδ as a function of
temperature are reported in Figure 7, parts a and b. No large
difference is observed between the two different types of
networks: the main relaxation at high temperature,TR, taken
as the maximum of tanδ peak and associated with the glass
transition, and the sub-Tg relaxation near-80 °C, associated
with the change of conformations of cyclohexyl groups in the
monomer units31 occur at the same temperatures. So, the effects

Figure 5. WAXS patterns: (a) Bis-EMA/CHMA (50/50); (b) Bis-
EMA/CHMA (50/50) + 10 wt % iBuPOSS; (c) Bis-EMA/CHMA (50/
50) + 10 wt % iBuPOSS after extraction of free POSS by THF.

Table 1. Final Double Bond Conversion Measured by NIR
Spectroscopy, after Curing of Networks

bis-EMA/CHMA
(50/50)

bis-EMA/CHMA +
5 wt % POSS

bis-EMA/CHMA +
10 wt % POSS

iBuPOSS 86 83 85
CyPOSS 86 84 82

Figure 6. WAXS patterns: (a) CHMA+ 10 wt % iBuPOSS; (b) Bis-
EMA/CHMA (10/90) + 10 wt % iBuPOSS; (c) Bis-EMA/CHMA (50/
50) + 10 wt % iBuPOSS, after curing 8 h at 65°C; (d) Bis-EMA/
CHMA (50/50)+ 10 wt % iBuPOSS, after post-curing 2 h at 130°C.
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of the nature of substituents of the inorganic POSS core remain
minor on these viscoelastic properties. Only a slight decrease

of the rubbery modulus is observed as 10 wt % ofiBuPOSS is
added to the organic medium; it is accompanied by a 3°C
decrease ofTR (from 113°C for the reference network to 110
°C for the hybrid network, Table 3). The same trend is observed
for CHMA/Bis-EMA (90/10)+ POSS networks. Incorporation
of 10 wt % of iBuPOSS leads to a decrease ofTR (6 °C lower
than the reference network) and of the rubbery modulus as
compared to the pure matrix. At the same time, 10 wt % of
CyPOSS letTR and the rubbery modulus unchanged (Table 3).

To highlight the effect of POSS on the network structure,
master curvesE′ andE′′ as a function of frequency were built
for each material. Figure 8 shows master curves of both the
Bis-EMA/CHMA(50/50)+ 10 wt % iBuPOSS network and the
reference matrix. The superimposition of isothermal curves to
build those master curves confirms the validity of time-
temperature equivalence principle for the materials studied. The
evolution of the shift factoraT in the temperature window
considered was estimated according to the WLF equation, eq
1:32

WLF parameters,C0
1 andC0

2, at the reference temperature,T0,

Figure 7. Storage modulus,G′, and loss factor, tanδ, of at 1 Hz: (a) Bis-EMA/CHMA (50/50)+ 10 wt % iBuPOSS (4) and Bis-EMA/CHMA
(50/50) (0); (b) Bis-EMA/CHMA (50/50)+ 10 wt % CyPOSS (O) and Bis-EMA/CHMA (50/50) (0)

Scheme 3. Schematic Representation of the Structure of a
Network Based on Bis-EMA/CHMA/Methacryl -POSSa

a Solid lines represent the organic polymer chains; POSS can be
found in three different states: molecularly dispersed, amorphous, and
crystalline particles. log (aT) )

- C0
1(T - T0)

C0
2 + (T - T0)

(1)
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can be related to the free volume fraction,f0, and the free volume
expansion coefficient,Rf, from the Doolittle’s theory, through
the following relationships:32

B is a constant, which is considered most of the time to be unity.
WLF coefficients were determined by plotting (T - T0)/log-

(aT) against (T - T0): the coefficientC0
1 was obtained from

the slope which is-1/C0
1 and the coefficientC0

2 from the
intersection atT ) T0 which is-C0

2/C0
1. A representative WLF

plot for the Bis-EMA/CHMA (50/50) networks, unmodified and
modified with 5 and 10 wt % ofiBuPOSS is shown in Figure
9. In each case, a linear dependence is obtained. OnceC0

1 and
C0

2 were known, the WLF parameters at a sameTg (chosen as
108.5 °C), Cg

1 and Cg
2, were calculated thanks to eqs 4 and

5:18,32

Finally, fg andRf were determined fromCg
1 andCg

2 using eqs
2 and 3.

Table 3 provides a summary of WLF parameters,fg andRf,
as well asTg and the rubbery modulus of all networks based
on Bis-EMA/CHMA (50/50)+ POSS and Bis-EMA/CHMA
(10/90)+ POSS. However, due to the low accuracy of WLF
coefficients, only a qualitative interpretation from these values
can be given.

Networks modified withiBuPOSS have higher fg andRf as
compared to the reference network whatever the Bis-EMA/
CHMA ratio. Then, to explain the slight decrease of rubbery
modulus induced byiBuPOSS, one can note the following
factors:

(i) iBuPOSS is a monofunctional monomer that acts as a chain
extender causing the average cross-linking density to decrease.

(ii) iBuPOSS is a nanometer scale monomer occupying a large
volume that is no longer available for cross-links. The average
number of cross-links per volume tends to be reduced.

Table 2. Final Double Bond Conversion Measured by NIR Spectroscopy

bis-EMA
bis-EMA +

5 wt % multiPOSS
bis-EMA +

10 wt % multiPOSS
bis-EMA +

15 wt % multiPOSS

AIBN initiator (4 h 80°C + 2 h 130°C) 83 82 79 75
tBPO initiator (4 h 130°C) 93 91 87 82

Table 3. WLF Parameters,Tr, and Rubbery Modulus of Methacrylate Networks Including iBuPOSS and CyPOSS as Pendant Groups

Cg
1 Cg

2 [K] 102fg/B 104Rf/B
TR [°C]
at 1 Hz

rubbery modulus
atTR + 50 °C [MPa]

bis-EMA/CHMA(50/50) 10.6( 0.5 97.2( 4.5 4.1( 0.2 4.2( 0.4 113 22.5
+5% iBuPOSS 9.8( 0.5 89.8( 4.6 4.4( 0.2 4.9( 0. 4 110 19.5
+10% iBuPOSS 10.2( 0.5 87.6( 4.3 4.3( 0.2 4.9( 0.5 110 18.0
+5% CyPOSS 10.6( 0.6 99.7( 5.8 4.1( 0.2 4.1( 0.5 112 19.4
+10%CyPOSS 10.3( 0.5 92( 4.2 4.2( 0.3 4.6( 0.4 113 21.3

bis-EMA/CHMA(10/90) 9.1( 0.4 103.7( 4.6 4.8( 0.2 4.6( 0.4 117 1.9
+10% iBuPOSS 7.7( 0.6 87.9( 6.8 5.6( 0.4 6.4( 1.0 111 1.5
+10% CyPOSS 8.6( 0.5 95.6( 5.6 5.0( 0.4 5.3( 0.7 118 2.0

Figure 8. (top) Master curves for the storage modulus. (bottom) Master
curves for the loss modulus.T0 ) 108.5°C. Bis-EMA/CHMA (50/50)
(0); Bis-EMA/CHMA (50/50)+ 10% iBuPOSS (O). Curing cycle: 8
h 65 °C + 2 h 130°C.

Figure 9. WLF plot from shift factors,aT: Bis-EMA/CHMA (50/50)
(0); Bis-EMA/CHMA (50/50) + 5 wt % iBuPOSS (4); Bis-EMA/
CHMA (50/50) + 10 wt % iBuPOSS (O).

T0 - C0
2 ) Tg - Cg

2 (4)

C0
1C

0
2 ) Cg

1C
g
2 (5)

C0
1 ) B

2.303f0
(2)

C0
2 )

f0
Rf

(3)
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(iii) Disordering of the crystalline domains which are not
covalently linked to the network takes place; this disordering
occurs aboveTm (iBuPOSS) and leads to liquid droplets of
iBuPOSS in the rubbery matrix

Besides this, the increase of free volume expansion coefficient
in the presence ofiBuPOSS is consistent with a decrease of
average cross-linking density.33

The lowerTR can be explained by the following: (i) the
increase of free volume fraction coming from the lower cross-
linking density and the fact thatiBuPOSS is a bulky monomer
making the packing of polymer chains around these nano-objects
difficult; (ii) the plasticizing effect of iBuPOSS due to the
isobutyl ligands.

Then, iBuPOSS has effects that tend to increase molecular
mobility (decrease of cross-linking density, increase of free
volume fraction, and plasticizing effect). Figure 8 illustrates this
influence in the case of the network Bis-EMA/CHMA (50/50)
+ 10 wt % iBuPOSS. The master curve of the storage modulus
as a function of frequency atT0 ) 108.5°C is shifted toward
higher frequencies as compared to the pure matrix. This indicates
the existence of shorter relaxation times in the presence ofi-
BuPOSS. However, it is well-known that POSS incorporated
as pendant groups are massive and bulky monomers that slow
molecular motions (POSS) “anchor object”).34 As a conse-
quence, at loadings below 10 wt % ofiBuPOSS, effects leading
to an increase of molecular mobility overcome the “anchor”
effect.

The addition of CyPOSS to the networks up to 10 wt % does
not modify the thermomechanical behavior of the material as
confirmed by the low influence on the WLF parameters. In this
case the large crystalline domains that were found using WAXS
and TEM remain stable as the temperature is increased, because
their melting temperature is very high. However these domains,
which we can see as micrometer-size filler, do not bring any
enhancement of the viscoelastic properties of the network. No
change of molecular mobility is observed as most of the
CyPOSS clusters are not included in polymer chains.

2. Networks with POSS as Cross-Links

A significant influence of the addition of multiPOSS to Bis-
EMA is observed on the final double bond conversion:
increasing the POSS content leads to a small decrease of the
conversion due to steric hindrance associated with the high
functionality of these nano-objects (Table 2). This effect is
higher than for the monofunctional POSS (Table 1).

The networks including multiPOSS as a cross-linking point
are fully amorphous as shown by the absence of sharp crystalline
reflections in the WAXS profiles depicted in Figure 10. This
result was expected because the multiPOSS monomer is liquid.
The multiPOSS are well dispersed in the organic medium, at a
molecular scale, as there is no sign of any assembling of POSS
within the network. This conclusion is confirmed by the TEM
micrographs which show no silicon-rich zone even at high
magnification. This excellent dispersion is explained by the
combination of three factors: (i) the high solubility of multi-
POSS in the Bis-EMA monomer, (ii) the reactivity of the
methacrylate group borne by POSS molecule, which is slightly
lower than the ones of Bis-EMA, so that POSS can be
incorporated in the network at the early stage of the polymer-
ization, and (iii) its high functionality, which prevents self-
organization of POSS. However, this situation is not general:
in some cases, similar results were found in the literature,2 but
in other cases, aggregates were observed.9,10,35,36

An increase in the rubbery modulus with increasing multi-
POSS content is observed as shown in Figure 11a. This modulus
is related to the average cross-link density which increases with
rising amounts of multiPOSS, despite the lower final conversion
of double bonds. As an example, the incorporation of 15 wt %
of multiPOSS leads to an increase of 53 MPa of the rubbery
modulus. A decrease of the magnitude of tanδ is also noticed,
it is accompanied by an increase in the width of the glass
transition region (Figure 11b). It is well-known that networks
synthesized by chain polymerization result from the agglomera-
tion of highly cross-linked microgel particles, with highTg

region located in the core of microgels and inter microgel
regions with a lowerTg. The broad tanδ peak observed on the
Bis-EMA matrix could be explained by the different associated
relaxation processes.37 Adding multiPOSS increases the network
heterogeneity in terms of molecular mobility, because of its high
functionality. During the polymerization, the presence of
multiPOSS leads to a local double bond concentration around
the growing macroradical higher than in the neat Bis-EMA
network. Therefore, we believe that Bis-EMA/multiPOSS
systems have a higher tendency to form microgels and a broader
distribution of relaxation times of the resulting network is
obtained.

To reduce this broadening of the distribution of relaxation
times and also to increase the final double bond conversion,
we decided to synthesize Bis-EMA/multiPOSS at a polymeri-
zation temperature higher than the final glass transition tem-
perature; 130°C was chosen and tertiobutyl peroxide,tBPO,
initiator was used instead of AIBN. Polymerization time was 4
h. The values of final double bond conversion are reported in
Table 2. In all cases higher conversions are obtained, the
increase being 7 to 10%. This effect results from the higher
polymerization temperature that facilitates the diffusion of
reactive species. Of course, as shown in Figure 12, this increase
of conversion has a clear consequence on the value ofTR and
rubbery modulus which both show a significant increase.
Moreover the shape of the tanδ peak is different; it is narrower
than the one of the network initiated by AIBN. This effect is
also visible on the neat matrix (Figure 13): an increase of 16
MPa and of 20°C in the value ofTR is obtained whentBPO is
used instead of AIBN. As previously noted, increasing the
weight fraction of multiPOSS in the organic matrix considerably
increases the rubbery modulus as can be seen in Figure 13: an
increase of 120 MPa is found for Bis-EMA+ 15 wt %
multiPOSS+ tBPO. Despite this effect, any significant change
of TR occurs in the presence of multiPOSS. In fact, what is
really important to note is the broadening of the relaxation
processes at high temperatures induced by multiPOSS as

Figure 10. WAXS patterns: (a) Bis-EMA; (b) Bis-EMA+ 15 wt %
multiPOSS.
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observed elsewhere.36 This can be attributed to both the
increased average cross-linking density and the fact that many

chains are linked to a bulky and highly functional POSS cage
having a low mobility.

Figure 11. Influence of multiPOSS weight fraction on storage modulus,G′ (a), and loss factor, tanδ (b), at 1 Hz: Bis-EMA (0); Bis-EMA + 5
wt % multiPOSS (4); Bis-EMA + 10 wt % multiPOSS (O); Bis-EMA+ 15 wt % multiPOSS (×) 8 h 80°C + 2 h 150°C.

Figure 12. Influence of polymerization temperature on storage modulus,G′, and loss factor, tanδ, at 1 Hz: (4) Bis-EMA + 10 wt % multiPOSS
+ tBPO; 4 h at 130°C (-) Bis-EMA + 10 wt % multiPOSS+ AIBN; 4 h at 80°C + 4 h at 130°C.
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Conclusions

Two types of monofunctional and one type of multifunctional
polyhedral oligomeric silsesquioxanes were employed to prepare
hybrid I/O networks, i.e., POSS-containing dimethacrylate
networks. The different materials were characterized using wide-
angle X-ray scattering, electron microscopy, and dynamic
mechanical spectroscopy.

The free radical copolymerization between a POSS bearing
eight methacrylate groups and a dimethacrylate monomer leads
to very well dispersed clusters at the molecular scale. This
excellent dispersion is the result of the very good miscibility
of multiPOSS into the organic monomer and of its high
functionality which prevents phase separation during the
polymerization. The nanostructuration of monofunctional POSS
is more complex. This type of nanocluster shows a high
tendency to phase separate and to form crystalline domains
during polymerization. To have an initially soluble POSS in
the dimethacrylate monomer a reactive diluent is required, but
it does not prevent the phase separation of the nanocluster as
reaction occurs. This effect is clearly more pronounced with
cyclohexyl POSS as compared to isobutyl POSS, due to the
stronger POSS-POSS interactions in the first case. Moreover
it was also demonstrated that most of the monofunctional POSS
were not covalently bonded to the network.

The multifunctional POSS behaves as a cross-linking agent;
i.e., it increases the average cross-link density and as a
consequence increases the value of the rubbery modulus.
However, theTg, estimated from DMS, of the hybrid networks
is not affected, and only a broadening of the transition was
observed as the amount of POSS was increased. The dispersion
at a molecular scale of multiPOSS clusters coupled with the
high functionality of these objects enables us to state that each
multiPOSS molecule acts as an individual cross-link. Mono-
functional POSS does not bring any specific reinforcement effect
to the network at loading below 10 wt %; some are included as
pendant groups in the network, but this does not lead to any
strong change in the value ofTg or modulus.

We believe that methacrylate-functionalized POSS can be
expected to improve the properties of dimethacrylate-based

networks in the field of surface properties,16 optical properties
and shrinkage,15 rather than in the field of mechanical properties.
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Figure 13. Influence of multiPOSS wt % andtBPO initiator on storage
modulus,G′ (a), and loss factor, tanδ (b), at 1 Hz: Bis-EMA (0);
Bis-EMA + 5 wt % multiPOSS (4); Bis-EMA + 10 wt % multiPOSS
(O); Bis-EMA + 15 wt % multiPOSS (×), 4 h at 130°C.
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