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ABSTRACT: The dieletric relaxation properties of thermo-
setting material nanocomposites based on spherosilicate
nanoplatforms were studied from room temperature to
1708C, varying the frequency from 10 to 1000 KHz. Permittiv-
ity (e0), dielectric loss (e00), and activation energy (Ea) were
calculated. The results of dielectric relaxation were confirmed
by those of the final properties. The dielectric loss amplitude
decreases with increasing ODPG content until about 70–73 wt
% and slightly increases at higher ODPG content. This means
that the increasing of the ODPG content in the composite
samples decreases the number of pendants groups and/or
increases crosslink density, causing decreased motion of
organic tethers, and subsequently decreasing of the dipolar

mobility. The results of apparent activation energy, fracture
toughness and tensile modulus mechanical properties show
the same profile with respect to ODPG content, in the sense
that they exhibit maxima around 70 wt % ODPG. For the
ODPG/MDA composites, this formulation of 70 wt %
ODPG containing excess of amine is not composition where
the highest crosslinked density is reached. This implies that
the best mechanical properties and Ea are provided by some
degree of chain flexibility. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 106: 205–213, 2007
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INTRODUCTION

Polyhedral oligomeric silsesquioxanes (POSS), (RSiO1.5)n
with n ¼ 6, 8, 10. . . . , are nanoplatforms with 1–8 reac-
tive or nonreactive organofunctional groups (R) anch-
ored to the possible eight vertexes of the cubic silses-
quioxane. Octahedral POSS (n ¼ 8) are the most impor-
tant members of this family.1–3

POSS with n ¼ 8 are usually synthesized via cata-
lyzed hydrosilylation of organic molecules containing
terminal vinyl groups with 1,3,5,7,9,11,13,15 -octa[hy-
dridodimethylsiloxy] pentaciclo [9.5.1.13,9.15,15.17,13]
octasilsesquioxane, [(HMe2SiOSiO1.5)8], using Pt(dcp).
In these POSS, the eight organic functional groups (R)
are anchored to the vertexes of the cube via O(SiMe2-
(spacer) linkages. POSS can be incorporated into ther-
mosetting or linear polymers to improve their thermal
and mechanical properties. The use of such nanosized
POSS in the preparation of an organic polymer by
polymerization at one or more of the eight corner
groups in the POSS macromer, can lead to nanocom-
posite materials.4–9

Nanocomposite materials can offer novel proper-
ties, such as significant improvements in tensile

modulus, fracture toughness, thermal and oxidation
resistance, and reduced flammability, that can only
be explained by extensive organic–inorganic interfa-
cial interactions.10–12

Recently, the preparation and study of several
organic–inorganic hybrid composites based on
several types of octa-functional POSS has been
reported.4–12 In these materials, the cubic silica core
is defined as rigid nanoplatform in which eight
organic functional groups are anchored to the ver-
texes of the cube. The cubic silica cores are ‘‘hard
particles’’ rigid with 0.53 nm diameter and a spheri-
cal radius of 1–3 nm including peripheral organic
units. In these materials the cubes can be connected
to one another by organic components with known
architecture and lengths of the order of 3–5 nm,
forming composites with completely defined inter-
facial component between organic and inorganic
phase. The dimensions of the organic connectors
between mono-dispersed cubic silsesquioxanes with
size at nanometer scale are within the dimensions
normally attributed to interphase materials that
form in macroscopic composites.

Dielectric analysis (DEA) technique detects
changes in ionic and dipolar mobilities of a material
when it is subjected to an alternating electric
field.12,13 It has been used to investigate the relaxa-
tional behavior of organic materials for more than
half a century.14–20
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In the present work, the dielectric relaxation be-
havior of a thermosetting material, obtained from
curing of 1,3,5,7,9,11,13,15-octa[dimethylsiloxypropy-
lglycidylether] pentaciclo [9.5.1.13,9.15,15.17,13] octa-
silsesquioxane, [(glycidylMe2SiOSiO1.5)8] (ODPG),
which is a epoxy resin based on cubic silsesquiox-
ane, in presence of the curing agent (hardener)
methylenedianiline (MDA), was studied.

As the most important epoxy resin are oligomers
of diglycidyl ether of bisphenol A, we have chosen
the allyl glycidyl ether to be added to the octa[hydri-
dodimethylsiloxy] octasilsesquioxane in the present
work, resulting an epoxy resin based on cubic silses-
quioxane, or more specifically, a POSS. For the same
reason, the methylenedianiline has been chosen as
the curing agent.

Dielectric relaxation technique allows to probe the
molecular mobility of the organic phase of the or-
ganic–inorganic hybrid composites. In this context,
both frequency and temperature are varied, so that a
wide range of molecular mobility can be investi-
gated. Since the aim of this work is to see how the
presence of organic functional groups affects the
relaxational behavior of the composite matrix,
experimental work was carried out on different for-
mulations. The samples were prepared in a similar
way, allowing an easy comparison among the results
obtained for different ODPG content.

EXPERIMENTAL

Materials

Tetraethoxysilane [Si(OEt)4], tetramethylammonium
hydroxide [(CH3)4NOH], dimethylchlorosilane [HSi
(CH3)2Cl], allyl glycidyl ether, and platinum dicyclo-
pentadieno [Pt(dcp)], triphenylphosphine and methy-
lenedianiline were purchased from Aldrich Chemical
Company and used as received. Hexane and metha-
nol was purchased from Lancaster Synthesis Com-
pany and used without further purification.

Synthesis

The synthesis of the 1,3,5,7,9,11,13,15-octa[dimethylsi-
loxypropylglycidylether] pentaciclo [9.5.1.13,90.15,15

0.17,13] octasiloxane, [(glycidylMe2SiOSiO1.5)8] (ODPG)
followed a procedure previously reported.11 A sche-
matic representation of this reaction is showed in
Figure 1.

To a 500-mL Schlenk flask equipped with a mag-
netic stir bar and a condenser, was added 120.0 g
(0.1178 mol) octahydrido spacer cube, [HMe2-
SiOSiO1.5]. The flask was evacuated and refilled with
N2 gas three times at 508C. Then 132.0 mL (0.99 mol)
allyl glycidyl ether was added to the solution fol-
lowed by 0.3 mL of 2.0 mM solution of platinum

dicyclopentadieno [Pt(dcp)] and the reaction was
heated at 908C. Triphenylphosphine, 10 mg, was
then added to deactivate the [Pt(dcp)] catalyst and
the toluene solvent was removed by rotary-evapora-
tion. Yield: 210 g (91% of theoretical).

1H-NMR (CDCl3): d CH2O(CH2)3 diastereotopic
3.55, 3.30 (dd, J ¼ 3,27 Hz, 8H) (due to peak overlap,
all resonances between 3.34 and 3.16 are integrated
as two peaks, 24H), 3.30, 3.28 (dd, J ¼ 2,89 Hz),
SiCH2CH2CH2O 3.18 (m, 8H), OCH2CH (epoxy) 2.93
(m, 8H), CH2 (epoxy) diastereotopic 2.58 (dd, 8H),
2.40 (dd, 8H), SiCH2CH2CH2O 1.48 (m, 16H),
SiCH2CH2CH2O 0.47 (m, 16H), (CH3)2SiCH2 0.00
ppm (s, 48H).

13C-NMR (CHCl3): d SiCH2CH2CH2O 74.29, CH2O
(CH2)3 71.86, OCH2CH (epoxy) 51.11, CH2 (epoxy)
44.35, SiCH2CH2CH2O 23.59, SiCH2CH2CH2O 13.93,
(CH3)2SiCH2 0.00 ppm.

29Si-NMR (C6D6): d (CH3)2SiCH2 �7.3, SiOSi(CH3)2
CH2 �129.4 ppm.

SEC, Mn ¼ 1850, Mw ¼ 1898, PDI ¼ 1.02, calcu-
lated Mw ¼ 1931 g/mol.

Fourier transform infrared spectra (FTIR) (neat
film, cm�1): n C��H ¼ 3035, 2962, 2934, 2874 (m); n
Si��H ¼ 2142 (m); n Si��CH3 e n C��O ¼ 1250–1260
(s); n Si��O ¼ 1095 (versus); d C��O��C ¼ 902 (s).

Figure 1 Reaction of preparation of the 1,3,5,7,9,11,
13,15-octa [dimethylsiloxypropyl glycidylether] penta-
ciclo [9.5.1.13,9.15,15.17,13] octasilsesquioxane (ODPG).
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Curing process

The compositions of samples were shown in Table I.
ODPG is a viscous liquid and MDA is solid at

room temperature. The structures of the ODPG and
MDA are shown in the Figures 1 and 2, respectively.
A general schematic representation of composites
with discontinuous organic–organic phases from
cubic silsesquioxane is shown in Figure 3.

In the present investigation, samples having differ-
ent amount of ODPG were prepared. In formulating
samples, the molar ratio f is defined as f ¼ no. of
epoxy rings in ODPG/no. of amine hydrogen in
MDA ¼ 8 � (no. of ODPG)/4 � (no. of MDA).
Thus, when f ¼ 1, the two components are mixed at
stoichiometric amount of 83 wt % of ODPG and 17
wt % of MDA.

For curing optimization tests, samples were cured
at different temperatures and times to study the cure
condition. ODPG/MDA samples were cured in the
temperature range of 100–2008C and for periods of
2–12 h. It was performed in two steps curing cycle
tests and not any improvement was observed in the
mechanical properties of the samples. It was deter-
mined that for ODPG/MDA, curing for 10 h at

1508C was sufficient for reproducible modulus and
fracture toughness. Then, in the present study curing
for 10 h at 1508C was adopted for the composites
ODPG/MDA.

ODPG and MDA were weighed into an aluminum
pan with a diameter of 61.5 mm and depth of 18
mm and mixed by hand at room temperature. The
mixture was then put into an oven preheated to
�1508C under vacuum. After degassing for 10–
15 min and no more bubbles emerged from the
mixture, the content was transferred to an aluminum
mold preheated to 1508C. The filled mold was
placed in an oven and heated under nitrogen for
10 h at 1508C for curing the mixture. After the mold
cooled, the sample was removed and kept in a
sealed desiccator before the mechanical tests were
performed.

Mechanical testing

Samples removed from the aluminum mold had
rough edges due to the overflow of polymer. These
edges were polished using a polish wheel with 120-
grit SiC paper. After polishing, the samples were
ready for mechanical testing. The elastic moduli (E)
data were obtained using an Instron 4502 screw
driven mechanical testing machine. The dimensions
of each sample were determined by measuring the
width and thickness at three points along the gauge
length prior to the test. These were used to calculate
the averages of width and thickness for each sample.

TABLE I
Formulations for ODPG/MDA Composites

ODPG
wt %

MDA
wt % fa

Molar
ratio

MDA/ODPG
e0

(at 50 KHz)
e00

(at 50 KHz)

Tp

(8C)
(at 50 KHz)

Ea

KJ mol�1
Eb G
Pa

K1C
b

MPa.m1/2

95 5 3.90 0.51 0.02
91 9 2.07 0.96 0.06
87 13 1.37 1.46 0.70
83 17 1.00 1.99 8.99 0.19 13 241 1.00 0.45
80 20 0.82 2.44 0.53
79 21 0.77 2.59 0.60
77 23 0.69 2.91 7.12 0.17 35 322 1.28
73 27 0.55 3.60 7.80 0.11 102 362 0.80
70 30 0.48 4.18 479 1.68 1.25
68 32 0.44 4.58 1.35
67 33 0.42 4.79 7.90 0.19 93 368 1.70
63 37 0.35 5.72 8.40 0.37 56 264
60 40 0.31 6.49 253 0.74
57 43 0.28 7.10 9.49 0.54 45 248
55 45 0.25 7.96 0.17
50 50 0.20 9.74 0.03
40 60 0.14 14.62 0.02

a In formulating samples, the molar ratio f is defined as the ratio of epoxy ring to amine hydrogen (f ¼ number of
epoxy rings in ODPG/number of amine hydrogen in MDA).

b Each data point represents an average of at least five samples.

Figure 2 Structure of the methylenedianiline (MDA).
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The elastic moduli were obtained following ASTM
standard [No. E111(1997)].

The critical stress intensity factor was obtained
following ASTM standard [No. E399(1990)].

NMR and FTIR analyses

Solution NMR Analyses. All 1H- and 13C-NMR anal-
yses were done in CDCl3 and recorded on a
BRUKER DRX 400 spectrometer. 13CNMR spectra
were obtained at 100.6 MHz using a 27,027 Hz spec-
tral width and a relaxation delay of 0.6 s. 1H-NMR
spectra were collected at 400.1 MHz, using a 3591
Hz spectral width, and a relaxation delay of 1 s.

Solid state NMR analyses. All 29Si-NMR (59.5
MHz) and 13C-NMR (75.4 MHz) solid state analyses
were recorded on a Varian INOVA 300 spectrometer.
The samples were packed in zirconia rotors and
spun at the magic angle at 4500 Hz, after a relaxa-
tion delay of 10.0 and 6.0 s for 29Si and 13C, respec-
tively. All chemical shifts are reported in units
(ppm) using TMS as external reference.

FTIR spectra were recorded on a Nicolet 5DXB FT-
IR 300 spectrometer. About 600 mg of KBr were
ground in a mortar and pestle, and a sufficient quan-
tity of the solid sample was ground with KBr to pro-
duce a 1 wt % mixture resulting in pellets. Liquid
samples were cast on salt plates. A minimum of 32
scans was collected at a resolution of 4 cm�1.

Dielectric measurements

Dieletric relaxation experiments were performed
using a Hewlett–Packard Impedance and Gain Phase

Analyser 4192A. All films had a layer of aluminum
evaporated on both surfaces to serve as electrodes.
Sample thickness of about 1 mm was used. The
aluminum-coated films were installed in a closed
(�10�2 torr vacuum), temperature controlled cell of
parallel plate geometry. The capacitance, C, and loss
factor, tan d, of the samples were measured over a
frequency range from 10 to 1000 KHz, from room
temperature to 1708C.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed
on cured samples using a Netzsch DMA 242 instru-
ment operating at 1 Hz in the three-point bending
mode at a heating rate of 58C/min. The dimensions
of the specimens were �3.1 � 10 � 100 mm3.
Dynamic mechanical spectra were obtained from
�50 to 2008C.

RESULTS AND DISCUSSION

Dieletric relaxation technique allows to study
changes in ionic and dipolar mobilities of a thermo-
set material when it is subjected to an alternating
electric field.14–20

In DEA, the capacitance and conductance of a ma-
terial can be measured as a function of time, tem-
perature, and frequency. This allows the determina-
tion of electrical polarization and conduction of the
material.

The real (e0) and imaginary (e00) parts of the dielec-
tric function are determined from the measured

Figure 3 Scheme of a general representation of composites with discontinuous organic–organic phases from cubic silses-
quioxane. X ¼ links between cubes.
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quantities according to:

e0 ¼ Cd=ACo (1)

e00 ¼ e0tan d (2)

where C is the parallel capacitance, d is the initial
film thickness, A is the electrode area, and Co is the
permittivity of free space (Co ¼ 8.85 � 10�12 F/m). e0

is the permittivity and measures the polarization of
the material; e00 is the dielectric loss and is related to
the energy loss and the conductive nature of the
sample.

In an electric field, dipoles tend to align them-
selves along the direction of the field, while ions
move toward the electrodes and form layers. Before
the curing reaction starts, dipoles and ions can move
freely. After the curing process, ions lose their trans-
lational mobility and dipoles lose their rotational
mobility. Such change in ionic and dipolar mobilities
leads to the development of a peak in the dielectric
loss (e00) curve.

The dielectric relaxation of conventional epoxy-
amine systems has been discussed at length by Fitz
and Mijovic.18 The a process is associated with seg-
mental motions of the terminal epoxy groups while
the b process results from the localized motions. In
these conventional systems, a single ab relaxation
first appears in the early stage of reaction, located in
the high megahertz range. The ab relaxation peak
broadens with the progress of chemical reactions
and separates into two peaks: a which shifts to
lower frequencies and longer relaxations times, and
a second peak at high frequency (megahertz range)
of diminishing intensity, but essentially unchanging
relaxation time.

The ODPG/MDA composites investigated in this
work were obtained from curing of the nonconven-
tional epoxy resin denominated 1,3,5,7,9,11,13,15-
octa[dimethyl siloxypropylglycidylether] pentaciclo
[9.5.1.13,9.15,15.17,13] octasilsesquioxane in presence of
methylenedianiline. Dielectric relaxation results in the
temperature range 25–1708C, varying the frequency
from 10 to 1000 KHz, are shown in Figure 4(a–f) for
the ODPG/MDA composites. Figures 4(a–c) show
that the peak position in the permittivity (e0) curves is
frequency-dependent. The e0 showed only one wide
absorption band, which shifts to higher frequency
with increasing temperature, indicating that the pro-
cess is actived termically. From Figure 4(a–c), we can
observe for all studied frequencies that the height of
the e0 peak maximum decreases with increasing
ODPG content until about 75–77 wt %, then sharply
increases until 83 wt %. The Table I shows the e0 max-
imum peak values as a function of ODPG content for
the ODPG/MDA composites at 50 KHz.

The Figure 5(a–c) plots the dielectric loss (e00) as a
function of temperature for frequency in the range

of 10–000 KHz. The dielectric loss show the usual
shape, reaching a maximum whose peak position
shifts to higher temperature with increasing fre-
quency. The e00 maximum peak amplitude decreases
with increasing ODPG content until about 70–73 wt
% and slightly increases at higher ODPG content.
The Table I presents the e00 maximum peak values as
a function of ODPG content for the ODPG/MDA

Figure 4 Permittivity (e0) as a function of temperature at
several frequencies and ODPG contents: (a) 57 wt %; (b) 73
wt %; (c) 83 wt %. n 10 KHz; l 15 KHz; ~ 20 KHz; ~ 30
KHz; ^ 40 KHz; 3 50 KHz; " 76 KHz; þ 100 KHz; &
200 KHz; � 302 KHz; ~ 501 KHz.
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composites at 50 KHz. The temperature of the e00

maximum peak position (Tp) increases with the
increasing of ODPG content, reaching maximum val-
ues for compositions in the range of 67 and 73%,
and then it decreases sharply at higher ODPG con-
tent (Table I). For the other studied frequencies the
curves of the variation in the intensity and tempera-
ture position of the e00 maximum as a function of OG
content show the same behavior.

The conclusion we may draw from these results is
that with excess increasing of the MDA content
(‘‘Excess’’ MDA is used for f < 1.0; ODPG content
< 83 wt %) in the composite samples increases the
number of pendants groups (amount of the NH2

dipolar groups) and/or decreases crosslink density,
causing increased motion of organic tethers (links
between cubes), and subsequently increasing of the
dipolar mobility. The region with ODPG content
higher than 70–73 wt % is very slightly affected by
increased dipolar mobility, because it is in close
proximity to the stoichiometric point (f ¼ 1.0; 83 wt
% ODPG). It is difficult to prepare samples with
large excess of glycidyl units (f > 1.0), and the
dielectric relaxation of these ODPG/MDA compo-
sites cannot be measured because of the viscous-like
behavior, i.e., the sample bar begins to loss its solid
integrity and becomes something like a very viscous
material.

On the other hand, for composites ODPG/MDA
samples with higher ODPG content (�80 wt %
ODPG), at the lowest frequencies we see few up-
turns in the dielectric loss at high temperature, as
result of increased dipolar mobility. This effect
increases with decreasing of ODPG content involv-
ing higher frequencies. In samples with ODPG con-
tent low (�57 wt % ODPG), sharp upturns appear
involving all range of frequency. This final sharp
upturns in the dielectric loss is result of the
increased dipolar mobility. This effect is dependent
on increasing of the MDA content (providing
source of polar NH2 groups). Above 80 wt %
ODPG, the content of polar NH2 groups is very
low, and this effect is not observed, i.e., there are
fewer remaining dipoles able to respond to the
field as time goes on.

In the range from 67 to 83 wt % ODPG we can
see a different effect at low temperature. We can
see upturns in the dielectric loss at low tempera-
ture, involving all frequency range. This effect
becomes larger as the ODPG content increases
from 67 to 83 wt % ODPG. Above 83 wt % ODPG
this effect is not observed. It seems that the MDA
excess decreasing (for f > 0.45; MDA content < 32
wt %) increases this effect by decreasing the num-
ber of pendants groups NH2 and/or increasing
crosslink density.

Assuming that the relaxation process can be mod-
eled by an Arrhenius temperature dependence, the
shift in the frequency of the loss peak maximum can
be plotted as a function of reciprocal of the measure-
ment temperature for several ODPG/MDA samples.
The data can be fit to a straight line whose slope is
the activation energy parameter for the a relaxation
process. Figure 6 shows a set of Arrhenius plot
obtained by plotting ln f versus 1/Tp, where Tp is
the peak maximum temperature of the dielectric loss

Figure 5 Dielectric factor (e00) as a function of tempera-
ture at several frequencies and ODPG contents: (a) 57 wt
%; (b) 73 wt %; (c) 83 wt %. n 15 KHz; l 20 KHz; ~ 30
KHz; ~ 40 KHz; ^ 50 KHz; 3 76 KHz; " 100 KHz; ~
151 KHz; & 200 KHz; þ 300 KHz; � 501 KHz; * 1 MHz.

210 LUIZ DIAS FILHO ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



curve, and f the frequency. The slope of the Arrhe-
nius plot is �Ea/R. Activation energy for several
compositions samples were calculated and presented
in Table I.

The region around 70 wt % ODPG, related to the
greatest values of Ea, corresponds to interval where
the lowest dielectric loss values can be found. It is
reasonable to assume that this region of �70 wt %
ODPG corresponds to greater energetic barrier of
occurring motion of organic tethers (links between
cubes).

These results of dielectric relaxation (e00, Ea) are
supported by those of the mechanical properties.
This region of �70 wt % ODPG corresponds to that

presents the greatest Young modulus and fracture
toughness values, as it is shown in Table I. The
curves of activation energy (Ea) and of Young mod-
ulus (E) as a function of ODPG content, showed in
the Figure 7, present the same profile with respect
to ODPG content, in the sense that they exhibit
maxima around 70 wt % ODPG. Ea obtained from
DEA technique and E increased with increasing wt
% ODPG up to around 70 wt %. Further increase in
concentration of ODPG up to 83 wt % reduced Ea

and E.
Figures 8 and 9 show the DMA of ODPG/MDA

composites. In Figure 8 the maximum rubbery state
modulus is found at f ¼ 1. As the rubbery state
modulus relates directly to the network crosslink
density, the maximum crosslink density is expected
at f ¼ 1 (83 wt % OG and 17 wt % of MDA, corre-
sponding to stoichiometric ratio), which appears in
DMA as the maximum rubbery state modulus
(Fig. 8) and the highest Tg (Fig. 9). It confirms that

Figure 6 Arrhenius plots based on nonisothermal dielec-
tric analysis for ODPG/MDA composites at several ODPG
contents (wt %): n 57; ^ 63; ~ 67; ~ 73; þ 77. In this fig-
ure frequency is plotted on a ln-scale against 1000/T. The
slope of the linear fit is Ea/R.

Figure 7 Comparison between the curves of activation
energy (Ea) from DEA (n) and of tensile modulus mechan-
ical property (E) (l) with respect to ODPG content (wt %).

Figure 8 Storage modulus for ODPG/MDA composites
at various ODPG contents (wt %): (a) 63, (b) 73, (c) 83, (d)
91.

Figure 9 tan d for ODPG/MDA composites at various
ODPG contents (wt %): (a) 63, (b) 73, (c) 83, (d) 91.
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MDA acts as a tetrafunctional reactant in ODPG/
MDA composites at f ¼ 1. The small Tg peak in
ODPG/MDA at f ¼ 1 can be explained by a higher
crosslink density this formulation. As the ODPG is
octafunctional and the core is inorganic it provides
extremely high crosslink densities in ODPG/MDA
causing a high rubbery state modulus and the lack
(small peak) of Tg.

Diffuse reflectance FTIR was used to follow the
curing of various formulations. Figure 10 shows the
expanded spectra from 800 to 1000 cm�1 for several
ODPG/MDA composites with varying contents of
ODPG. The epoxy ring symmetric stretching at �830
cm�1 was present in all spectra but, practically, did
not change its intensity. The epoxy ring asymmetric
stretching at �920 cm�1 was also present in all spec-
tra and was used as an internal reference. The inten-
sity this band decreases with increasing amounts of
MDA is due to react on curing. This band at �920
cm�1 remains even in the formulations with excess
of MDA proving that the curing process presents
residual cure.

It is known that for conventional epoxy resin, such
as DGEBA, the highest crosslink densities are
obtained at stoichiometries where two epoxy ring
equivalents are mixed with one amine group equiva-
lent (the ratio of epoxy ring to amine hydrogen is
1 : 1). Most epoxy thermoset materials exhibit the
maximum Young modulus values for stoichiometries
of f ¼ 1.0 (f is defined as the molar ratio of epoxy
ring in conventional epoxy per amine hydrogen).
Fracture toughness also increases as the amine con-
tent increases below f ¼ 1. For the ODPG/MDA
composites the highest crosslink density which is
obtained at f ¼ 1 implies that the dominating struc-

ture is expected to be the one in which MDA is tet-
rafunctional on curing, connecting four epoxy rings,
and each cube has eight armed organic tethers (links
between cubes).

On the contrary, for the ODPG/MDA composites,
the maximum modulus and fracture toughness are
obtained at f � 0.50, and they maintain their max-
ima modulus up to f � 0.35, which are not compo-
sitions where the highest crosslinked density are
reached. This implies that the best mechanical
properties are provided by some degree of chain
flexibility.

This can be tentatively explained based on the fact
that before occurring the complete reaction and
crosslink between all the amines and epoxy rings, it
becomes very difficult for unreacted functional
groups to find each other because of increasing of
the viscosity during curing. These unreacted func-
tional groups will remain as pendant groups. Then,
for f < 1.0, the excess increasing of MDA causes
increased motion of organic tethers (links between
cubes) by increasing the number of pendants groups
and/or decreasing crosslink density. This a transi-
tion is caused by main chain motion. Other possibil-
ity is that the steric hindrance should be greater for
bulky ODPG than for conventional epoxy, such as
DGEBA. In this case, the reaction of the first hydro-
gen of the NH2 group should be favored over the
second one, resulting in a uniform and densely
crosslinked structure that can be obtained at f
� 0.50. In this case, the dominating structure is
expected to be the one in which MDA is bifunctional
on curing (linear tethers connecting two cubes). This
assumption (MDA is bifunctional connecting two
cubes) seems to be favored taking into consideration
that the highest values of Ea obtained from DEA, E
(tensile modulus), and K1C (fracture toughness),
occur in a ratio of �4 mol of MDA to 1 mol of
ODPG corresponding to f � 0.50.

For instance, when DGEBA is cured with excess
MDA the material changes from ductile to a brittle
material, both tensile modulus and fracture tough-
ness increase from f ¼ 1.0 to f ¼ 0.5, and, then,
they drop significantly.11 Therefore, while epoxy
resin/hardener conventional systems become brittle
with excess of curing agent (f < 1.0), ODPG/MDA
becomes rubbery. At f < 0.14, the modulus data of
ODPG cannot be measured because of the rubber-
like behavior. On the other hand, for composition at
f > 3.9 (‘‘Excess’’ ODPG) the ODPG/MDA compo-
sites become viscous. Consequently, at f > 3.9, the
modulus of ODPG/MDA cannot be measured, and
no data points are included in Table I. This behavior
also reflects in the fracture toughness, and no data
points for f < 0.44 and f > 1.0 are included in Ta-
ble I, because it is practically impossible to introduce
a natural crack into these samples.

Figure 10 FTIR spectra for ODPG/MDA composites at
various ODPG contents (wt %): (a) 83, (b) 77, (c) 73, (d) 67.

212 LUIZ DIAS FILHO ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



CONCLUSIONS

The dielectric properties of composites based on pol-
yhedral oligomeric silsesquioxane epoxy resin,
obtained by curing of 1,3,5,7,9,11,13,15-octa[dimethy-
lsiloxypropylglycidylether] pentaciclo [9.5.1.13,9.15,15.17,13]
octasilsesquioxane (ODPG), in presence of methylene-
dianiline (MDA) as hardener, was examined at vari-
ous experimental conditions.

The dielectric loss maximum peak amplitude
decreases with increasing ODPG content until about
70–73 wt % and slightly increases at higher ODPG
content. This means that the increasing of the ODPG
content in the composite samples decreases the num-
ber of pendants groups and/or increases crosslink
density, causing decreased motion of organic tethers
(links between cubes), and subsequently decreasing
of the dipolar mobility.

The results of apparent activation energy, fracture
toughness and tensile modulus mechanical proper-
ties show the same profile with respect to ODPG
content, in the sense that they exhibit maxima
around 70 wt % ODPG (f � 0.50). For the ODPG/
MDA composites, this formulation of f � 0.50 con-
taining excess of amine is not composition where the
highest crosslinked density is reached. This implies
that the best mechanical properties and Ea are pro-
vided by some degree of chain flexibility.

These results indicated that the dielectric tech-
nique can be used to know and to understand the
relationships between the relaxational behavior, the
ratio of oligomeric silsesquioxane epoxy resin to
hardener, the structure of the networks, and the final
properties of the composite matrix.
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