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ABSTRACT: Organic/inorganic hybrid networks were
prepared by a novel solvent-free two-step synthesis
method. In the first step, prehydrolyzed—condensed reac-
tive inorganic precursors (clusters) were prepared by a
sol-gel process from monomeric alkoxysilanes with amino
and glycido groups. The second step comprised their addi-
tion into epoxy resin and amine hardener, followed by the
reaction of all components giving the final hybrid cross-
linked materials. Their structure was evaluated by small-
angle X-ray scattering, transmission electron microscopy,
scanning electron microscopy, and dynamic mechanical
and thermal analysis. The morphology of the organic/
inorganic hybrid structures formed from glycidoprecursor
revealed spherical silica-rich domains forming agglomer-

ates with diameter from 100 to 500 nm. The aminoprecur-
sor led to large highly condensed and branched silicon-rich
structures. The organic/inorganic hybrid networks obtained
from this precursor consisted of mixed silicon—organic
phases covalently interconnected via epoxy—amine bonds.
Such hybrid networks showed significantly improved ther-
momechanical properties and better resistance against ther-
mooxidation when compared with the neat epoxy-amine
network. Thin films as well as bulk materials were success-
fully prepared by this process. © 2011 Wiley Periodicals, Inc. |
Appl Polym Sci 125: 1000-1011, 2012
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INTRODUCTION

Nanostructured materials combining organic and
inorganic phases, denoted as hybrid organic-inor-
ganic (O/I) nanomaterials, have recently received
much attention in the field of polymer science
research as well as in industrial applications. These
materials can be designed to combine desirable
properties of both phases: toughness of the organic
phase and hardness and thermal stability of the inor-
ganic phase, resulting in the overall improvement of
the thermal and mechanical properties of materials.
Epoxy resins are broadly used for casting and
encapsulation of electronic and electrical devices. To
improve the thermal, mechanical, and electrical
properties of the epoxy-based material, silica filler
(microparticles or nanoparticles) is often added in
these applications."™® The incorporation of filler
usually increases the viscosity of the formulations,
leading to processing limitations. The homogeneous
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dispersion of the silica filler in the organic matrix
may represent another challenge.

An alternative route to incorporate silica into the ep-
oxy-based matrix is the sol-gel process involving hy-
drolysis and condensation of various types of alkoxysi-
lanes."*'® By this process not only silica particles'” but
also silica networks'® can be prepared. A particular in-
terest of the sol-gel process is the opportunity to control
the hybrid O/I nanostructure from the initial mixture of
the organic precursors (mainly alkoxysilanes) to the
inorganic network. Inorganic (silica) networks with var-
ious architectures can be formed.'” However, a major
problem associated with the sol-gel process is the use
of solvent, which must be removed from the final net-
work. Relatively high amounts of volatile byproducts
such as water and alcohols from the hydrolysis and con-
densation of alkoxysilanes also have to be removed
before the incorporation of the inorganic phase into the
formulation. Residual volatile compounds cause signifi-
cant problems during processing and are responsible
for the formation of bubbles or cracks in the final prod-
uct. As a consequence, only thin materials (membranes
and protective coatings) have been developed, whereas
bulk materials have hardly been exploited.

It seems to be a recurring challenge to develop a
process for the preparation of hybrid O/I materials
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via the sol-gel method without the addition of any
solvent. This would make possible the preparation of
bulk materials with improved thermomechanical
properties. Phonthamachai et al.* prepared silica/ep-
oxy nanocomposites by solvent-free one-pot synthe-
sis, which comprised simultaneous sol-gel process of
alkoxysilanes and a crosslinking of epoxy—amine ma-
trix. Relatively high curing temperature (270°C) was
necessary to obtain the homogeneous nanocompo-
sites with oval-shaped silica nanoparticles. Slight
improvement in mechanical properties was achieved
for the prepared nanocomposites when compared
with the corresponding neat epoxy material.

Recently, we have developed a solvent-free sol-gel
process, which produced reactive inorganic precursors
bearing glycido- or amino-functional groups prepared
from monomeric alkoxysilanes.”’ This cost-effective
procedure enabled the production of storage-stable
precursors in which the majority of alkoxysilane
groups were already condensed into Si—O—Si bonds.
Such pre-reacted precursors had very low volatile con-
tent and were suitable for the conventional manufac-
turing processes of polymeric materials, for example,
casting or encapsulation with epoxy-based formula-
tions. Hybrid O/I materials prepared from these pre-
cursors were not only limited to thin films (coating)
but were also available as thicker, bulk products. The
incorporation of these reactive precursors into an ep-
oxy—amine matrix proved that hybrid O/I materials
with better thermomechanical properties than the neat
epoxy—amine matrix can be obtained.

The goal of this study was to prepare and charac-
terize O/I hybrid materials based on reactive inor-
ganic precursors and epoxy—amine matrix [diglycidyl
ether of bisphenol A and poly(oxypropylene)diamine
(POPDA)]. The morphology of the hybrid materials
as well as their thermomechanical properties were
evaluated by means of small-angle X-ray scattering
(SAXS), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), dynamic me-
chanical and thermal analysis (DMTA), and thermog-
ravimetric analysis (TGA).

EXPERIMENTAL
Preparation of reactive inorganic precursors

A detailed study of the preparation of the inorganic
precursors has been recently described in a previous
article.”! Two types of inorganic precursors with (i)
amino or (ii) glycido groups were prepared.

Preparation of reactive precursor with amino groups

The aminoprecursor was prepared from the mixture of
3-aminopropyltriethoxysilane (APS) and 3-aminopro-
pylmethyldiethoxysilane (APMS) in a molar ratio APS/
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APMS = 3/1 mol Si—O bonds. The mixture of 150 g
APS (97%; ABCR, Karlsruhe, Germany) and 64.8 g
APMS (97%; ABCR, Karlsruhe, Germany) was purged
with inert gas (nitrogen) saturated by water vapor. The
water necessary for the hydrolysis and condensation
reactions of alkoxygroups was introduced into a reactor
in the gaseous state. The entire sol-gel process was per-
formed under inert atmosphere, and the total amount
of water introduced to the system was thoroughly con-
trolled. The saturation of nitrogen with gaseous water
took place at 25°C in a bubbler. The outgoing nitrogen
contained 16 mg H,O per dm®. The reaction mixture
was heated to 90°C, and the course of the hydrolysis
and condensation reactions was controlled by meas-
uring the viscosity of the reaction mixture. The first
sample was collected when the viscosity reached 72
mPa s (measured at 25°C). From the *Si nuclear mag-
netic resonance (NMR) results, the conversion of alkox-
ysilane groups was 63%. The second sample was col-
lected when the viscosity reached 559 mPa s (measured
at 25°C). The conversion of alkoxysilane groups deter-
mined by *°Si NMR was 85%. Both reactive precursors
were stored under argon in a refrigerator before being
used for the preparation of O/I hybrid materials.

Preparation of reactive precursor with glycido
groups

The glycidoprecursor was prepared from the mix-
ture of 3-glycidoxypropyltriethoxysilane (GPS) and
tetraethoxysilane (TEOS) in a ratio of GPS/TEOS =
1/6 mol Si—O bonds. The mixture of 20.2 g TEOS
(95%; Sigma-Aldrich, Steinheim, Germany), 6 g GPS
(98%; Sigma-Aldrich, Steinheim, Germany), and
0.262 g dibutyltin dilaurate (Sigma-Aldrich, Stein-
heim, Germany) was allowed to react with water
vapor for 70 min in the same reactor setup as
described for the preparation of aminoprecursor. At
the end of the reaction, the product was stored
under argon in a refrigerator before being used for
the preparation of O/I hybrid materials.

Preparation of neat epoxy—amine network

The neat epoxy—amine network (no addition of inor-
ganic precursors) was prepared by reacting an epoxy
resin (oligomeric 2.2-bis[4-(2',3'-epoxypropoxy)phenyl]-
propane, commonly called DGEBA: diglycidylether of
bisphenol A; D.ER.™ 332, The Dow Chemical Com-
pany, West Drayton, Middlesex UB7, UK) with POPDA
(JEFFAMINE ™ D 230; Hunstman Holland, Rotterdam,
The Netherlands). The equivalent weight per functional
group (epoxy group in DGEBA and NH group in
POPDA) was Ex = 178 g mol ' and Enp; = 59.5 g mol !,
respectively. DGEBA and POPDA were mixed together
and homogenized with a disc-shaped mixer (15 min at
2400 rpm). The formulation was degassed under
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vacuum at 40°C until no bubbles were visible. Then, it
was poured into a preheated aluminum open mold,
cured for 2 h at 80°C, and postcured for 12 h at 150°C.

Preparation of organic/inorganic hybrid material

The same raw materials were used for the prepara-
tion of the O/l hybrid materials. DGEBA and
POPDA were mixed together and the prehydro-
lyzed—-condensed inorganic precursors were added
and homogenized with a disc-shaped mixer (15 min
at 2400 rpm). The formulations were degassed under
vacuum at 40°C until no bubbles were visible. Then,
they were poured into a preheated aluminum open
mold with different thicknesses—from about 1 mm
(samples for dynamic mechanical analysis) up to
about 6 mm (samples for fracture toughness mea-
surement), cured for 1.5 h at 65°C followed by 2 h at
80°C and postcured for 12 h at 180°C. A stoichiomet-
ric amount of epoxy/NH groups (1/1 mol) was used
in all cases. The amino or glycido groups from the
inorganic precursors were taken into consideration
for the calculation of the epoxy/amino molar ratio.

Small-angle X-ray scattering

SAXS experiments were performed using a pinhole
camera (Molecular Metrology SAXS System, Molecu-
lar Metrology, Northampton, USA) attached to a
microfocused X-ray beam generator (Osmic Micro-
Max 002) operating at 45 kV and 0.66 mA (30 W).
The camera was equipped with a multiwire, gas-
filled area detector with an active area diameter of
20 cm (Gabriel design). Two experimental setups
were used to cover the g range of 0.007-1.1 A™' [g =
(4n/)) sin 6, where A is the wavelength and 26 is the
scattering angle]. The scattering intensities were put
on absolute scale using a glassy carbon standard.

Transmission electron microscopy

The samples for TEM were cut as thin layers
(60 nm) by means of ultramicrotome (Leica Micro-
systems, Germany) with a diamond knife. The thin
layers were placed between copper grids and
observed using a TEM Philips CM 120 (Philips,
Japan) with an acceleration voltage of 80 kV.

Scanning electron microscopy

The samples were prepared by cutting the materials
under liquid nitrogen. SEM photographs were
obtained with an electron microscope Philips XL
20 (Philips, Japan), with an acceleration voltage of
15 kV.
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Dynamic mechanical and thermal analysis

DMTA of the cured samples was carried out on
Rheometrics Solid Analyzer (RSA II, Rheometrics,
Piscataway, USA) operating in tensile mode under
the following experimental conditions: sample
dimension: about 40 x 5 x 1 mm?; frequency: 1 Hz;
and heating rate 2 K min~". T, (temperature of main
transition) was determined by the maximum of tan
3 peak. The rubbery modulus (E,) was determined
at the rubbery plateau. The typical precision of the
measurements was T, * 2°C and E, * 5%.

Thermogravimetric analysis

TGA was performed on a TA Q500 TGA (TA Instru-
ments, USA). The weight loss was measured under
oxidizing atmosphere (air) in a platinum pan using
a heating rate of 10 K min~' up to a temperature of
800°C. The thermal stability of the materials and the
amount of the inorganic phase were determined
from the TGA data.

Tensile measurement

Tensile measurements leading to the determination of
Young’s modulus E at 25°C were performed with an
Instron machine (sample dimension: 6 x 12 x 80
mm?; straight strain gages, speed: 0.2 mm min™"). The
typical precision of the measurements was E & 5%.

Fracture toughness test

Fracture toughness K|, tests were carried out on pre-
notched samples (by thin blade) with a MTS-2/M
machine (sample dimension: 6 x 12 x 80 mm?;
three-point bending test; speed: 10 mm min ). The

typical precision of the measurements was K. * 5%.

Thermal aging (thermooxidative test)

Thermal aging (thermooxidative test) was performed
at 150°C in a ventilated oven for 500 h. Thin films
with two different thicknesses, 30 and 1000 um,
were prepared for the test. The evaluation consisted
in the visual inspection of the film after aging
(color), the measurement of transmittance at a wave
length of 520 nm (Perkin Elmer, USA, UV-vis spec-
trophotometer Lambda 35), and the evaluation of
the thermomechanical properties by DMTA.

RESULTS AND DISCUSSION

Structural characterization of organic/inorganic
hybrid networks

The morphology of the prepared O/I hybrid materi-
als was studied by means of SAXS and TEM
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methods. The SAXS curves of O/I hybrid materials
with different amounts of inorganic (silica) phase
prepared from the inorganic reactive precursor with
amino groups are given in Figure 1. The SAXS
curves of the O/I hybrids with 2.5 and 5.2 wt % of
inorganic phase (expressed as equivalent of SiO,
content: equiv SiO,) were very similar to each other.
In the case of 10.2 wt % equiv SiO,, a significant
increase in intensity due to the higher amount of
silica particles was observed. In all cases, the SAXS
curves exhibited one maximum at g = 4.5, 4.4, and
41 nm~! for the samples with 2.5, 5.2, and 10.2 wt
% equiv SiO,, respectively. Spirkova et al.** found
very similar maximum (g = 3.3 nm ') on the SAXS
curve of epoxy—amine (DGEBA/POPDA) hybrids
with an inorganic phase prepared via sol-gel of
GPS. This maximum was assigned to an ordered O/
I two-phase structure. In the current study, the max-
imum at ¢ = 4.6 nm ™' was observed on the SAXS
curve of neat epoxy—amine network as well (see Fig.
1). This indicated a regular inner structure of the or-
ganic phase formed by the relatively short chains of
DGEBA and POPDA. In comparison with the neat
epoxy—amine network, the maxima of the SAXS
curves of the O/I hybrids shifted to larger particles
dimension. It could be caused not only by the for-
mation of an ordered O/I two-phase structure but
also by an increased scattering intensity in the mid-
dle SAXS region (7 ~ 1 nm ') overlapping with the
maximum of neat epoxy—amine matrix. Scattering
intensity was shifted to higher levels with no peaks
developing in the middle SAXS region of the O/I
hybrid materials, which was caused by the local
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Figure 1 SAXS curves of neat epoxy—-amine (+) and or-
ganic/inorganic hybrid networks containing (i) 10.2 wt %
equiv SiO, prepared from reactive inorganic precursor
with amino groups having alkoxysilane conversion of 63%
(0) or containing (ii) 2.5 (A), 5.2 (O), and 10.2 (x) wt %
equiv SiO, prepared from reactive inorganic precursor
with amino groups having alkoxysilane conversion of
85%.
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Figure 2 SAXS curves of neat epoxy—amine network (M)
and organic/inorganic hybrid materials containing 10.2 wt
% equiv SiO, prepared from reactive inorganic precursors
with amino (x) and glycido (O) groups.

fluctuations of scattering length density indicating a
heterogeneous system without the presence of a ho-
mogeneous fraction of regular particles with dimen-
sion of about 0.5-5 nm. The importance of the first
synthetic step (sol-gel) to the final morphology can
be observed from the comparison of SAXS curves of
O/I hybrids with 10.2 wt % equiv SiO, prepared
from the prehydrolyzed-condensed aminoprecursors
with conversion of alkoxysilane groups of 63 and
85%. At 63% conversion, the intensity in the middle
SAXS region was shifted to higher level, indicating
the presence of small particles. At 85% conversion,
the scattering intensity was lowered in this region,
and on the contrary, the SAXS intensity at lower g
(~ 0.1 nm ') was shifted to higher level, which indi-
cated the connection of the small particles into larger
objects.

The SAXS curves of two O/I hybrid materials
with 10.2 wt % equiv SiO, prepared from inorganic
precursors containing amino and glycido groups,
respectively, are compared in Figure 2. The SAXS
curve of the material based on glycidoprecursor
exhibited a slower decrease of scattering intensity
due to the higher amount of smaller particles with
dimension of about 1-10 nm.

The TEM images of the O/I hybrid based on gly-
cidoprecursor, as shown in Figure 3(B,C), confirmed
that the material contained spherical silica-rich
domains and some agglomerates (dark areas on the
TEM images) with diameters ranging from 100 to
500 nm in size. These domains consisted of smaller
silica particles (with diameter below 10 nm), which
were also detected by SAXS. The interface between
the silica-rich domains or the agglomerates and the
epoxy—amine matrix was not sharp but diffused. It
indicated that interconnections between the two
phases existed. When comparing the amount of

Journal of Applied Polymer Science DOI 10.1002/app



1004

BENES ET AL.

Figure 3 TEM images of neat epoxy-amine (A) and organic/inorganic hybrid materials with 10.2 wt % equiv SiO, pre-
pared from reactive inorganic precursors with glycido (B and C) and amino (D) groups.

inorganic phase with the area of dark regions in the
TEM images, it was concluded that the dispersed
domains were formed by a mixture of epoxy-amine
and silica phases. Because of the presence of
agglomerates, with size ranging from hundreds of
nanometers up to micrometers, the hybrid material
was not transparent.

The morphology of the O/I hybrids with amino-
precursor showed a much less distinct contrast,
which made it difficult to image by TEM [Fig. 3(D)].
In comparison with the TEM image of neat epoxy-
amine matrix, it seemed that the size of the silica
domains approached the resolution limits of the
TEM technique. The same phenomenon was
described by Bauer et al.”* on a similar O/T network
based on DGEBA and a mixture of POPDA with dif-
ferent molecular weights JEFFAMINE™ D 2000, D
400, and D 230), in which silica phase was prepared
by simultaneous (in situ) polymerization of TEOS.
The size of the silica domains was estimated to be
10 nm or less; however, the precise size determina-
tion was difficult because the interface was too dif-
fuse. In the current study, the inorganic silicon-rich
phase created from aminoprecursor was very well
dispersed in and mixed with the epoxy—amine ma-
trix.?** Kaddami et al.?® reported similar results for
a system prepared with poly(2-hydroxyethyl meth-
acrylate) and TEOS. The black dot (with dimension
of about 200 nm) on the TEM image of the O/I
hybrid with aminoprecursor [Fig. 3(D)] could be due

Journal of Applied Polymer Science DOI 10.1002/app

to a contaminant [similar ones were observed in the
neat epoxy—amine matrix; see Fig. 3(A)] or possibly
an aggregated silica domain.

The SEM images of fracture surfaces of the O/I
hybrids with 10.2 wt % equiv SiO, derived from the
glycidoprecursor and the aminoprecursor are com-
pared in Figure 4. The SEM of the former clearly
revealed a rough fracture surface with sharp semi-
round cracks at the interface between the spherical
silica-rich domains (size about 1 pm) and the sur-
rounded epoxy-amine matrix. The SEM results cor-
related well with the TEM images. On the contrary,
the SEM fracture image of the latter did not indicate
any phase interface. This confirmed that the inor-
ganic and organic phases were compatibilized
through covalent connections (epoxy—amine bonds).
Based on the SEM results, we could exclude the
presence of larger silica particles, which were not
detectable via the TEM technique either. The silica
domains had to be present in the epoxy-amine ma-
trix in a form which was different than in the case
of the O/I hybrids derived from the glycidoprecur-
sor. Both O/I hybrids contained the same amount of
equivalents of SiO,. The inorganic phase originating
from the glycidoprecursor was prepared by the sol-
gel process of the mixture of GPS and TEOS. The
formed silica-rich domains had a spherical particle-
like morphology. The silica structures formed from
the aminoprecursor by the sol-gel of APMS/APS
mixture had a more branched chain-like architecture.
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Figure 4 SEM images of organic/inorganic hybrid materials with 10.2 wt % equiv SiO, prepared from reactive inorganic

precursors with glycido (A) and amino (B) groups.

It correlated well with the results of SAXS measure-
ments performed on the dispersion of prehydro-
lyzed—condensed reactive inorganic precursors pub-
lished in our previous work.>’ The SAXS results of
the neat aminoprecursor dispersions indicated the
presence of larger structures, which did not exhibit
typical particle-like behavior and whose size was de-
pendent on the concentration.

Thermomechanical properties of organic/inorganic
hybrid networks

The DMTA curves of the O/I hybrids prepared from
the reactive inorganic precursor with amino groups
containing different amounts of inorganic phase are
shown in Figure 5. The incorporation of silica into the
organic epoxy—amine network increased the modulus
in rubbery state (E,) of the final O/I hybrid materials
and shifted the main thermomechanical transition
region to higher temperature. Higher silica content
also caused a broadening of the main transition (a
relaxation) when compared with the neat epoxy-
amine network. The DMTA results supported the
above conclusion on the morphology of the hybrid
materials, with mixed epoxy-amine and silica-rich
phases.

In the beginning of the crosslinking stage, the ep-
oxy oligomer, the amine hardener, and the prehydro-
lyzed—condensed inorganic precursor coexisted in the
reactive formulation. The inorganic precursor still
contained about 15% of unreacted ethoxysilane
groups. Therefore, a distribution of highly and
slightly condensed silicone structures was present in
the system. In our previous work, we found that
around 9% of uncondensed ethoxysilane bonds came
from the monomeric alkoxysilanes (APS and APMS)
in the prehydrolyzed—condensed inorganic amino
precursor.21 During the final crosslinking stage, the
polycondensation of the uncondensed ethoxysilane
structures and simultaneously the step polymeriza-
tion of the organic phase (epoxy—amine reaction) took

place. At the same time, the amino groups of the inor-
ganic precursor reacted with the epoxy groups of
DGEBA, leading to the creation of covalent bonds
between the organic and inorganic phases. With
increasing amount of inorganic precursor in the reac-
tive system, the proportion of O/I interphase became
larger. As a result, an interconnected network struc-
ture with higher crosslinking density and improved
thermomechanical properties (higher T, and E.) was
formed. The well-dispersed and more condensed
structures from the aminoprecursor formed an inor-
ganic silica network (5iOx) having connections with
the epoxy—amine network via covalent bonds. The
aminoprecursor acted as a cohardener for the epoxy
groups. The noncondensed alkoxysilanes that were
also present in the aminoprecursor could conversely
reduce the crosslinking density. If one molecule of
aminoprecursor was not connected to another mole-
cule of aminoprecursor (i.e., its functionality was less

10"
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Figure 5 Dynamic mechanical spectra (f = 1 Hz) of neat

epoxy-POPDA network (M) and organic/inorganic hybrid

materials with 2.5 (A), 5.2 (O), 10.2 (x), and 12.8 (O0) wt %

equiv SiO, prepared from reactive inorganic precursor
with amino groups.
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TABLE I
Composition of the Neat Epoxy-POPDA Formulation (0
wt % equiv SiO,) and Organic/Inorganic Hybrid
Materials (2.5, 5.2, 10.2, and 12.8 wt % equiv SiO,)
Expressed as Molar Ratio of Primary Amino Groups
(NH,) from POPDA and Aminoprecursor and Their
Influence on Rubbery Modulus (E’r, determined from
DMTA, f = 1 Hz)

NH, (POPDA)/NH,

Equivalent of

Si0, (wt %) (aminoprecursor) (mol %) E, (MPa)
0 100/0 23.8
2.5 80/20 22.8
52 59/41 30.3
10.2 20/80 70.6
12.8 0/100 103.4

than or equal to two), only chain extension occurred
instead of additional crosslinking. This was the case
when reactive inorganic precursors with low content
of highly condensed silica species were added. There-
fore, the first step of the O/I hybrid synthesis (hydro-
lysis and condensation of alkoxysilanes) had to be
performed for a sufficiently long time.”' Before
admixing of the aminoprecursor into reactive epoxy—
amine system, ideally all alkoxysilane molecules
should contain at least one condensed alkoxysilane
bond. The condensed Si—O—Si bonds connecting sev-
eral alkoxysilane molecules enabled the formation of
high functional inorganic structures and additional
crosslinking.

The final hybrid network was crosslinked via ep-
oxy—amine bonds with two amino hardeners:
POPDA and the aminoprecursor. The relationship
between the composition of the O/I hybrid materials
expressed as the ratio of primary amino groups orig-
inating from POPDA or the aminoprecursor and
their rubbery modulus (E,) is given in Table I. The
influence of the ratio of POPDA versus aminopre-
cursor on the thermomechanical properties of the
final O/I hybrid materials was evident. The addition
of 2.5 wt % equiv SiO, did not influence the rubbery
modulus (E,) of the O/I hybrid material (Table I),
whereas a minor broadening of the main transition
was observed (Fig. 5). The material exhibited a sin-
gle tan 6 peak at 93°C, close to the neat epoxy-
POPDA matrix (92°C) and a small shoulder at about
110°C. The network structure was mainly formed by
DGEBA-POPDA bonds. The inorganic silica phase
formed a minor part of the network, in which only
around 20 mol % of epoxy groups were bonded to
the aminoprecursor. The increase in the amount of
the inorganic part to 52 wt % equiv SiO, signifi-
cantly increased E,. The silica-based network was
more interconnected to the DGEBA-POPDA organic
network via the NH, groups of the aminoprecursor
(41 mol %). Tan & showed a broad maximum at
94°C and a large, high-amplitude shoulder at around
120°C. The addition of 10.2 wt % equiv SiO, in the
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O/I hybrids led to a large increase of E, (about
200% increase when compared with the neat epoxy—
POPDA matrix) and a significant shift of the main
thermomechanical transition to higher temperature.
Two broad peaks were observed on tan 6 curve at
109 and 143°C. These two maxima indicated a shift
of the network structure when compared with the
networks containing lower amounts of aminoprecur-
sor. The inorganic silica from the aminoprecursor
was highly chemically interconnected to the
DGEBA-POPDA matrix. The highest amount of
silica was limited to 12.8 wt % equiv SiO, due to the
stoichiometry of amino and epoxy groups. This for-
mulation did not contain POPDA, and therefore, all
epoxy—amino bonds originated from DGEBA-amino-
precursor. A completely new network was formed
that exhibited an inorganic-like rigid network char-
acter. The material was extremely hard but brittle.

The DMTA curves of the O/I hybrid materials
with 10.2 wt % equiv SiO, prepared from the reac-
tive inorganic precursors with amino and glycido
groups are compared in Figure 6. The silica domains
from the glycidoprecursor increased the overall
crosslinking density of the network, significantly
increasing E,. The main thermomechanical transition
was shifted to higher temperature (T, = 109°C),
with a slight broadening of the tan 6 peak when
compared with the neat epoxy—-POPDA network.
The inorganic structure formed by the sol-gel pro-
cess of GPS/TEOS mixture had particle-like charac-
ter, as proved by SEM, TEM, and SAXS techniques.
Therefore, it had a similar effect on thermomechani-
cal behavior to commonly used silica fillers.*”

E'[Pa]

tan delta

- %‘}.
40 60 80 100 120 140 160
Temperature [°C]

Figure 6 Dynamic mechanical spectra (f = 1 Hz) of neat
epoxy-POPDA network (M) and organic/inorganic hybrid
materials with 10.2 wt % equiv SiO, prepared from reac-
tive inorganic precursors with glycido (O) and amino (x)
groups.
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Figure 7 Fracture toughness (Ki.) and Young’s modulus
(E) of neat epoxy-POPDA network (0 wt % equiv SiO,)
and organic/inorganic hybrid materials prepared from re-
active inorganic precursor with amino groups containing
2.5,5.2, and 10.2 wt % equiv SiO,.

Tensile measurements and fracture toughness of
organic/inorganic hybrid networks

It is known from the literature that the incorporation
of silica structures into an epoxy-based matrix can
lead to improved thermomechanical properties such
as increased Young’s modulus (E) and higher
T,>*? Very often, the incorporation of hard
domains of silica into an epoxy-based matrix leads to
the formation of “inorganic-like” material, in which
the main thermomechanical transition almost disap-
pears due to little conformation changes. Such a ma-
terial tends to be very hard, thermally stable with
high E, and very brittle with limited toughness.”"

We performed tensile measurements and fracture
toughness tests on the O/I hybrid materials based
on the aminoprecursor to determine E and Ky,
respectively. The results of the tests given in Figure
7 showed that the incorporation of the reactive inor-
ganic precursor with amino groups into the epoxy-
POPDA formulation could improve the balance of
thermomechanical properties. The silica phase signif-
icantly increased the Young’s modulus when com-
pared with the neat epoxy—-POPDA matrix. The O/I
hybrid material containing 5.2 wt % equiv SiO,
exhibited an unusual combination of higher modu-
lus (E and E;) and toughness (Kj.) with respect to
the neat epoxy—POPDA matrix. It meant that a stiffer
yet tougher material was obtained with a slight shift
of the thermomechanical transition toward higher
temperature. The higher content of inorganic phase
(10.2 wt % equiv SiO,) led to the production of a O/
I hybrid material with significantly increased modu-
lus and T, while maintaining an acceptable fracture
toughness. The fracture toughness was similar to the
neat epoxy-POPDA matrix, but slightly lower than
in the case of the O/I hybrid with 52 wt % equiv
SiO».
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A number of toughening mechanisms of epoxy-
silica nanocomposites were proposed in the litera-
ture.’> ™ Generally, the effect of the toughening
mechanism depends on (i) size, morphology and
volume fraction of reinforcement, (ii) interfacial
bond, (iii) properties of the matrix (e.g., crosslinking
density) and reinforcement, and (iv) phase transfor-
mations. In our case of the O/I hybrids with amino-
precursor, the exact toughening mechanism was dif-
ficult to evaluate due to complex structure (broad
distribution of shape and size) of the inorganic
phase. Moreover, with increasing amount of the
inorganic phase, the matrix morphology was chang-
ing substantially. At low concentrations of the ami-
noprecursor (2.5 and 5.2 wt % equiv SiO,), the inor-
ganic phase was dispersed in the form of branched
silica—silicone structures in the organic matrix
(DGEBA-POPDA). Very good compatibility between
the organic and the inorganic phases was provided
via covalent and hydrogen bonding of aminoprecur-
sor with DGEBA-POPDA matrix. The covalent link-
age between the aminoprecursor and DGEBA began
to be dominant at higher amounts of the inorganic
phase, for example, in the case of 10.2 wt % equiv
SiO,, which resulted in the formation of new matrix
consisting uniquely of a mixed O/I phase (see later).
Only minor presence of “flexible” POPDA chains
(see Table I) probably caused that the resulting net-
work had lower ability to absorb energy due to
reduced network expansion, which caused lowering
of the fracture toughness of this hybrid.*

TGA of organic/inorganic hybrid networks

TGA in air demonstrated that the hybrid materials
exhibited an improved thermal stability at the begin-
ning of the thermal degradation (T = 300-350°C).
The thermal decomposition temperature measured
at 10% weight loss (T410) increased with increasing
amount of inorganic phase in the O/I hybrid mate-
rial, from 356°C for the neat epoxy—amine network
up to 381°C for 12.8 wt % equiv SiO, content (Table
II). The final amount of solid residues after complete
thermal degradation in air (pyrolysis) correlated
well with the theoretical silica content. The theoreti-
cal content of silica was slightly higher than the ex-
perimental results (about 15% deviation). The theo-
retical calculation was derived from an ideal case,
assuming that all Si—OC,Hs bonds condensed to the
—Si—O— network structure. In reality, the silica net-
work contained defects. As discussed above, a cer-
tain amount of unreacted Si—OC,Hs bonds was still
present in the aminoprecursor before the final cross-
linking stage. The presence of silanol groups
(§i—OH) in the material could not be excluded ei-
ther. These uncondensed structures could form vola-
tile silicon compounds during final crosslinking
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TABLE II
Thermal Decomposition Temperature Measured at 10%
Weight Loss (T10), Calculated (Theoretical) Amount of
SiOx Content, and Weight Percentage of Solid Residues
After TGA Measurement (in Air) of Neat Epoxy-Amine
(0 wt % equiv SiO,) and Organic/Inorganic Hybrid
Materials Containing 2.5, 5.2, 10.2, and 12.8 wt % equiv

SiO,
Calculated
(theoretical) Solid residues
Equivalent of amount of from TGA
SiO, (wt %) Ta0 (°C) SiOx (wt %) (Wt %)
0 356 0 0
2.5 365 2.1 1.6
5.2 368 4.3 3.3
10.2 372 8.4 7.4
12.8 381 10.6 9.0
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stage and thus reduce the experimental determina-
tion of silica content. A small amount of residual
ethanol (about 1-2 mol %) could also be present in
the aminoprecursor as byproduct of the sol-gel pro-
cess, which would add to the overall weight loss
during curing.

Thermooxidation of organic/inorganic hybrid
networks

The neat epoxy-amine network based on DGEBA-
POPDA did not exhibit good resistance against oxi-
dation. The results of the aging tests showed that
the addition of the inorganic precursor with amino
groups could improve the thermooxidative resist-
ance of the material (Table III). The discoloration of
the O/I hybrid materials was significantly reduced
in comparison with the neat epoxy-amine network.
The transmittance at 520 nm of the neat epoxy-
amine material was already reduced to 0% after 250 h

- — : ; T T 0.01
40 60 80 100 120 140 160 180 200
Temperature [°C]

Figure 8 Dynamic mechanical spectra (f = 1 Hz) of (A)
neat epoxy—amine and organic/inorganic hybrid materials
prepared from inorganic precursor with amino groups
containing (B) 5.2 and (C) 10.2 wt % equiv SiO, thermally
aged at 150°C in air for O (H), 250 (A), and 500 h (x).

of exposure, whereas the O/I hybrid material with
52 wt % equiv SiO, still had a transmittance of
more than 30% even after 500 h. The dynamic me-
chanical spectra of the samples before aging and af-
ter 250 and 500 h of exposure are given in Figure 8.
The DMTA spectrum of the neat epoxy—amine net-
work after 250 h of aging showed a slight increase
of T, but a significant reduction of E,, indicating an
overall degradation of the material. After 500 h of
exposure, the neat epoxy-amine material was so
brittle that DMTA measurement could not be done.
The presence of the inorganic aminoprecursor pre-
vented the network decomposition. Surprisingly, the
thermomechanical properties (evaluated by DMTA)
of the O/I hybrid materials during the aging were

TABLE III
Results of Thermal Aging (Thermooxidative Test) of Neat Epoxy—Amine (0 wt % equiv SiO,) and Organic/Inorganic
Hybrid Materials Prepared from Inorganic Precursor with Amino Groups Containing 2.5, 5.2, 10.2, and 12.8 wt %
equiv SiO,

Equivalent of SiO, (wt %)

52 10.2 12.8

0 2.5
0 h at 150°C
Visual appearance Clear, transparent Clear, transparent
Transmittance at 70 70

520 nm (%)

250 h at 150°C
Visual appearance Black Brown
Transmittance at 0 0
520 nm (%)

500 h at 150°C
Visual appearance Black Black
Transmittance at 0 0
520 nm (%)

Clear, transparent Clear, transparent Clear, transparent

67 68 70
Light brown Light brown Light brown
37 28 23
Light brown Light brown Light brown
34 22 17

Test conditions: 150°C in air; aging time = 0, 250, and 500 h.
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Figure 9 Schematic morphology of the organic/inorganic hybrid material based on inorganic precursor with glycido
groups (GPS/TEOS = 1/6 mol Si—O bonds) and epoxy—-amine (DGEBA-POPDA) matrix.

even further improved. The O/I hybrid materials
with 5.2 and 10.2 wt % equiv SiO, exhibited a signifi-
cant shift of the main thermomechanical transition to
higher temperature during the first 250 h of the ther-
mooxidation test. No significant increase of E, was
observed, indicating that the maximum epoxy—-amine
conversion was already achieved after 12 h of post-
curing at 180°C. The silica part of the hybrid network
could still contain partially condensed alkoxysilane
structures. Uncondensed Si—OC,Hs and silanol
(5i—OH) groups could be present within the silica
network. During the additional thermal treatment,
they could condense to Si—O—Si bonds. The confor-
mational changes of the inorganic network would
not cause a significant increase of the overall cross-
linking density and E, of the O/I material, but could
significantly shift T, to higher temperature due to
the improved structure of the rigid thermally stable
silica network. This phenomenon was consistent with
the above discussed concept of interconnected mixed

structure of the O/I hybrids based on the aminopre-
cursor. During thermal aging, a more homogeneous
interconnected organic-inorganic structure was cre-
ated in the O/I hybrid material with 10.2 wt % equiv
SiO, as indicated by the DMTA spectra of tan &
curves. The two peaks observed on tan & before
aging turned into a single broad peak with a maxi-
mum shifted to higher temperature.

Proposed structure of organic/inorganic hybrid
networks

Based on the analysis of the SAXS, TEM, SEM, and
DMTA results, two schematic morphological struc-
tures for the O/I hybrid networks based on the glyci-
doprecursor and the aminoprecursor were proposed.
In the case of the O/I hybrid network with the glyci-
doprecursor based on GPS and TEOS, the material
contained spherical silica-rich domains and some
agglomerates with diameters from 100 to 500 nm.
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Figure 10 Schematic morphology of the organic/inorganic hybrid material based on inorganic precursor with amino
groups (APS/APMS = 3/1 mol Si—O bonds) and epoxy-amine (DGEBA-POPDA) matrix.

They consisted in smaller silica domains (<10 nm)
with a diffused interphase with the epoxy-amine
matrix. The silica domains were covalently connected
via epoxy—amine bonds between GPS and POPDA.
The structure is schematically shown in Figure 9.

The prehydrolyzed—condensed aminoprecursor
based on APS and APMS contained a majority of large
highly condensed silicon-rich structures and some
lightly or noncondensed species of APS and APMS,
which acted as “diluents.” The silica structures had a
branched chain-like architecture. The condensed sili-
con structures were well dispersed into the epoxy-
amine formulation during the crosslinking of O/I
hybrid network and formed strong covalent connec-
tions with the epoxy—amine network. The resulting
O/I hybrid network consisted in an interconnected
network of mixed silicon and organic phases (Fig. 10).

CONCLUSIONS

Reactive inorganic precursors with amino and glycido
groups prepared according to a newly developed
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solvent-free synthesis method were incorporated
into O/I hybrid crosslinked materials based on a
epoxy—amine organic matrix. The structures of the
prepared O/I hybrids were studied by various
techniques and morphological models of the formed
hybrid networks were proposed. Depending on the
type of reactive inorganic precursor, two different
O/I hybrid structures can be obtained. The O/I
hybrid network obtained with the glycidoprecursor
contained spherical silica-rich domains and some
agglomerates with diameters from 100 to 500 nm.
The final material was not transparent, and the ther-
momechanical properties were only marginally
improved. The reactive aminoprecursor produced
large highly condensed and branched silicon-rich
structures, which were well dispersed in and cova-
lently bonded to the epoxy—amine matrix. Their final
O/I hybrid networks were transparent. The thermo-
mechanical properties and the resistance against
thermooxidation were significantly enhanced.

It was concluded that the reactive inorganic pre-
cursor with amino groups based on APS and APMS
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were promising for the preparation of O/I hybrid
crosslinked materials. These materials could eventu-
ally replace or complement conventional epoxy-based
formulations for electrical insulation or electronical
encapsulation. The new two-stage synthesis method
overcame the problem of the conventional sol-gel
processes (evolution of volatile byproducts and sol-
vents). It enabled the preparation of thick, bulk mate-
rials. Because of the incorporation of silica structures
into the epoxy-amine matrix, the O/I hybrid net-
works exhibited higher modulus, the main thermo-
mechanical transition shifted toward higher tempera-
ture, and improved thermooxidative stability.

The authors acknowledge Pierre Alcouffe (IMP) for the TEM
experiments that were realized at “Centre des microstruc-
tures” de I'Université Claude Bernard.
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