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SUMMARY
The research described in this thesis is a part of state founded projects aiming at the
design and implementation of new, better materials based on epoxy resins. The epoxy
thermosets are organic matrices with excellent heat, moisture and chemical resistance,
and good adhesive properties to many substrates; therefore they are mostly applied in the
field of coatings, electronic devises, adhesives, laminates and composites. The epoxies,
which are very common polymer materials in the industry, have been used as a host to
create new, improved materials - nanocomposites. Therefore, this thesis focused on how
to improve the thermomechanical properties without deteriorating existing benefits of
epoxy materials and on further potential application of this knowledge in “smart”
systems.
Organic-inorganic polymer nanocomposites are nanostructured systems containing
both organic part and inorganic nanofiller. These systems combine advantages of
polymers and inorganic components showing a synergy effect. Synthesis of organicinorganic nanocomposites can be particularly interesting thanks to their easy applicability
to the common processing techniques. In order to improve desired properties, inorganic
additives to the epoxy systems are frequently employed. For preparation of epoxy based
hybrids/nanocomposites materials, the sol-gel method (hydrolytic polycondensation of
alkoxysilanes) is widely used either to modify preformed nanoparticles or to synthesize
silica/siloxane domains in situ in an epoxy matrix. But classical “aqueous” sol-gel
process together with obvious benefits brings a lot of shortcomings such as immiscibility
of water with alkoxysilanes and with epoxy resin, necessity of application of a cosolvent
which is leading to phase separation and shrinkage of the final product. So the largest part
of this work is dedicated to the reinforcement of epoxy thermosets by silica, generated in
situ under nonaqueous (non-hydrolytic) sol-gel process. For this reason borontrifluoride
monoethylamine (BF3MEA) was chosen as effective catalyst for the formation of
nanosilica in epoxy-matrix under thermal heating process.
In order to understand how to reinforce the glassy thermosets by the non-aqueous
sol-gel process it was necessary to understand the mechanism of the process and to
follow the structure evolution and structure-properties relationships.
Significant attention in this work was given to the use of coupling agents and ionic
liquids (IL) to improve compatibilization of the organic matrix and the inorganic part and
enhance the interfacial interactions providing chemical bonds between the phases which
is reflected in dramatic improvement of thermomechanical and tensile properties.
6

We proposed the mechanism of the non-aqueous sol-gel process including
protolysis of the most typical alkoxysilane (tetraethoxysilane) by using BF3MEA
complex as an initiator. By studying the evolution of the networks growth by dynamic
mechanical analysis it was postulated that the generation of silica structures at the
nonaqueous process is slower with respect to the classical sol-gel process thus facilitating
a better control of the nanocomposite structure and morphology.
As a result of the nonaqueous sol-gel process optimization, we synthesized the
high-Tg and heat resistant nanocomposites by combination of the tetramethoxysilane
(TMOS) and glycidyloxypropyltrimethoxysilane (GTMS), as coupling agent. At a high
GTMS content the silsesquioxane (SSQO) structures, formed by the sol-gel process,
percolate and bicontinuous organic-inorganic phase morphology with the strong
interphase interaction was formed.
The epoxy-based nanocomposites were applied in the second part of the thesis for
the preparation of temperature responsive shape memory polymers (SMP). The
investigation was focused on general study of shape memory (SM) behaviour and
enhancement of mechanical strength of SMP in order to design and prepare the high
performance SMP nanocomposite. The main objective was in improvement of SM keyparameters, such as recovery stress, extent of recoverable deformation, shape fixity,
recovery rate. All these parameters were tuned by different structural modifications. The
effect of nanosilica, IL, crosslinking density of the epoxy network, physical crosslinking
as well as application of the concept of bimodal networks on SM performance was
evaluated and discussed. Moreover general recommendation about the SMP testing
procedure measurement was presented. The research resulted in the better understanding
of the shape memory phenomenon and synthesis of the SMP showing a high recovery
stress as well as a high recoverable deformation.
Four articles were published in impacted polymer journals based on this research.
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List of abbreviations
ATBN Amine-terminated butadiene copolymer with 18% of acrylonitrile
BF3MEA Borontrifluoride monoethylamine
DAB 1,4-diaminobutane
DDM diaminodiphenylmethane
DGEBA Diglycidylether of Bisphenol A
DMA Dynamic mechanical analysis
GTMS 3-glycidyloxypropyltrimethoxysilane
IL Ionic liquid
-

C10MImBF4 1-decyl-3-methylimidazolium tetrafluoroborate

-

C4MImCl 1-butyl-3-methylimidazolium chloride

-

C4MImBF4 1-butyl-3-methylimidazolium tetrafluoroborate

-

C7O3MImMeS

1-triethyleneglycol

monomethylether-3-

methylimidazolium methanesulfonate
-

CH2CO2HMImCl 1-carboxymethyl-3-methylimidazolium chloride

-

C3H6CO2HMImCl 1-carboxy propyl-3-methylimidazolium chloride

Jeffamine D2000 poly(oxypropylene)diamine M~1970
Jeffamine® D230 poly(oxypropylene)diamine M~230
Jeffamine® D400 poly(oxypropylene)diamine M~400
Laromin 3,3'-dimethyl-4,4'-diaminocyclohexylmethane
NMR Solid-state nuclear magnetic resonance spectroscopy
SAXS Small-angle X-ray scattering
SSQO Silsesquioxanes
SMP Shape memory polymer
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
TEOS Tetraethoxysilane
TMOS Tetramethoxysilane

8

Symbols
Tg - glass transition temperature
Tc - curing temperature
Td - deformation temperature (Td = 100 °C)
Ttrans – transformation temperature (Ttrans = Tg or Tm)
Ts – setting temperature (Ts = 25 °C)
G`- shear storage modulus
Gr - rubbery modulus
Gs - glassy modulus
tan δ - loss factor (tan δ = G``/ G`)
Dm - mass fractal dimension
DS - surface fractal dimension
αSi - condensation conversion
MC - molecular weight of the elastically active chain between crosslinks
tgel - gelation time
- shape fixity

σb – stress at break
σr - recovery stress
εb - elongation at break
λb – strain at break
σrub - stress under deformation at rubbery state
λd – strain at deformation temperature Td
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1. PREFACE
The epoxy thermosets are kind of organic materials with excellent heat, and
chemical resistance and with good adhesion properties.1 Thus, they are mostly applied in
the field of coatings, adhesives, printed circuit boards, composites, laminates, the potting
of electronic composites, rigid foams and encapsulation of semiconductor devices.2
However, despite having good thermo-mechanical properties and high heat resistance, the
epoxy systems cannot meet all the requirements, especially for the structural and
electrical applications.3 Therefore, mixing of various combinations of epoxy networks
and organic or inorganic materials has been very useful for the exploration of new
materials combining unique properties and specific performances.4 These materials,
composed

of

several

components,

are

generally

called

"composites".5 The

multicomponent polymer composites usually are multiphase heterogeneous materials.6
The mechanical, electrical, thermal, optical, electrochemical, catalytic properties of the
composite will dramatically differ from that of the one-component and homogeneous
materials and show a significant improvement after a proper structure and morphology
design.7
In the 1980`s term polymer/clay based “nanocomposite” came into existence.8
Nanocomposite is a multiphase material where one of the phases has at least one
dimension less than 100 nm, or structures having nano-scale repeated distances between
the different phases. Inventing of nanocomposites was reflected in the improving of
homogeneity and transparency of multicomponent materials.9
Organic-inorganic polymer nanocomposites are nanostructured systems containing
both organic and inorganic components.10 These systems combine advantages of
polymers (elasticity, easy processing etc.) and inorganic components (hardness, thermal
resistance etc.) showing a synergy effect under proper conditions. The term ‘‘hybrid’’ is
used for the composites with components mixed on the molecular level. The term
organic-inorganic hybrid materials came out around the late 1980s in the molecular
chemistry11,12 and became prevalent with development of the chemistry of bridged and
cubic polysilsesquioxanes.13,14
The epoxy matrix filled with silicon based inorganic nanofiller of different
structures is an important type of organic-inorganic polymer nanocomposites. The silica
nanoparticles15-17, layered clays18-20, or the silica and silsesquioxanes domains which are
generated in situ by the sol-gel process21-25 are the most common nanofillers.
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The thesis deals with organic-inorganic polymer nanocomposites based on epoxy
polymer networks. Particularly, the synthesis, structure and properties of epoxy-silica
nanocomposites is described in the first part of the thesis and application of this material
as high performance shape memory polymers in the second part.
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2. INTRODUCTION
2.1 Epoxy networks
In 1909, the Russian chemist Prilezhaev discovered the formation reaction of
epoxides.26 Only ~50 years later, the first industrially-produced epoxy resins were
introduced to the market.27 Generally term “epoxy” is referred to molecule’s functional
groups consisting of reactive oxirane rings. The simplest and most common type of an
epoxy resin could be prepared by the reaction of bisphenol A with epichlorohydrine.28
Depending on stoichiometric proportion of those two components, the products of
different molecular weight can be obtained. Structure of the common epoxy resin diglycidylether of bisphenol A (DGEBA) is shown in Fig.1.
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Fig. 1 Diglycidylether of Bisphenol A (DGEBA).
The high reactivity of the epoxy groups, due to the strained ring, makes it possible
to use epoxies in a wide variety of polymerization reactions.29 Epoxy polymers can be
produced by step or chain polymerizations or by combination of both mechanisms.30
The step-growth polymerization proceeds by alternating addition reactions of the
epoxy monomer with a curing agent, such as amines31-34, amides35,

36

, phenols37,

38

,

carboxylic acids39, anhydrides40-43 etc. The amines are the most typical curing agents and
the corresponding addition reactions of the primary and secondary amine go as shown
below:

(1)

(2)
In order to prepare an epoxy network, the multifunctional crosslinking agents with
functionality f > 2 are used.44 In case of amines, the primary amine group -NH2 is
bifunctional with respect to the reaction with an epoxide as shown in Eq.1 and Eq.2.
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Consequently, a diamine is the tetrafunctional crosslinking agent, f = 4. Curing of epoxy
resin with a diamine occurs in three stages45, 46: (i) propagation of the linear chain, (ii)
formation of a branched structure, and (iii) gelation and increase in crosslinking density
up to fully cured thermoset as shown in Fig.2.

Fig. 2 Curing of the epoxy resin: a) monomers, b) linear growth and branching, c)
formation of highly brunched structures, d) fully cured thermoset.
The epoxy-amine reaction is suitable for the synthesis of “model” networks since
side reactions do not take place in case of stoichiometric ratios of both reacting functional
groups.47 Among the wide variety of the curing agents available on a market, aminebased hardeners, both aliphatic, cycloaliphatic and aromatic, have been the most
common. The amine crosslinkers involve the aliphatic amines such as: ethylenediamine
(EDA), diethylene triamine (DETA), triethylenetetramine (TETA), 1,4-diaminobutan
(DAB), and Jeffamines D230, D2000 etc., and the aromatic amines e.g.: 4,4′Diaminodiphenylmethane

(DDM),

2,4-Diaminotoluene

(DMT),

4,4'-

Diaminodiphenylsulfone (DDS), metaxylylene diamine (MXDA). Moreover, the
cycloaliphatic amines, such as para-aminecyclohexanemethane, are often used.48
The course of polymerization and the properties of the final epoxy network depend
on the type of amine curing agent.49 The reactivity of the amine increases with its
nucleophilic character in the series: aliphatic > cycloaliphatic > aromatic. The high
reactivity of aliphatic amines makes it possible to accomplish the reaction at room
temperature with heat produced by an exothermic reaction, while external heat is required
for the curing with aromatic amines.50 The curing at high temperature results in
thermosets of better thermomechanical properties, including higher Tg, strength and
13

stiffness, compared to those cured at room temperature. By adjusting a proper amine, the
final properties of the cured thermosets may be varied from hard and rigid with high
crosslinking density to flexible and soft with the low crosslinking density.51 The most
suitable curing agent must be selected according to the use conditions, required
properties, application, workability and other factors.
In case of chain-growth polymerizations, the epoxy groups can react with both
nucleophilic and electrophilic species which can produce an ion that is an active center of
the polymerization.47 The electron-deficient carbon can undergo nucleophilic reactions,
whereas the electron-rich oxygen can react with electrophiles. It is customary in the
epoxy chemistry to refer to these reactions in terms of anionic (initiated by e.g. tertiary
amines52) and cationic53 (e.g.by Lewis acids54,

55

) mechanisms of chain-growth

polymerizations.
In order to design the epoxy matrix that will show the best properties, the following
factors must be considered:
(a) Selection of the proper combination of epoxy resin and curing agent structures;
(b) Epoxy/Curing agent stoichiometric ratio;
(c) Selection of catalyst/accelerator (if needed);
(d) Curing/post-curing processes and conditions;
(e) Selection of modifiers such as fillers, toughening agents, etc.
The precise selection and preparation of epoxy-amine networks leads to the
formation of the epoxy-based thermosets with an optimum performance.

2.2. Organic-inorganic nanocomposites
The epoxy-based materials exhibited good thermal stability and mechanical
properties.56, 57 Nevertheless, they do not meet all requirements, so further improvement
of the required properties is necessary. As already mentioned above, the use of inorganic
nanoparticles can be particularly interesting thanks to their easy applicability to the
common processing techniques used for epoxy-based conventional composites. The final
properties of the nanocomposite material are affected by several factors, such as intrinsic
characteristics of each component, the content, the shape and the dimension of fillers, and
the nature of the interface.58
Organic-inorganic polymer nanocomposites are multiphase and multifunctional
materials. The dispersion of nanoparticles in a polymer is a crucial factor for the final
properties of nanocomposites.59 Nanoparticles tend to form agglomerates and clusters in a
14

polymer matrix due to their high surface energy.60 The agglomeration may lead to a
deterioration of the aimed properties of the final products.
Generally, there are two different methods how to prepare nanocomposites: topdown and bottom-up approaches61 (Fig.3). These two methods allow to avoid problems
with heterogeneity and to improve properties of the nanocomposites.62 First method
represents disintegration of large microparticles into smaller nanoparticles by a
subsequent intercalation and exfoliation. On the contrary, bottom-up approach allows
formation of nanostructures starting from molecular level. This is an important and
crucial difference because the bottom-up technique enables even better nanofiller
dispersion.

Fig. 3 Top-down and bottom-up approaches of nanocomposite synthesis.
The bottom-up formation of organic–inorganic nanocomposites can be
subcategorized in accordance to the manner of formation:
a) Building block approach;
b) In situ formation of inorganic nanostructures;
c) Formation of organic polymers in presence of preformed inorganic
nanostructured materials;
d) Simultaneous formation of both components, i.e. organic polymer and inorganic
nanofiller.
In contrast to traditional polymer composites with high content (~50 wt. %) of
micrometre-sized filler particles, polymer nanocomposites are being developed with low
content (~10 wt. %) of well-dispersed nanofiller due to high surface to volume ratio
(Tab.1).63
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Table 1. Ratio of particle diameters to the number of contained atoms and to the
fraction of surface atoms.64
Particle
diameter, nm
20
10
5
2
1

Number of Fraction of surface
atoms in a particle atoms in a particle, %
250.000
10
30.000
20
4.000
40
250
80
30
99

The large surface-to-volume ratio of the nanoscale inclusions plays a significant
role.65 Smaller particles display a much larger surface area for interaction with the
polymer for the same microscopic volume fraction than larger particles.66 Majority of the
characteristics of nanocomposites are determined by the interactions that occur at
nanoparticle-matrix interfaces. Therefore, the mechanical, electrical or thermal properties
of nanocomposites are strongly affected by the dispersion state and the quality of the
interface between nanoparticles and polymer matrices.67 The nanofiller as reinforcing
material of a polymer can be one-dimensional68 (nanotubes, fibers, rods), twodimensional69 (sheets, plane-like particles, e.g. exfoliated clay stacks) or threedimensional70 (particles, e.g. minerals).
The organic-inorganic nanocomposites can be classified into two categories based
on the nature of interfacial interaction between the inorganic and organic components:
i) systems with weak interactions between the two phases (Van der Waals, Hbonding or weak electrostatic interactions);
ii) systems with strong chemical interactions between the components (covalent
bonds).
The interphase interaction is a crucial factor determining the structure, morphology
and properties of the organic-inorganic nanocomposites.57 Morphology of the organicinorganic nanocomposites is described by Wilkes model which represent a micro-phase
separated polymer and nanoparticle. The model in Fig.4 represents the nanocomposite
with silica dispersed in the organic matrix.12
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Fig. 4 Wilkes morphological model of the organic-inorganic hybrids.
The silica nanoparticles are the most typical inorganic nanofiller of polymer
systems. They are generally introduced in a polymer directly by blending or silica
precursors are used in the sol-gel process to generate silica nanostructures in situ within
the organic matrix. The most widely applied precursors are silicon alkoxides.71 Usually,
the precursors for the sol–gel process are mixed with monomers of the organic
polymerization and both processes are accomplished at the same time.72 Simultaneous
formation of the inorganic nanostructures and organic polymers can result in the most
homogeneous type of the organic-inorganic nanocomposites.73
In particular, the sol-gel process with its unique mild processing characteristics and
easiness of control is the most common method for preparing hybrid materials.
2.2.1. Sol-gel process
Since 1930`s the sol–gel process was one of the major driving methods to prepare
ceramic precursors and inorganic glasses at relatively low temperatures.74 The sol-gel
reactions proceed by two fundamental hydrolytic polycondensation stages: the hydrolysis
of the alkoxide precursors (Eq.3) to introduce a reactive hydroxyl group on the metal and
their condensation to form siloxane Si-O-Si bonds (Eq.4) under acidic or basic
17

conditions.75-78 Depending on the amount of water and catalyst present, hydrolysis may
proceed to completion, so that all of the OR groups are replaced by OH groups, as
follows:
Si(OR)4 + 4H2O ↔ Si(OH)4 + 4R-OH

(3)

(OR)3–Si-OH + HO–Si-(OR)3 ↔ [(OR)3-Si–O–Si(OR)3] + H-O-H

(4)

or
(OR)3–Si-OR + HO–Si-(OR)3 ↔ [(OR)3Si–O–Si(OR)3] + R-OH
In general, the sol-gel process involves the transition of a solution system from a
liquid "sol" (mostly colloidal) that acts as the precursor, into a solid "gel" phase.
Application of the sol-gel process makes it possible to fabricate advanced materials in a
wide variety of forms: ultrafine spherical shaped powders, thin film coatings, fibres,
porous or dense materials, and extremely porous aerogel materials.
The goal of sol-gel processing is to control the structure of a material on a
nanometer scale from the earliest stages of processing. The most widely used metal
alkoxides are the alkoxysilanes, such as tetramethoxysilane (TMOS) - Si(OCH3)4 and
tetraethoxysilane (TEOS) - Si(OC2H5)4. However, other alkoxides such as aluminates,
titanates, and borates are also commonly used in the sol-gel science, despite a high
reactivity with water resulting in the loss of a reaction control.
Furthermore, the nature of the catalyst determines the relative rates of hydrolysis
and condensation reactions and therefore it affects the topology of gel in terms of open
branched structures or dense network structure (Fig.5).

Fig. 5 Gel formation in acid (on the left) and basic catalysed systems (on the right).74
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Before the gelation point and under acidic conditions, the precursor of the gel
consists of linear or randomly branched polymers. Under acidic conditions hydrolysis is
complete and fast, resulting in the open branched structures (see Fig.5) formed by the
cluster-cluster aggregation mechanism, finally having low fractal dimension Dm ~ 2.1.
While, under basic conditions hydrolysis is slow and incomplete but polycondensation is
fast. In this case the monomer-cluster aggregation mechanism is dominating and dense
structures with large compact aggregates and high fractal dimension (Dm ~ 3) are
formed.74 The viscosity at the gelation stage increases asymptotically and a transparent
gel is formed.
2.2.2 Epoxy-silica nanocomposites
Epoxy matrix reinforced with in situ build silica by the sol-gel process is one of the
most typical and widespread type of the organic-inorganic nanocomposite.79-81 The
properties of the final nanocomposites are in general influenced by particle sizes and
interaction between the dispersed silica and continuous polymer phases.57, 82-85
Catalysis of the sol-gel process affects both, the morphology of the
nanocomposites, e.g. homogeneity and size of aggregates, and the interphase interactions
between silica structures and epoxy network. As mentioned above in contrast to the base
and pH neutral catalysis of the sol–gel process, the acid catalysis promotes fast hydrolysis
of the siloxane structures which results in the high contents of Si-OH groups. Strong
interphase interaction of epoxy polymer chain with the silica domain through H-bond is
feasible and preferable. Due to this reason, the application of polyether chains (e.g.
Jeffamines) of amines is desirable, since in case of e.g. aliphatic amine less H-bond
interactions are possible.76
Previously one- and two-step acid-base sol-gel procedures were applied for in situ
generation of silica from TEOS in the DGEBA-polyoxypropylene diamine (D2000)
network.76, 83, 86 The one-step polymerization is a type of epoxy-silica synthesis in which
all the organic and inorganic components are mixed altogether and reacted. The sol-gel
process, in this case, is base catalysed by the amine crosslinker which acts also as a
catalyst of the sol-gel process. The basic catalysis is very efficient for the
polycondensation step, however the hydrolysis step is not well promoted. Therefore, only
small amount of Si-OH groups is formed resulting in a weak interphase interaction of
silica with polyether based polymer chain. The morphology of the network synthesized
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by the one-step base-catalysed simultaneous polymerization is the most heterogeneous
one and large siloxane aggregates can be detected.
The two step synthesis of a nanocomposite consists of prehydrolysis of TEOS in
acid medium in the first stage, followed by polycondensation of siloxanes to form silica
structures simultaneously with the build-up of an epoxy network in the second step.76,78, 83
Therefore, the sol-gel is acid-base catalysed, because the amine is present in the reaction
mixture only in the second stage. Hydrolysis is fast under acidic conditions in the first
step, thus creating a large number of SiOH and a strong interphase interaction. At the
second, basic catalysed step, a fast and complete polycondensation is resulting in
formation of well-developed smaller silica nanostructures homogeneously dispersed in
the epoxy matrix.
As it was mentioned before, the sol-gel process of alkoxysilanes results in the
formation of linear polysiloxanes (R2SiO)n or branched and crosslinked silsequioxanes
(RSiO3/2)n from trialkoxysilanes as well as silica (SiO2)n from tetraalkoxysilanes. For the
strengthening the interphase interaction and in order to improve miscibility of the
organic-inorganic hybrids coupling agents are frequently used.87-91 The coupling agent is
a type of precursors which contain both organic and inorganic functional group thus can
provide a chemical bond between organic and inorganic phases. Organofunctional
trialkoxysilanes are the most typical coupling agents.
But along with obvious advantages of the sol-gel process, it has often a problem
with loss of morphological and also structural control over the final oxide material,
thereby leading to a low reproducibility. Another disadvantage of hydrolytic sol-gel
process is immiscibility. Water is immiscible with TEOS or with epoxy resin thus a
cosolvent application is required. Furthermore evaporation of water and solvent leads to
sample shrinkage and formation of bubbles or cracks in the final product.
2.2.3 Nonaqueous sol-gel process and corresponding nanocomposites
Nonaqueous (or non-hydrolytic) sol-gel processes in organic solvents, generally
under exclusion of water, are able to overcome some of the major limitations of aqueous
systems and thus represent a powerful and versatile alternative.92-94
Nonaqueous processes can be divided into surfactant- and solvent controlled
approaches.95, 96 Surfactant-controlled synthesis routes involve the transformation of the
precursor species into the oxidic compound in the presence of stabilizing ligands in a
typical temperature range of 250 to 350 ◦C. An alternative to surfactants is the use of
20

common organic solvents (ethers, alcohols, ketones or aldehydes) or by the organic
constituent of the precursor (alkoxides or acetylacetonates) act as reactant as well as
control agent for particle growth, enabling the synthesis of high-purity nanomaterials.96
The study, explanation and the conditions for the controlled structure development
under the solvent-free nonaqueous sol-gel process97 is barely described and explored.
Application of such a method in the synthesis of epoxy-silica nanocomposite will be the
focus of the following chapter.
Nanocomposites by nonaqueous sol-gel process
The non-aqueous solvent-free sol-gel technique provides an improved control over
molecular level homogeneity leading to uniform morphologies. The solvent-free sol-gel
process

to

prepare

epoxy-silica

nanocomposite

was

recently

developed

by

Phonthamachai.98 The one-pot synthesis comprises the simultaneous epoxy crosslinking
and the sol-gel process of alkoxysilanes in the presence of ammonia solution. The very
high postcuring temperature, up to 270 °C, was necessary to prepare the nanocomposites
with uniform dispersion of silica and improved thermomechanical properties.
Lee et al.99 synthesized the nanosilica from TEOS by non-hydrolytic sol-gel process
in the epoxy matrix DGEBA-diaminodiphenylsulfone (DDS) catalysed by BF3MEA.
They suggested a catalytic mechanism of BF3MEA in the reaction with TEOS. The twostep nanocomposite synthesis consisted of (i) preparation of nanosilica in the presence of
epoxy resin and the BF3MEA complex and (ii) formation of DGEBA-DDS-silica network
by addition of the diamine. The studied nanocomposite displayed an increase in Tg by 50
°C with respect to the reference epoxy network with addition 40% of TEOS in the initial
mixture. The solvent-free non-hydrolytic sol-gel process supported by the BF3MEA
complex was used in order to improve homogeneity of the epoxy nanocomposite and to
eliminate problems with a solvent and excessive water removal. And even despite all
advantages of the non-hydrolytic procedure, it has been very little studied so far with
respect to the synthesis of the epoxy-silica nanocomposites. Such a theme was
investigated and discussed in the first three articles
2.2.4. Ionic liquids
Another promising strategy for nanocomposite structure and morphology control is
the application of ionic liquids. The ionic liquids (IL) are organic salts with melting
temperature usually below 100 °C and are composed of an organic cation and an organic
or inorganic anion. ILs possess low flammability, high thermal and chemical stability,
21

good stability in air and moisture.100, 101 Due to their low vapour pressure and volatility, they
are often used as “green” solvents.102, 103 The possibility to choose between different counter-

ions, allows having a wide range of ILs with different intrinsic properties. Therefore also
ILs are widely used as electrolytes in batteries104, surfactants102,

103

, lubricants in

polymers105, plasticizers106 or as curing agents in epoxy systems107.
Moreover, ILs can be applied as “molecular templates” in the sol-gel process due to
their special molecular arrangements.108, 109 Different ILs were used as a catalysts for the
sol–gel process110 and silica structure controllers111. In addition, the ILs were found to act
like multifunctional agents in synthesis of epoxy-silica nanocomposites. They serve as
catalysts of the sol-gel process to form silica structures and modify the epoxy-silica
interphase. As a result, they efficiently control the nanocomposite morphology and
mechanical properties.112, 113

2.3 Shape-memory polymers
Shape-memory polymers (SMP) are an important class of “smart” polymers which,
after deformation, can recover their initial shapes under external stimuli (Fig.6).114, 115.
This external stimulus for triggering the shape recovery can be temperature change,
electric or magnetic field, light or pH of solution etc.116 SMP also cover a wide propertyrange from stable to biodegradable117, from soft118 to hard119, and from elastic120 to
rigid121, depending on the structural units that constitute the SMP. Thermal-responsive
SMPs are one of the most studied smart systems and will be the focus of the following
chapter.

Fig. 6 Schematic representation of the shape-memory effect, where Ttrans transformation temperature.
Polymers with a shape-memory effect show both stored (permanent) form and a
current (temporary) form.122 The temporary form can be reached by processing through
heating, deformation, and finally, cooling to fix this temporary shape. The polymer keeps
new, temporary, shape until the shape change into the permanent form by triggering by a
predetermined external stimulus.
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In general, suitable shape-memory polymers consist of net-points and
molecular switches, which are sensitive to an external stimulus. The net-points of a
SMP network, which keep its dimensional stability, could be either covalently or
physically crosslinked.116 The switching phase allows a reversible transfer between
hard and soft/liquid states. The glassy and crystalline states serving to fix the
temporary shape of a polymer are the most typical.122 Thermally induced changes
of the switching phase, i.e. glass transition or melting, then leads to recovery of the
original shape. The most common SMPs are represented by polyolefines123,
polyetheresters124, polyurethanes125, acrylates126, epoxies127,128 etc.
Generally, SMPs are classified into four main types based on the nature of netpoints and switching components129-131:
1) chemically crosslinked net-points with amorphous switching components;
2) chemically crosslinked net-points with semicrystalline switching components;
3) physically crosslinked net-points with amorphous switching components;
4) physically crosslinked net-points with semicrystalline switching components.
According to the polymer classification, the first two categories belong to
thermosetting polymers and the last two belong to thermoplastics. For the epoxy
thermoset, the net-points of network determine the permanent shape of a SMP while
fixing of temporary shape is allowed by the glassy state of a sample deformed above Tg.
The temperature-responsive shape memory (SM) properties of polymers are usually
evaluated by the thermal SM cycle. Fig. 7 illustrates thermal shape-memory test. It
consists of (1) heating the sample above transformation temperature (Ttrans),
corresponding to Tg or Tm, up to deformation temperature Td, (2) deforming the sample
into a new temporary shape, (3) cooling the sample below Ttrans down to the setting
temperature Ts while maintaining the deformation load; the temporary shape is quenched
by vitrification or crystallization, (4) the deformation stress is released, (5) re-heating the
sample above Ttrans up to Td. This step leads to a recovery to the initial permanent shape
under nonconstrained conditions (5a) or to a stress recovery at constrained (5b), i.e. the
sample is fixed at constant length. During the sample deformation, the elastic energy is
generated. At cooling, this energy is stored in the quenched sample. During heating the
sample above Ttrans, the stored energy is recovered and manifested as a recovery stress.
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Fig. 7 Representative 3-D plot of thermal shape-memory test.
The SM properties are evaluated by the following parameters, such as shape fixity,
shape recovery, rate of recovery and recovery stress σr, where shape fixity describes the
ability of the net-points and switching segments to fix a mechanical deformation after
cooling and unloading. Shape recovery evaluates the ability of the polymer to memorize
its initial shape and the recovery stress σr is defined as a force that a SMP exhibits during
a constrained recovery.130
For the possible application, the SMPs are compared with another shape
memory material which is shape memory alloy (SMA). The benefits of SMPs with
respect to SMA consist in their variability, easier processability, lower costs, light
weight and larger deformability.132 On the contrary, SMAs show higher
mechanical strength and faster response to external stimuli. Particularly, a quite
low mechanical strength and recovery stress in comparison to shape-memory
alloys (SMAs) are the main problem restricting the applications of SMPs with
respect to SMA.132,
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The mechanical strength is generally enhanced in

chemically crosslinked SMPs compared to physical networks. On the other side,
however, the physically crosslinked SMPs show a higher deformability which is an
important benefit of SMP with respect to SMA.
Incorporating of reinforcing fillers is a common way for improving the mechanical
performance and shape recovery stress of SMPs.134-138 Three different groups of the filler
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material can be found, such as nanoparticles (silica, metal, functionalized particles etc.),
layered materials (e.g. layered silicate or graphite) and fibres (nanofibers, nanotubes
etc.).116
In past 10 years a remarkable advances in stimuli-responsive SMPs with the
potential applications in medical, aerospace, civil engineering, energy, and bionics areas,
were achieved. Numerous possibilities of novel SMPs were described such as multiSMP, photoactive SMP, and self-healing SMP.139, 140
In the fourth paper, the goal was to synthesize and to study the high performance
epoxy-based SMP with the high recovery stress and a high deformability, while keeping
an excellent shape fixity and recovery. Comprehensive study of the shape-memory
nanocomposites properties and determination of relationships between structure and SM
properties is discussed in this paper.
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AIMS OF THE STUDY
This Thesis has two main objectives of the study:
A) Synthesis of organic-inorganic, epoxy-silica, nanocomposites with silica
generated in situ by novel nonaqueous solvent-free sol-gel process.
In order to achieve this goal, several points were necessary to be analysed:
-

understanding of the epoxy-silica hybrid/nanocomposite formation under nonhydrolytic conditions;

-

improvement of silica dispersion in the epoxy matrix and system homogenization;

-

improvement of thermo-mechanical and tensile properties.
This part focused on understanding the mechanism of the nonaqueous sol-gel

process and a corresponding formation of epoxy-silica nanocomposites. It describes the
effect of BF3MEA complex, amine basicity, presence of the coupling agent, curing
temperature, the influence of steric restrictions of the epoxy network affecting the silica
structure growth, the evolution of the structure during polymerization, and function of
ionic liquids (IL). The nanocomposite hierarchical structure and morphology, as well as
the thermomechanical properties were studied in details. The determined relationships
between formation, structure and properties of the epoxy-silica nanocomposites made it
possible to optimize the synthesis and to control the nanocomposite structure and
morphology in order to fit the desired goal.
B) Synthesis of potentially applicable thermo-responsive shape-memory polymers
based on epoxy-silica nanocomposites.
In order to achieve this goal, the following points have been studied:
-

general understanding of the SM phenomenon;

-

relationships between polymer structure - thermomechanical properties - tensile
properties - SM properties in order to obtain better SM properties (recovery stress,
shape fixity, recoverable deformability etc.);

-

design of a polymer structure for the synthesis of high performance SMP.
In order to obtain such a polymer, several parameters were necessary to tailor, such

as keeping Tg <100 °C (for easier triggering of the shape recovery), increase storage
modulus and tensile properties which is reflected in high recovery stress, high extent of
deformation, good shape fixity etc.
The present Thesis consists of four published papers in international journals
(Appendices 1 – 4) with an extended introduction and discussion of the content of the
papers.
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3. METHODS OF CHARACTERIZATION
Transmission electron microscopy (TEM)
TEM image is formed from the interaction of the electron beam which travels
through the specimen. The electron microscope operates on the same basic principles as
the light microscope; however TEM is capable of imaging at significantly higher
resolutions due to the shorter wavelength of electrons (0.02-0.05nm). This measurement
was chosen to study morphology assessments because of higher contrast between
polymer phase and nanosilica domains. TEM measurements were performed with the
microscope JEM 200CX (JEOL, Japan). TEM microphotographs were taken at the
acceleration voltage of 100 kV, recorded on a photographic film, and digitized with a PCcontrolled digital camera DXM1200 (Nikon, Japan). Ultrathin sections for TEM,
approximately 50 nm thick, were cut with ultramicrotome Leica Ultracut UCT, equipped
with cryo attachment.
Small-angle X-ray scattering (SAXS)
SAXS is a small-angle scattering technique where the elastic scattering of X-rays,
with a wavelength 0.1-0.2 nm, is detected. It is recorded at very low angles (typically 0.1
- 2°). This range contains information about the shape and size of nanoparticles, their
distribution, characteristic distances of partially ordered materials, pore sizes etc. The
experiments were performed using a pinhole camera (Molecular Metrology SAXS
System) attached to a microfocused X-ray beam generator (Osmic MicroMax 002)
operating at 45 kV and 0.66 mA (30 W) The camera was equipped with a multiwire, gasfilled area detector with an active area diameter of 20 cm (Gabriel design). Two
experimental setups were used to cover the q range of 0.004 - 1.1 A-1 where q =
(4π/λ)sinθ ( λ is the wavelength and 2θ is the scattering angle). The scattering intensities
were put on an absolute scale using a glassy carbon standard.
Nuclear magnetic resonance spectroscopy (NMR)
NMR is the type of technique that exploits the magnetic properties of certain
atomic nuclei by determination the physical and chemical properties of atoms or
molecules in which they are contained. This method relies on the phenomenon of nuclear
magnetic resonance and can provide detailed information about the structure, dynamics,
reaction state, and chemical environment of molecules. Solid-state
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Si CP/MAS NMR

experiments were measured at 11.7 T using a Bruker Avance 500 WB/US NMR
spectrometer with double-resonance 4-mm and 7-mm probeheads, respectively. To
compensate for frictional heating of the spinning samples, all NMR experiments were
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measured under active cooling. The sample temperature was maintained at 308 K. The
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Si CP/MAS NMR spectra were acquired at 99.325 MHz; spinning frequency was ωr/2π

= 5 kHz; the number of scans was 2048; spin lock 4 ms and recycle delay was 3s. The
spectra were referenced to M8Q8 (-109.8 ppm). During detection, a high-power dipolar
decoupling (TPPI) was used to eliminate strong heteronuclear dipolar coupling.
NMR was used for determination of conversion during the sol-gel process. The
condensation conversion αSi was determined as αSi = Σ iQi/4 for TEOS and αSi = Σ iTi/3
for GTMS. Qi and Ti are the mole fractions of the Qi and Ti structure units with i siloxane
bonds Si-O-Si attached to the central silicon. The relative amount of the structural units
was obtained from the deconvolution of the 29Si CP/MAS NMR spectra. The assignment
of the NMR bands is as follows; Q0 from -71.7 to -81.9 ppm, Q1 from -81.5 to -89.3 ppm,
Q2 from -91.2 to -91.5 ppm, Q3 from -101.2 to -101.6 ppm, Q4 from -109.3 to -110.1 ppm,
T0 from -42.7 to -43.2 ppm, T1 from -47.9 to -49.6 ppm, T2 from -57.3 to -58.3 ppm, T3
from -66.6 to -66.9 ppm.
11

B MAS NMR spectra were measured in 4-mm double resonance probehead at

MAS frequency of 5 kHz. The spectra were calibrated using a secondary reference
standard NaBH4 (3.2 ppm).
Dynamic Mechanical Thermal Analysis (DMTA)
DMA is most useful for studying the viscoelastic behaviour and general
characterization of polymers and composites. The sinusoidal strain is applied and the
stress in the material is measured, allowing one to determine the complex modulus. The
temperature of the sample or the frequency of the stress are often varied, leading to
variations in the complex modulus; this approach can be used to locate the glass
transition temperature of the material, as well as to identify transitions corresponding to
other molecular motions. Dynamic mechanical properties of the nanocomposites were
tested using the ARES G2 apparatus (TA Instruments). An oscillatory shear deformation
at the constant frequency of 1 Hz and at the heating rate of 3 °C/min was applied.
ARES G2 rheometer was used also for the chemorheology experiments to follow
molecular structure evolution and gelation during polymerization. Oscillatory shear
deformation in parallel plates geometry at a frequency of 1 Hz was used. The initial
applied maximum strain was 200 % and it was continuously reducing during the reaction
in order to keep torque below 20 g*cm to prevent breaking of the formed gel.
Tensile test is one of fundamental test in which sample is subjected to a controlled
tension until failure. Properties that are directly measured within a tensile test are tensile
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strength, elongation at break and the stress-strain curve provides an information about
toughness of the material. The experiments were performed at axial force with the
constant linear speed of 0.06 mm/min at Td = 100 °C. Five rectangular specimens with
dimensions 25 x 5 x 1 mm were tested for each sample. The toughness was evaluated as
an area under the stress-strain curve.
Shape memory test
Shape fixity Rf was measured in bending mode. The sample was heated and
deformed to the angle θd = 90° at the Td. Subsequently, the deformed sample was quickly
cooled to the setting temperature and kept at TS = 25 °C for 8 month. The change of the
angle θ in time was recorded. Shape fixity was calculated as, Rf = 1-[(θf -θd)/θd] x100 %,
where θf - the angle in the frozen state after 8 month.
Shape recovery rate was evaluated in the bending mode by following the
angle change of the deformed specimen in time.
Recovery stress σr was measured on ARES G2 rheometer. The rectangular
sample 25 x 5 x 1 mm was heated up to deformation temperature Td and extended
up to 60% of the previously determined strain at break (λb), λd = 0.6λb, at a rate of
0.06 mm/min. The sample was then cooled down to the setting temperature TS
while keeping the loaded force and kept for 10 minutes to completely freeze and
store the stress within the sample. Only then the sample was unloaded. For the
constrained recovery the sample was fixed, the length was kept constant and
heated up to Td. The recovery stress induced by heating was recorded.
Stress relaxation was measured using the ARES G2 apparatus (TA Instruments)
by transient stress relaxation mode at a strain λ = 1.07 at Td.
All characterization techniques have been used in cooperation with research teams
of the Institute of Macromolecular Chemistry. Some of them are represented as coauthors of the published papers. These people are RNDr. Miroslav Šlouf, PhD. (TEM),
Ing. Josef Pleštil CSc. and Mgr. Alexander Zhigunov Ph.D. (SAXS), Ing. Libor Kobera
Ph.D. and Ing. Jiří Brus Dr. (NMR), RNDr. Jana Kovářová CSc. (TGA), Ing. Antonín
Sikora, CSc. (DSC).
Their help and support is thankfully acknowledged.
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4. RESULTS AND DISCUSSION
4.1. Epoxy-silica nanocomposite synthesized by nonaqueous sol-gel
process
In the first two papers we were studying epoxy-silica nanocomposites prepared by
the nonaqueous solventless sol-gel process. The main focus was dedicated to the analysis
of the mechanism of the nonaqueous sol-gel process under action of BF3MEA. Further
evolution of the hybrid structure during polymerization, hybrids gelation, structure,
morphology and thermomechanical properties were analysed as well.
In this chapter, the nanocomposites based on a glassy epoxy matrix filled with in
situ generated nanosilica structures are described [Appendices 1]. Four types of the
epoxy-amine networks were used as a matrix comprising the diepoxide DGEBA and the
following diamine hardeners – aliphatic diaminobutane (DAB), cycloaliphatic Laromin
(3,3'-dimethyl-4,4'-diaminocyclohexylmethane),

aromatic

diaminodiphenylmethane

(DDM) and poly(oxypropylene)diamine Jeffamine D230. The networks differ in the rate
of gel formation, crosslinking density, glass transition temperature Tg and compatibility
with silica nanofiller. This system series thus makes it possible to study the structureproperties relationships. The nonaqueous sol-gel process, promoted by BF3MEA
complex, was applied to generate in the matrix the silica structures from TEOS and
TMOS or silsesquioxanes (SSQO) from the coupling agent GTMS. The molecular
structure of the coupling agent GTMS enables to function as an intermediary in bonding
organic and inorganic materials, since it contains the functional groups reacting both with
the organic, epoxy, phase and inorganic, silica phase.
Using the knowledge obtained from the first paper on nonaqueous solventless solgel process, the high-performance nanocomposites were synthesized and studied in the
second paper. These materials have excellent thermomechanical properties such as
indiscrete Tg or high storage modulus (335 MPa) up to 300 °C with only ~10 wt. %
loading of in situ generated silica.
Third paper is focused on synthesis and characterization of the epoxy-silica
nanocomposites by using the imidazolium based ionic liquids (IL) functionalized with
carboxylic groups. The ILs enable to control morphology of the nanocomposites and the
functional groups allow in situ covalent bonding of these ILs to the epoxy based materials
and tune the filler-matrix interface interaction in order to improve thermomechanical and
tensile properties. In this work we describe an easy and quick procedure to produce
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imidazolium functionalized polymers which can open a broad range of possible new
materials.
4.1.1. Nanocomposite network formation
The epoxy-amine networks were prepared at a stoichiometric ratio of functional
groups (Cepoxy:CNH = 1:1) and the epoxy-silica nanocomposites containing in situ build
silica were synthesized by the two step synthesis procedure: (i) initiation of the
nonaqueous sol-gel process by BF3MEA complex and (ii) the simultaneous amine
catalysed sol-gel polycondensation of TEOS (or TMOS) and the epoxy-amine network
formation.
Mechanism of non-aqueous sol-gel process
We determined the mechanism of the non-aqueous sol-gel process initiated by
BF3MEA. By using NMR spectroscopy it was proved that TEOS is protolyzed by amine
released from BF3MEA complex. This step results in production of the Si-OH containing
siloxanes [Fig. 8].

Fig. 8 Protolysis of TEOS under nonaqueous conditions by BF3MEA complex.
Moreover, it was proved that initiation is more efficient in the presence of epoxy
resin as a result of additional protolysis by C-OH of the epoxy resin. Because of small
extent of „hydrolysis“ the further structure growth during the second polycondensation
step proceeds by the monomer-cluster aggregation mechanism leading to compact
structures with fractal dimensions Dm ~ 3.74
Nanocomposite structure evolution
Structure evolution at formation of the epoxy-silica nanocomposite under
nonaqueous conditions was followed by chemorheology. Since the gelation of the two
step acid-base aqueous sol-gel procedure is extremely fast, the important benefit of the
nonaqueous sol-gel procedure consists in a slower reaction. Lower reaction rates enable a
structure control and prevent phase separation.
The nanocomposites based on two epoxy-amine systems displaying the fast
(DGEBA-DAB) and slow (DGEBA-D230) network formation were studied. Fig. 9 shows
the growth of the shear storage modulus G’(t) during build-up of the nanocomposite
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networks at constant temperature. The steep increase in modulus in the figure
characterizes gelation of the system. The precise gelation time is listed in Tab. 2.
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Fig. 9 Shear storage modulus G’(t) of the studied systems as a function of time
during polymerization at T = 80 °C: 1 DGEBA-D230, 2 DGEBA-D230-TEOS, 3
DGEBA-D230-TEOS-BF3MEA, 4 DGEBA-D230-TMOS-BF3MEA, 5 DGEBA-DAB, 6
DGEBA-DAB-TEOS-BF3MEA.
The simultaneous epoxy-amine network build-up and the silica/SSQO structures
growth start with addition of a diamine to the mixture. In the epoxy network DGEBAD230 the gelation is delayed in the presence of silica precursor TEOS due to a
corresponding dilution effect (Fig.9 curves 1 and 2). However, addition of the BF3MEA
complex in the DGEBA-D230-TEOS mixture accelerates the gelation of the hybrid and
eliminates the dilution effect of TEOS. Furthermore, the figure displays the modulus
increase in the pregel stage in the hybrids involving BF3MEA complex (Fig.9 curve 3).
This increase in modulus is due to the fast formation of oligosiloxane/silica
nanostructures by the polycondensation catalysed with the added amine. Moreover,
according to the proposed mechanism of protolysis by BF3MEA, initiation of TMOS
hydrolysis should proceed faster and easier than protolysis of TEOS due to smaller steric
substituent [Appendices 1, 2]. This is resulting in the faster sol-gel process and higher
pregel stage modulus. The gelation time of TMOS containing hybrids is decreased more
than 2 times with respect to hybrids with TEOS (Fig.9 curves 4 and 3).
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Table 2. Gelation times of the selected epoxy systems and nanocomposites.
System

Gelation time, min
34
52
33
15
5.5
6.5

DGEBA-D230
DGEBA-D230-TEOS
DGEBA-D230-TEOS-BF3MEA
DGEBA-D230-TMOS-BF3MEA
DGEBA-DAB
DGEBA-DAB-TEOS-BF3MEA

Very strong effect of basicity can be observed in case of substitution D230 by more
basic DAB. Both epoxy network formation and silica generation are affected. The
DGEBA-DAB gelation is faster than that of DGEBA-D230 (Fig.9 curves 5 and 1).
Moreover, the storage modulus rises quickly in less than 2 min in the early pregel stage
within DGEBA-DAB mixture (Fig.9 curve 6). The more basic DAB compared to D230
promotes the faster polycondensation and formation of silica aggregates resulting in a
higher pregel stage modulus.
4.1.2. Structure and morphology
A homogeneous nanofiller dispersion in a matrix and a strong interphase interaction
are well known to be basic factors determining nanocomposite properties. Incorporation
of nanosilica in the glassy epoxy matrix DGEBA-Laromin by the classical aqueous solgel procedure results in the heterogeneous opaque sample, as shown in Fig.10a, due to the
fast polymerization induced phase separation. The nonaqueous sol-gel procedure initiated
by BF3MEA enables preparation of the homogeneous transparent nanocomposites
containing up to 40 wt. % TEOS or 80 wt. % of TMOS, corresponding to 12 and 32 wt.
% of silica, respectively (Fig.10.b,c). Moreover, no bubbles or cracks in the final product
were detected.

A

B

C

Fig. 10 Epoxy-silica nanocomposite prepared by: (a) aqueous sol-gel process,
nonaqueous sol-gel promoted by BF3MEA from TEOS (b) and from TMOS (c).
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An insight into the silica structures on the supramolecular level was obtained from
TEM images of nanocomposites without BF3MEA, with TEOS-BF3MEA and GTMSBF3MEA. TEM micrographs of the epoxy-silica nanocomposites are shown in Fig.11.
The aggregates of the size ~300 nm are present in the nanocomposites in case of the
synthesis without BF3MEA (Fig.11).

Application of the complex leads to a finer

morphology. The results disclose silica aggregates of the size ~70 nm dispersed in the
epoxy matrix and composed of primary particles of ~10 nm in diameter (Fig.11b). After
the application of the coupling agent GTMS, the corresponding silica/SSQO structures
are smaller and better dispersed (Fig.11c).

Fig. 11 TEM micrograph of the nanocomposites (a) DGEBA-D230-TEOS (18%),
(b) DGEBA-D230-TEOS(18)-BF3MEA, (c) DGEBA-D230-GTMS-BF3MEA.
The phase structure was evaluated also by the SAXS analysis since this method
gives a geometrical description of the structures from the point of view of fractal
dimensions.57 The mass and surface fractal dimensions, Dm and DS, determined from the
slope β of the log-log profile, measure the compactness of the fractal objects and
roughness of their surface, respectively. The high mass fractal dimension, Dm = 2.9, in the
case of the nanocomposite DGEBA-D230-TEOS prepared without BF3MEA and values
of surface fractal dimensions Ds ~ 2 (Ds = 6 - β) in Laromin and DDM containing
nanocomposites, disclose compact structures of the aggregates and even smooth surface,
respectively [Appendices 1]. The synthesis of nanocomposites in presence of the
BF3MEA complex leads to the less compact structure aggregates with the corresponding
lower mass fractal dimensions Dm = 2.3 - 2.8. (Fig.12). Moreover, the more open silica
aggregates are formed in the case of DGEBA-D230-TEOS compared to Laromin and
DDM based networks, due to interaction of the siloxane structures with the polyether
chain of D230 in the epoxy network. The knee on the SAXS profile at q = 0.1 A-1
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originates from the small particles of a diameter size D = 1.9 nm within the silica
aggregates (Fig.12 curve 3).
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Fig.12 SAXS profile of the epoxy-silica nanocomposites: 1 DGEBA-D230, 2
DGEBA-D230-TEOS, 3 DGEBA-D230-TEOS-BF3MEA.
The important benefit of the non-aqueous sol-gel procedure consists in a slower
reaction. This advantage enables better structure control and prevents phase separation.
Acquired knowledge from the studied sol-gel process allows us to propose the course of
the hybrid formation. This evolution under both aqueous and non-aqueous conditions is
schematically illustrated in Scheme 1 describing also the resulting morphology.
If we apply aqueous two-step, acid-base, sol-gel procedure, the silica gel formation
will be extremely fast in the DGEBA-Laromin-TEOS mixture. The heterogeneous milky
bulk gel is formed within ~10 sec. The silica network is built much faster than the epoxyamine (Scheme 1Aa) and the reaction induced separation of organic and inorganic phases
takes place (Scheme 1Ab). This results in the opaque final material. Only strong
interfacial interactions can prevent a phase separation and the transparent interpenetrating
network with the bicontinuous phase structure can be formed (Scheme 1Ac).83, 141
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Scheme 1. Schematic description of the formation of the epoxy-silica
hybrid/nanocomposite with in situ formed silica/SSQO. (The scheme does not correspond
to real proportions; the silica structures are bigger compared to the network mesh).
Scheme 1B shows the formation of epoxy-silica nanocomposites under nonaqueous
conditions but with the presence of BF3MEA. In contrast to the aqueous sol-gel process,
the silica gel build-up is slower than the epoxy network formation in this case. Under the
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non-hydrolytic conditions, no bulk silica gel but only small nanostructures are formed.
The difference is given by the small content of Si-OH groups in the siloxanes preformed
in the initiating step. This fact leads to a much smaller extent of polycondensation, which
is not sufficient for a silica gel formation. Therefore, the hybrid gelation sets in by
formation of the epoxy network (Scheme 1Bb). The silica structures further grow and
moreover a covalent bonding to the epoxy matrix is produced (Scheme 1Bc). The
interface grafting leads to the system compatibilization and precludes the phase
separation. Crosslinking of the epoxy chains by silica domains then follows as in Scheme
1Bd. Such a crosslinking can be responsible for the observed acceleration of the hybrid
gelation by BF3MEA.
With coupling agent addition, a fast incorporation in epoxy-amine network can be
observed on Scheme 1Ca by the reaction of glycidyl group of GTMS with an amine
crosslinker. The sol-gel reactions and formation of the SSQO domains occurs only in the
presence of BF3MEA (Scheme 1Ca,b).142 The epoxy network is formed in Scheme 1Cb
and bridging the epoxy chains by the SSQO junctions contributes to the
crosslinking.143,144 Finally this hybrid displays percolation of the inorganic SSQO
network to form co-continuous epoxy-SSQO phase morphology as in Scheme 1Cc.
4.1.3. Thermomechanical properties
Thermomechanical properties are characterized by the glass transition temperature
Tg, determined from the maximum of the tan δ curve, and by the shear modulus in
rubbery state Gr. The reinforcing of epoxy networks is manifested by reduced mobility
of the organic network chains. This is exhibited by a shift of Tg to higher values and drop
of the loss factor tan δ amplitudes due to lower fraction of the free relaxing polymer
chains.75, 78, 145
In order to obtain the best thermomechanical properties applying nonaqueous solgel process, several parameters were modified, such as content of BF3MEA, postcuring
temperature, type and amount of silica precursors, and content of coupling agent.
Moreover different methylimidazolium based ionic liquid were applied [Appendices 3,
4] in order to improve morphological homogeneity of the studied nanocomposites.
All the studied nanocomposites show an increase in rubbery modulus with respect
to the corresponding neat epoxy networks, however, both increase and decrease of Tg was
found (Fig.13).
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Fig. 13 Storage modulus (a) and loss factor tan δ (b) as functions of temperature of
the DGEBA-D230 based nanocomposites prepared from different alkoxysilanes: 1
DGEBA-D230, 2 DGEBA-D230-TEOS-(aqueous), 3 DGEBA-D230-TEOS-BF3MEA, 4
DGEBA-D230-TMOS-BF3MEA, 5 DGEBA-D230-TEOS-BF3MEA-IL.
Although TMOS undergoes much faster sol-gel reactions than TEOS, the structure
evolution is under control and well homogeneous nanocomposites are produced. The
condensation conversion of TMOS αSi in the nanocomposites prepared under nonaqueous
conditions is much higher than those of TEOS under the same conditions [Appendices
2]. The conversion in the system DGEBA-D230-TEOS even with the BF3MEA addition
is quite low, αSi = 0.46, resulting in the plasticization of the nanocomposites and
reduction of Tg with respect to the neat network (Fig.13, curves 3 and 1). In contrast to
TEOS, the TMOS containing networks exhibit higher conversion αSi = 0.72 due to
smaller steric substituent. Thus significant enhancement of both Tg and rubbery modulus
was achieved by application of TMOS (Fig.13, curve 4).
The coupling agent GTMS was used in order to achieve a significant improvement
of the thermomechanical properties due to strong interphase interaction and enhanced
homogeneity. The content of GTMS was calculated as fraction of epoxy groups of
DGEBA replaced by the coupling agent: x = [epoxy (GTMS)] / [epoxy (DGEBA) +
epoxy (GTMS)] while keeping the total epoxy groups concentration constant. The SSQO
domains formed by the sol-gel reactions of GTMS are covalently grafted to epoxy
network chains and it is reflected by Tg enhancement due to the limited chain mobility
and topological hindrance. At the certain GTMS fraction the glass transition even
becomes indistinct in the case of DGEBA-Laromin based networks (Fig.14 curve 3).
These hybrids display percolation of the inorganic SSQO network and formation of cocontinuous epoxy-SSQO phase morphology as shown in Scheme 1Cc.
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Fig. 14 Storage modulus (a) and loss factor tan δ (b) as functions of temperature of
the DGEBA-Laromin with different content of coupling agent: 1 DGEBA-Laromin, 2
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BF3MEA, where GTMS ( x =0.1 and 0.3) corresponds to 2.2 and 6.6 wt. % of equivalent
silica, respectively.
Finally, based on the obtained results, we have prepared the high-performance
hybrids which maintain the mechanical properties up to 300 °C [Appendices 2]. We took
advantage of the synergy combination of two alkoxysilane TMOS and GTMS. Fig.15
illustrates a dramatic increase of rubbery modulus in the high-temperature region and
thermal stability of the nanocomposites with respect to the neat network DGEBALaromin. The nanocompsoites containing a low amount of the in situ generated silica (~
10 wt. %) and a small amount of the coupling agent GTMS shows indistinct Tg and the
high rubbery modulus (335 MPa) up to 300 °C (curve 4). Probably a percolation of the
inorganic structures through the epoxy network takes place and the bicontinous epoxysilica/SSQO hybrid was formed.
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BF3MEA, 4 DGEBA-Laromin-TMOS(14)-GTMS(x = 0.3)-BF3MEA, where 14 % of
TMOS corresponds to 5.4 wt. % of equivalent silica.
Another promising strategy for nanocomposite structure and morphology control
and enhancement of mechanical properties, is the application of methylimidazolium
based ionic liquids [Appendices 3, 4]. In the third paper, ILs functionalized with
carboxylic groups were studied. These carboxyl groups of the ILs were proved to react
with the epoxy groups and create covalent bonds with the epoxy network. The covalently
bound ILs are more efficient in control the epoxy-silica interphase in nanocomposites.
Homogenization of the nanocomposite system and improved dispersion of the silica
nanodomains in the epoxy matrix were achieved. The strengthened epoxy-silica
interphase by ILs resulted in significant stiffening and toughening of the system. The
DMA shows low Tg in free-IL-nanocomposite (Fig.13 curve 3) with respect to the neat
epoxy matrix (Fig.13, curve 1). On the contrary, the increase in both Tg and modulus is
achieved in the nanocomposites prepared in the presence of ILs. (Fig.13 curve 5). The IL
catalyses the sol-gel process thereby leading to more completely reacted hard silica
domains. Moreover, the glassy nanocomposites exhibit a significant enhancement of
toughness by more than 100 % [Appendices 3].
Fig. 13 shows also the effect of the sol-gel procedure and enhancement of
thermomechanical properties in nanocomposites prepared by the non-aqueous compared
to the classical sol-gel process. As it was discussed before, the lack of an interphase
interaction, phase separation and increase in free volume by large silica aggregates due to
fast gelation are the main reasons of the Tg reduction in case of aqueous sol-gel process
(curve 2) with respect to the non-aqueous procedure ( curve 3).
The acquired knowledge of epoxy-silica nanocomposites was used for the design
and synthesis of epoxy-based shape-memory nanocomposites.

4.2. Thermo-responsive shape-memory nanocomposites
The aim of the fourth paper consists in the synthesis of high performance SMPs
showing improved mechanical properties while keeping the perfect shape fixity and
recovery. Particularly, the investigation is focused on enhancement of recovery stress and
recoverable deformability of SMPs. The potential SM application of these systems is
considered in the temperature region T = 25 - 100 °C with the setting temperature Ts =
25°C, transition temperature Ttrans = Tg and deformation temperature Td = 100 °C.
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From the literature it is known that an increase of rubbery modulus of SMPs is
leading to an increase of recovery stress. Furthermore, the theory of rubber elasticity
predicts the stress generated in a deformed polymer as

σrub = Gr (λd − λd -2),

(5)

where Gr and σrub are modulus at rubbery state and stress under deformation at rubbery
state, λ = l/l0 is the deformation ratio, l and l0 are the deformed and initial length of the
sample, respectively. The recovery stress σr presents the elastic energy stored in the
sample during the cooling step and one can expect σr ~ σrub, where σr is the recovery
stress in the fixed-strained material.
Therefore, the study is focused on design of structure of the SMP which makes it
possible to control the thermomechanical properties, i.e. rubbery modulus and Tg due to
application window (Tg = 25 - 100 °C), as well as tensile properties in order to reach a
high deformability λ. Thereby, one can optimize the SM behavior including recovery
stress. Moreover, determination of relationships between the nanocomposite structure,
thermomechanical and tensile properties and their impact on SM properties can provide
better understanding of the SM behaviour.
We have studied the nanocomposite systems based on epoxy networks reinforced
with silica nanofiller in situ generated by sol-gel process from TMOS. In addition, ILs
were used to modify the nanocomposite morphology. Several parameters were taken into
account for the designing the epoxy matrix such as, crosslinking density of the network,
flexibility of network’s chains and possible physical crosslinking. As to the nanofiller, the
parameters like content of silica, interphase interaction and quality of the filler dispersion
in the polymer matrix, were considered. Moreover, the SM procedure optimization was
performed in order to fully investigate a potential of SMP materials.
Synthesis of bimodal networks, involving bimodal distribution of crosslinking
density, with silica build in situ was selected as another approach of the high performance
SMP achievement. Combination of curing agents with different length and flexibility of
the chains makes it possible to obtain high network extensibility and thus highly
deformable SMP with required Tg.
Fig.16 illustrates the temperature induced SM effect of the epoxy-silica
nanocomposite with outstanding recovery.
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Fig. 16 SM effect of the epoxy-silica nanocomposite: a) original shape, b) heated,
bended and cooled sample, c) reheating up to Td - 10s, 20s, 30s.
4.2.1 Design of structure
In order to optimize the SM behaviour, the design of the nanocomposites structure
and precise tuning of properties is essential. The epoxy-silica nanocomposites were
designed as promising high performance SMPs with the applicable Tg in the temperature
range of Troom < Tg < 100 °C. Along with tuning of Tg , the design of a polymer with a high
rubbery modulus allowing a high deformation at rubbery state is a way to synthesis of a
high performance SMP.
Rubbery modulus of polymer network depends mainly on the crosslinking density ν:
Ge = ν RTA + physical contribution,
(6)
where Ge is equilibrium shear modulus at rubbery state, A is front factor (A = 1 for
affine networks, A = (f - 2)/f for phantom networks, f is functionality of a crosslinker).
We were investigating the epoxy-amine networks of various crosslinking densities
and stiffness of the curing agents. The following networks were prepared by using four
types of amine curing agents with different molecular weights M: Jeffamines D230
(M=230) and D400 (M=400), Laromin (M=238) and ATBN (M=3600) (Fig. 17). The
crosslinking density is inversely proportional to the molecular weight of the chain
between net-points which can be regulated by a structure of amines:

ν ~ 1/MC

(7)

where MC is molecular weight of the elastically active chain between crosslinks.
The increase of crosslinking density or chains stiffness of the crosslinked network,
however, leads to growth of both rubbery modulus and Tg. Due to that fact, there are
particular limits of network density increase in order to keep Tg in the applicable
temperature range. Fig.17 shows that only the epoxy matrices DGEBA-D230 and
DGEBA-D400 (showing Tg at 90 °C and 51 °C, respectively) are fitting in the SM
application window.
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Fig.17 Storage modulus (a) and loss factor tan δ (b) of epoxy networks as functions
of temperature: 1 DGEBA-Laromin, 2 DGEBA-D230, 3 DGEBA-D400, 4 DGEBAATBN.
The fundamental physical contribution to the modulus in Eq.6 in case of the studied
nanocomposites is effected mainly by presence of nanofiller. From the previous study it
was found that the most pronounced reinforcement of the epoxy networks was achieved
by incorporation of silica nanofiller by nonaqueous sol-gel process and by application of
ILs [Appendices 1 - 3].
The effect of silica content and presence of ILs on thermomechanical properties of
the nanocomposites DGEBA-D400-TMOS is illustrated in Fig. 18. The Tg of the
nanocomposites containing 25% of TMOS raised by 15 °C and the rubbery modulus is
three times higher compared to matrix. Due to an increase of Tg the application of silica
reinforcement is limited to the DGEBA-D400 matrix only. As a result of Tg growth, the
DGEBA-D230 based nanocomposite does not fit in the application temperature window.
Moreover, broadening of the transition peak with increasing content of silica in the
nanocomposite further increases temperature of the recovery triggering.
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Fig. 18 Storage modulus (a) and loss factor tan δ (b) of the DGEBA-D400 based
nanocomposites as functions of temperature: 1 DGEBA-D400, 2 DGEBA-D40043

TMOS(14), 3 DGEBA-D400-TMOS(25), 4 DGEBA-D400-TMOS(14)-IL. Constant
content of BF3MEA.
Application of ILs provides an interphase interaction control and improvement of
morphological homogeneity as well as mechanical properties of epoxy-silica
nanocomposites [Appendices 3]. Fig.18 (curve 4) shows a narrowing of glass transition
of the nanocomposite supported by the methylimidazolium based ILs which is beneficial
for SM properties. The optimized thermomechanical properties were achieved by
application of 14 - 25 wt. % of TMOS and with addition of ILs.
In addition to thermomechanical properties also the tensile behaviour of the
epoxy-silica nanocomposite at deformation temperature Td = 100 °C in rubbery state is
crucial for SM phenomenon.
The tensile test results of DGEBA-D400 based network and the corresponding
nanocomposites with and without ILs are shown in Fig.19. The DGEBA-D400 and
DGEBA-D230 based epoxy networks are known to belong among the toughest epoxy
thermosets. The reference network DGEBA-D400 shows strain elongation at break and
stress at break as 20 % and 2.3 MPa at Td respectively (Fig.19 curve 1). Dramatic
improvement of tensile properties with the addition of in situ build silica by nonaqueous
sol-gel process was succeeded. Stress at break grows up to σb = 4.5 MPa with the
addition of 14 wt. % of TMOS showing at the same time only a slight reduction of
deformability. Even more pronounced improvement in both extensibility and tensile
strength, thus toughness, was achieved with the addition of IL (Fig.19 curve 3). The
material toughness is characterized by area under the stress-strain curve and it
corresponds to the energy absorbed by a material before break.
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Fig. 19 Stress–strain behaviour of the SM network and nanocomposites at Td: 1
DGEBA-D400, 2 DGEBA-D400-TMOS(14),

3 DGEBA-D400-TMOS(14)-IL, 4

DGEBA-D400-TMOS(25)-IL.
After evaluation of the obtained results, we found that the polymer toughness is a
key materials property controlling SM performance as discussed below. The relationship
between toughness and recovery stress was intensely studied in the fourth paper
[Appendices 4]. Finally, highly extensible tough nanocomposites were synthesized in
order to reach excellent SM performance, as follows.
It is known, that strain at break λb of a polymer network is related to the
crosslinking density, i.e. molecular weight between crosslinks, as λb ~ Mc1/2 and
the polymer deformability thus could be increased only at the expense of modulus,
as G ~ 1/Mc.
The network prepared using high-molecular weight amine-terminated
butadiene-acrylonitrile crosslinker (ATBN with M = 3600) shows a high
elongation at break εb = 280% at deformation temperature Td (Fig.21 curve 2).
However, the DGEBA-ATBN copolymer is rubbery at room temperature, and thus
the combination with high-Tg hardener, is necessary (Fig.17). We used Laromin,
and the obtained copolymer network of the molar composition, DGEBAATBN(n=0.3)-Laromin(n=0.7), exhibits good extensibility ~100% (Fig.21 curve
3), and Tg is shifted into the application window (Fig.20 curve 2). The tan δ curve
discloses presence of two phases at the low temperature due to phase separation.
Including of ethylene diamine (EDA) as a compatibilizer in the formulation
removes a shoulder presented in tan δ peak and leads to a more homogeneous
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epoxy network with bimodal distribution of crosslinking density due to application
of long and short amines. Additionally, this modification leads to a slight decrease
and narrowing of Tg as well as to improvement of rubbery and glassy moduli.
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Fig. 20 Storage modulus (a) and loss factor tan δ (b) of the bimodal systems:
1 DGEBA-Laromin, 2 DGEBA-ATBN(0.3)-Laromin(0.7), 3 DGEBA-EDA(0.2)ATBN(0.3)-Laromin(0.5),
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DGEBA-ATBN(0.3)-EDA(0.2)-Laromin(0.5)-

TMOS(14).
Significant improvement of mechanical properties of the bimodal network
was succeeded by the addition of in situ build silica. Nanocomposite with 14 wt. %
of TMOS shows an increase of rubbery modulus and glassy modulus by more than
10 times and 2 times respectively, while keeping quite high extensibility for the
chemically crosslinked thermosets, εb = 47% (Fig.21 curve 4).
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The following parameters have to be taken into account, in order to obtain a
very tough epoxy-based material: (i) increasing of molecular weight of crosslinker,
(ii) assimilation of silica nanofiller through in situ approach, (iii) application of ILs
in synthesis procedure and (iv) formation of nanocomposites based on bimodal
networks.
4.2.2 Shape-memory properties of the nanocomposites
To study shape-memory properties, the following SM characteristics were
evaluated: shape fixity, shape recovery, rate of recovery and recovery stress. SMPs
undergo a shape recovery triggered by heating above the transition temperature up to Td
(unconstrained recovery). In the case of the fixed strain (constrained recovery) the
material shows a recovery of the stress.
Fig.22 demonstrates the unambiguous dependence of the experimentally
determined recovery stress σr of the studied systems on their toughness. The
toughest nanocomposites based on bimodal networks and prepared with
application of IL shows the highest recovery stress. The obtained experimental
results of the thermomechanical, tensile and shape memory properties and the
corresponding relationships reveal that the prediction σr ~ Gr does not match very
well. In contrast to the literature data, it was found that the crucial SM parameter,
recovery stress, depends on the material toughness rather than on the rubbery
modulus [Appendices 4].

Fig. 22 The recovery stress in SMPs as a function of their toughness for: 1 –
DGEBA-D400 and 2 – DGEBA-D230 based systems, 3 – DGEBA-Laromin-ATBN
based copolymers.
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Moreover, it was proved that SM behavior is governed by viscoelastic properties
and materials morphology. Viscoelasticity effect was studied to relate the relaxation
phenomenon to the shape memory performance of the material. The polymer relaxation
and viscoelasticity effect result in loss of the elastic energy stored in the quenched
sample. By controlling the viscoelasticity effect it is possible to increase SM properties of
the studied systems. Our results unveil that ILs promoting a fine morphology reduce the
viscoelasticity effect and enhance efficiency of the SM performance. So minimizing the
stress relaxation is another possibility how to increase the SM efficiency and to reduce
the loss of the stored energy.
Majority of the studied systems show the perfect shape fixity Rf = 100 % after 8
months, depending on the glassy modulus at Ts = Troom. Only, in the case of bimodal
network showing a low modulus at setting temperature Gs < 500 MPa (Fig.20) the
reduced shape fixity is observed, Rf = 86 - 95 %.
The shape recovery corresponds to typical epoxy systems exhibiting excellent
recovery as discussed in details in the Appendices 4. Recovery rate was measured
in the bending mode as a function of angle change of the deformed specimen in
time. All the nanocomposites indicate the complete shape recovery in 15 to 30 s
depending on silica content. An increase of recovery time was observed in the
silica containing nanocomposites due to lower homogeneity of nanocomposites.
Additionally to the structure design, the SM experimental procedure,
including rate and extent of deformation, rate of cooling, was optimized in order to
improve SM properties. Rate of cooling the polymer temporary deformed shape is
an important parameter for the recovery stress. It was found that fast cooling can
decrease stress relaxation and thus to increase SM efficiency and recovery stress.
Finally after procedure optimization, the toughest nanocomposites based on bimodal
networks showed the highest value of recovery stress and extensibility σr = 3.9 MPa and

εb = 47 % respectively.
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5. CONCLUSIONS
The mechanism of nonaqueous sol-gel process under application of BF3MEA
complex as initiator was determined.
Phase and molecular structure evolution during formation of epoxy-silica
nanocomposites under nonaqueous conditions was determined and the conditions for the
controlled structure development were optimized.
The relationships formation – structure – thermomechanical properties of epoxysilica nanocomposites prepared by nonaqueous sol-gel process were clarified.
The high-Tg, heat resistant and transparent epoxy-silica hybrids have been
prepared by the nonaqueous sol-gel technique.
Application of ionic liquids in synthesis of nanocomposites allowed tuning the
interface interactions of nanocomposites by producing a sequence of physical or chemical
interactions.
Enhancement of toughness of glassy epoxy systems by more than 100% was
achieved by application of IL.
Strategy of achieving SMP nanocomposites with both tailored thermomechanical
and tensile properties enabling high recovery stress was proposed.
The high-performance SMPs displaying the high recovery stress and high
recoverable deformation were prepared.
Recovery stress was determined to depend on the material toughness rather than
on the rubbery modulus as given in literature.
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The epoxy-silica hybrids have been prepared by the non-aqueous solegel process and the in situ generation of nanosilica from tetraethoxysilane was initiated with borontriﬂuoride monoethylamine
(BF3MEA). The DGEBA based epoxy networks with aliphatic, cycloaliphatic and aromatic amines were
used as matrices. The solventless technique made it possible to avoid drawbacks of the classical aqueous
procedure. The “non-aqueous” systems show improved homogeneity and thermomechanical properties
in particular at the application of the coupling agent glycidyloxypropyl trimethoxysilane. Mechanism of
the non-aqueous solegel process under BF3MEA action and evolution of the hybrid structure during
polymerization, followed by chemorheology, are discussed. The nanosilica structure growth is slower
under the non-aqueous procedure thus facilitating a better structure control. The hybrids with both
particulate and bicontinuous morphologies were prepared and the epoxy-silica interphase bonding and
crosslinking through the formed silica domains was proved. The hybrid hierarchical structure and
morphology were determined by NMR, SAXS, TEM and DMA.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
The epoxy-silica hybrids are known as efﬁcient materials in the
high performance application, for aerospace, automobile and
sporting equipment industries, for surface coatings, printed circuit
boards, as well as anti-scratch and anti-corrosive materials with
better mechanical strength, thermal stability and lower ﬂammability [1,2]. Nanosilica has gained the reputation of the most suitable inorganic ﬁller for epoxy thermosets. The silica nanoparticles,
however, are difﬁcult to be well dispersed in a polymer. Therefore,
in situ generation of silica in a polymer matrix by the solegel
process is often used. The solegel process involves mostly hydrolysis and polycondensation of alkoxysilane precursors [3], tetraethoxysilane (TEOS) being the most typical one.
The epoxy-silica hybrids show enhanced thermomechanical
properties compared to the neat epoxy networks [4e7] and the
reinforcement is related mainly to the interphase interaction and to
the hybrid morphology. Strengthening the interphase interaction
thus is a crucial point in the hybrid synthesis. The common
approach consists in grafting, i.e. compatibilization of an organicinorganic mixture by a covalent bonding between phases. In
addition, also physical interphase interactions are used to compatibilize an immiscible system. This is the case of the in situ formed
silica by the solegel process [8,9]. We have used the two-step acidbase solegel procedure to generate silica from TEOS in the epoxy

* Corresponding author. þ420 296809281.
jka).
E-mail address: matejka@imc.cas.cz (L. Mate
0032-3861/$ e see front matter Ó 2013 Elsevier Ltd. All rights reserved.
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based network from diglycidyl ether of Bisphenol A (DGEBA) and
polyether diamine (Jeffamine D2000, amine terminated polyether
with Mw2000) [5,10,11]. The acid catalysed step promotes hydrolysis of TEOS to form SiOH groups while the nucleophilic amine
D2000 catalyses fast polycondensation in the next step. The hybrid
showed a ﬁne morphology with well dispersed silica nanostructures as well as the morphology of co-continuous epoxy and
silica phases. This is a result of the strong interphase interaction
because of H-bonding between SiOH of silica and polyether based
chains of the epoxy network. Due to this interaction and formation
of bicontinuous morphology the hybrid modulus increased by two
orders of the magnitude at a low silica content.
Generally, however, the separation of the epoxy and silica
phases takes place during the polymerization in the systems with a
poor interphase interaction. Therefore, coupling agents are used to
improve compatibility between phases, the most popular ones
being 3-glycidyloxypropyl trimethoxysilane (GTMS) and 3aminopropyltriethoxysilane. They form covalent interphase links
thus preventing a phase separation [7,12e16]. Such hybrids are
reported to display both an increase and decrease in glass transition
temperature Tg. Homogeneous nanoﬁller dispersion and a strong
interphase interaction lead to immobilization of the epoxy chain
and a high Tg [4,7,17]. In contrast, plasticization by the incompletely
cured solegel products results in drop in Tg [12,13].
The classical solegel process, however, suffers by shortcomings
such, as immiscibility of water with TEOS and an epoxy system,
thus requiring application of a cosolvent. The solvent and excessive
water evaporation leads to sample shrinkage and a removal of residual volatile compounds could result in formation of bubbles or
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cracks in the ﬁnal product, not even mention the environmental
and health issues. The nonaqueous solegel process is a method to
overcome some of the limitations of the “aqueous procedure”. It is a
powerful and versatile alternative of the traditional solegel process
[18,19]. Generally, the fast “aqueous” solegel reactions result in a
loss of structure control and reproducibility in a hybrid synthesis. In
contrast, the non-aqueous solegel technique provides an improved
control over molecular level homogeneity leading to uniform
morphologies. Lee and Ma [20] synthesized the nanosilica from
TEOS by nonaqueous solegel process in the epoxy matrix DGEBAdiaminodiphenylsulfone (DDS) catalysed by borontriﬂuoride
monoethylamine (BF3MEA). They proposed the catalytic mechanism of BF3MEA in the reaction. The two-step nanocomposite
synthesis involved (i) preparation of nanosilica in the presence of
epoxy resin and the BF3MEA complex and (ii) formation of DGEBADDS-silica network by addition of the diamine. The nanocomposite
exhibited an increase in Tg by 50  C with respect to the neat epoxy
network by using 40% of TEOS in the initial mixture.
Despite beneﬁts of the non-aqueous procedure, it has been very
little studied so far with respect to the synthesis of the epoxy-silica
hybrids. Such a theme will be investigated in this paper. The DGEBA
based networks cured with diamines were ﬁlled with nanosilica in
situ formed from TEOS. The solvent-free nonaqueous solegel process promoted by the BF3MEA complex was applied in order to
improve homogeneity of the epoxy nanocomposite and to avoid
problems with a solvent and excessive water removal. In addition,
the coupling agent GTMS was used to strengthen an interphase
interaction and improve the hybrid thermomechanical properties,
such as Tg and rubbery modulus.
The goal of the paper consists in understanding of the epoxysilica hybrid formation under nonaqueous conditions in comparison to the classical “aqueous” procedure. The paper provides an
explanation of the hybrid molecular and phase structure evolution
during the simultaneous epoxy network build-up and siloxane/silica
structures formation. Attention is paid to an interphase covalent
bonding. The main factors governing formation of the hybrids as well
as their morphology and ﬁnal properties are discussed. The paper
describes the effect of BF3MEA complex, amine basicity, content of
the coupling agent GTMS, curing temperature or the steric restrictions of the epoxy network affecting the silica structure growth.
The evolution of the structure during polymerization was followed
by chemorheology. The hybrid hierarchical structure and
morphology, as well as the thermomechanical properties were
determined by NMR, SAXS, TEM and DMA analysis.
2. Experimental part
We have prepared the hybrids based on a glassy epoxy matrix
ﬁlled with in situ generated nanosilica structures. Four types of the
DGEBA-amine networks were used as a matrix comprising the
following diamine crosslinkers e aliphatic 1,4-diaminobutan,
cycloaliphatic Laromin, aromatic diaminodiphenylmethane (DDM)
and amino-terminated polyether Jeffamine D230. The nonaqueous
solegel process, promoted by BF3MEA complex, was applied to
generate in the matrix the silica structures from TEOS or silsesquioxanes (SSQO) from the coupling agent GTMS. The two-step
synthesis was performed: (i) the nonaqueous “protolysis” of TEOS
in the presence of BF3MEA complex and (ii) the simultaneous
amine catalysed solegel polycondensation and the epoxy-amine
network formation.
2.1. Materials
The epoxides diglycidyl ether of Bisphenol A (DGEBA, n ¼ 0.17)
based resin, Epilox A 19-03 (LeunaeHarze Gmbh) with the

equivalent weight of the epoxy groups EE ¼ 187 g/mol epoxy groups
and phenylglycidyl ether (PGE) (Fluka) were used. The following
amines were applied as curing agents; poly(oxypropylene)
diamineeJeffamineÒ D230 (Mw230), 4,40 -diaminodiphenylmethane (DDM) (Sigma Aldrich), 1,4-diaminobutan (DAB) (Fluka),
butylamine (Fluka) and 3,30 -dimethyl-4,40 -diaminocyclohexylmethane (LarominÒ C 260) was received from BASF. Inorganic
components: tetraethoxysilane (TEOS) and 3-glycidyloxypropyl
trimethoxysilane (GTMS) were purchased from Fluka. Borontriﬂuoride monoethylamine (BF3MEA) was obtained from the Aldrich.
All chemicals were used as received.
2.2. Synthesis of the hybrid
The epoxy-amine networks were prepared at a stoichiometric
ratio of functional groups (Cepoxy:CNH ¼ 1:1) and the hybrids were
synthesized by the modiﬁed two step Lee’s synthesis procedure
[20]. (i) 2 wt. % of BF3MEA with respect to TEOS was mixed with the
epoxy resin for 30 min at 70  C. After that, 18 wt. % of TEOS (with
respect to DGEBA) was added to the epoxy-BF3MEA mixture and
speedily mixed for 1 h. This composition corresponds to w5 wt. % of
equivalent silica. (ii) Stoichiometric equivalent weight of amine was
added to the prereacted mixture of TEOS in the epoxy resin and
mixed for 30 min.
The hybrids modiﬁed with the coupling agent GTMS were prepared by substituting a fraction of DGEBA by GTMS while keeping
the epoxy groups’ concentration constant and the total ratio of
epoxy and NH functionalities stoichiometric. The content of GTMS
(x) in the nanocomposite synthesis was characterized by fraction of
epoxy groups of DGEBA replaced by the coupling agent GTMS:
x ¼ [epoxy (GTMS)]/[epoxy (DGEBA) þ epoxy (GTMS)] and was
varying from 0.1 up to 1.0.
The following curing regime was applied: 90  C for 2 h; 130  C
for 16 h and the posturing under vacuum for 5 h at 190  C in case of
D230 and at 210  C for Laromin and DDM.
The reference aqueous solegel synthesis of the nanocomposite
was performed according to the two-step acidebase procedure
described in Ref. [10].
2.3. Methods
2.3.1. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was performed with
the microscope JEM 200CX (JEOL, Japan). TEM microphotographs
were taken at the acceleration voltage of 100 kV, recorded on a
photographic ﬁlm, and digitized with a PC-controlled digital camera DXM1200 (Nikon, Japan). Ultrathin sections for TEM, approximately 50 nm thick, were cut with ultra microtome Leica Ultra cut
UCT, equipped with cry attachment.
2.3.2. Small-angle X-ray scattering (SAXS)
The experiments were performed using a pinhole camera
(Molecular Metrology SAXS System) attached to a microfocused Xray beam generator (Osmic MicroMax 002) operating at 45 kV and
0.66 mA (30 W) The camera was equipped with a multiwire, gasﬁlled area detector with an active area diameter of 20 cm
(Gabriel design). Two experimental setups were used to cover the q
range of 0.004e1.1 Å1 where q ¼ (4p/l)sin q (l is the wavelength
and 2q is the scattering angle). The scattering intensities were put
on an absolute scale using a glassy carbon standard.
2.3.3. Nuclear magnetic resonance spectroscopy (NMR)
Solid-state 29Si CP/MAS NMR experiments were measured at
11.7 T using a Bruker Avance 500 WB/US NMR spectrometer with
double-resonance 4-mm and 7-mm probeheads, respectively. To
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compensate for frictional heating of the spinning samples, all NMR
experiments were measured under active cooling. The sample
temperature was maintained at 308 K. The 29Si CP/MAS NMR
spectra were acquired at 99.325 MHz; spinning frequency was ur/
2p ¼ 5 kHz; the number of scans was 2048; spin lock 4 ms and
recycle delay was 3 s. The spectra were referenced to M8Q8
(109.8 ppm). During detection, a high-power dipolar decoupling
(TPPI) was used to eliminate strong heteronuclear dipolar
coupling.
The condensation conversion aSi was determined as aSi ¼ SiQi/4
for TEOS and aSi ¼ SiTi/3 for GTMS. Qi and Ti are the mole fractions
of the Qi and Ti structure units with i siloxane bonds SieOeSi
attached to the central silicon. The relative amount of the structural
units was obtained from the deconvolution of the 29Si CP/MAS NMR
spectra. The assignment of the NMR bands is as follows; Q0
from 71.7 to 81.9 ppm, Q1 from 81.5 to 89.3 ppm, Q2
from 91.2 to 91.5 ppm, Q3 from 101.2 to 101.6 ppm, Q4
from 109.3 to 110.1 ppm, T0 from 42.7 to 43.2 ppm, T1
from 47.9 to 49.6 ppm, T2 from 57.3 to 58.3 ppm, T3
from 66.6 to 66.9 ppm.
11
B MAS NMR spectra were measured in 4-mm double resonance probehead at MAS frequency of 5 kHz. The spectra were
calibrated using a secondary reference standard NaBH4 (3.2 ppm).
13
C MAS NMR spectra were recorded at Larmor frequencies n
13
C ¼ 125.783 MHz. High power decoupling pulse sequences with
a p/2 (3.4 ms) excitation pulse were applied. The number of scans
for the accumulation of 13C MAS NMR spectra was 512 with
repetition delay 10 s at 5 kHz magic angle spinning (MAS) frequency of the sample. The isotropic chemical shift of 13C scale was
calibrated with glycine as an external standard (176.03 ppm to
carbonyl signal).
2.3.4. Dynamic mechanical analysis (DMA)
Dynamic mechanical properties of the nanocomposites were
tested using the ARES G2 apparatus (TA Instruments). An oscillatory shear deformation at the constant frequency of 1 Hz and at the
heating rate of 3  C/min was applied.
ARES G2 rheometer was used also for the chemorheology experiments to follow molecular structure evolution and gelation
during polymerization. Oscillatory shear deformation in parallel
plates geometry at a frequency of 1 Hz was used. The initial applied
maximum strain was 200% while keeping torque below 20 g*cm to
prevent breaking of the formed gel.
The gel point was determined by using the multifrequency
sweep measurement ranging from 1 to 64 rad/s and applying a
power-law rheological behaviour at the critical state,
G0 (u) w G00 (u) w un [21]. The loss factor tan d is independent of
measurement frequency at the gel point and therefore, the gelation
was evaluated as a crossover of the tan d for different experimental
frequencies during the polymerization.
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Fig. 1. DGEBA-Laromin-TEOS nanocomposite prepared by (a) aqueous solegel process,
(b) nonaqueous solegel promoted by BF3MEA.

3. Results
We have studied the epoxy-silica hybrids based on epoxy networks differing in the rate of gel formation, crosslinking density,
glass transition temperature Tg and compatibility with silica
nanoﬁller. This system series thus makes it possible to study the
structure-properties relationships. Silica nanoﬁller was generated
in the matrix by the nonaqueous solegel process using BF3MEA
complex.

3.1. Structure and morphology of hybrids
Incorporation of nanosilica in the epoxy matrix DGEBA-Laromin
by the classical aqueous solegel procedure results in the heterogeneous opaque sample due to the polymerization induced phase
separation as shown in Fig. 1a. The nonaqueous solegel procedure
facilitates preparation of the homogeneous sample illustrated in
Fig. 1b. The transparent hybrids containing up to 40 wt. % TEOS are
formed at application of BF3MEA.
The TEM micrographs of fractured surfaces in Fig. 2 indicate the
effect of BF3MEA on dispersion of silica nanostructures in the
network DGEBA-D230. The compact aggregates of the size
w300 nm are present in the hybrid in case of the synthesis without
BF3MEA (Fig. 2a). The application of the complex leads to a ﬁne
morphology consisting of the branched structure of interconnected
silica nanostructures of the size w20 nm dispersed in the matrix
(Fig. 2b). Another improvement of the nanocomposite homogeneity was achieved by using the coupling agent GTMS. The corresponding samples are transparent and the formed SSQO structures
are well ramiﬁed to create a large interphase in an epoxy medium
(see Fig. 2c).

Fig. 2. TEM micrograph of the hybrids: (a) DGEBA-D230-TEOS, (b) DGEBA-D230-TEOS-BF3MEA, (c) DGEBA-D230-GTMS-BF3MEA.
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Fig. 3. SAXS proﬁle of the hybrids prepared with or without BF3MEA: (a) 1 DGEBA-D230, 2 DGEBA-D230-TEOS, 3 DGEBA-D230-TEOS-BF3MEA; (b) 1 DGEBA-Laromin-TEOS, 2
DGEBA-Laromin-TEOS-BF3MEA, 3 DGEBA-Laromin-GTMS-BF3MEA.

An insight into the structure down to the nanoscale was provided by the SAXS analysis. Fig. 3 displays SAXS proﬁles of the
hybrids based on DGEBA-D230 and DGEBA-Laromin networks. The
high scattered intensity at low q values in the case of the hybrid
DGEBA-D230-TEOS prepared without BF3MEA in Fig. 3a reveals
large silica aggregates of the size out of the SAXS apparatus limit,
i.e. >70 nm. The high mass fractal dimension Dm determined from
the slope of the logelog proﬁle (see Table 1) implies that the aggregates are quite compact. The smaller slope corresponding to the
lower Dm in the case of the synthesis in presence of the BF3MEA
complex characterizes the more open structure aggregates. The
knee on the proﬁle at q ¼ 0.1 Å1 originates from the small particles
of a diameter size D ¼ 2 nm within the silica aggregates. The primary particles size was determined from Guinier analysis after
subtracting background of the neat epoxy matrix and of the large
aggregates curve; Rg ¼ 0.75 nm. For the geometrical diameter it
holds D ¼ 2Rg*(5/3)1/2 assuming spherical particles.
The SAXS proﬁles of the hybrids prepared from the epoxy
network DGEBA-Laromin are illustrated in Fig. 3b. The high value of
the slope b of the SAXS proﬁle, b > 3, reveals a surface fractal
structure with the surface fractal dimension DS ¼ 6b. The fractal
dimension DS ¼ 2 characterizes the structure with a smooth surface. The results in Table 1 show that the interface in these hybrids
is less diffusive and the aggregates with a smooth surface are
formed. Consequently, the silica aggregates in these hybrids as well

as in the DGEBA-DDM based ones are more compact than those in
DGEBA-D230-TEOS. This is a result of a lower compatibility of silica
with cycloaliphatic (Laromin) and aromatic (DDM) amines,
compared to polyether chain of D230. Again, BF3MEA makes the
silica structure more open with lower fractal dimensions. The primary particles size in the network DGEBA-Laromin is D ¼ 7.5 nm
and D ¼ 1.5e2 nm without and with BF3MEA, respectively. The
hybrids formed using GTMS include smaller SSQO aggregates (see
Fig. 2c), however the structure compactness is similar to the TEOS
containing hybrids (see Table 1).
The structure of silica aggregates depends mainly on mechanism
of its formation during the solegel process as discussed below.

3.2. Nonaqueous preformation of nanostructures
The preformation of nanostructures in the ﬁrst step of the
hybrid synthesis (see Experimental 2.2) was followed by 29Si NMR

Table 1
Fractal dimension of the silica/SSQO nanostructures.
System

Dm, (DS)a

DGEBA-D230-TEOS
DGEBA-D230-TEOS-BF3MEA
DGEBA-Laromin-TEOS
DGEBA-Laromin-TEOS-BF3MEA
DGEBA-DDM-TEOS
DGEBA-DDM-TEOS-BF3MEA
DGEBA-Laromin-GTMS-BF3MEA

2.9
2.2e2.4
2.1a
2.8
2.0a
2.6
2.8

Dmemass fractal dimension.
a
DSesurface fractal dimension.

Fig. 4. 29Si NMR spectrum of the reaction mixture TEOS-BF3MEA complex under
nonaqueous conditions.
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Table 2
Distribution of Qiy units, fraction of SiOH and condensation conversion after TEOS
protolysis under non-aqueous conditions.
System

Q0

Q01

Q11

Q12

Q13

fSiOH

aSi

TEOS-BF3MEA
TEOS-DGEBA-BF3MEA

0.90
0.81

0.018
0.06

0.027
0.02

0.055
0.02

0
0.09

0.063
0.11

0.025
0.05

spectroscopy. Fig. 4 shows the spectrum of the reacted mixture
TEOS-BF3MEA. Assignment of the chemical shifts of the structural
y
units Qi in ppm is as follows [3]: Q0 ¼ 81.9, Q10 ¼ 89.3, Q11 ¼ 87.3,
Q12 ¼ 83.0, Q13 ¼ 81.5. The units Qiy correspond to Si atom with y
SiOH groups and i siloxane bridges (SieOeSi).
The distribution of Qiy units, solegel conversions aSi and the
content of silanol groups are given in Table 2. The fraction of silanols fSiOH is deﬁned as fSiOH ¼ SyQiy /(4i). The results disclose a
very small extent of the solegel reactions taking place in the
presence of 2 wt. % of BF3MEA complex heated at 70  C for 1 h
corresponding to the applied conditions of the ﬁrst step. Only 10%
of TEOS has reacted as Q0 ¼ 0.90. The conversion, however, is higher
in the presence of the epoxy resin in addition to BF3MEA complex
as displayed in Table 2. In that case 19% of TEOS has reacted and the
silanol fraction as well as siloxane conversion increased twofold.
The results show that the reaction consists in initiation of the
nonaqueous solegel process by protolysis of TEOS with BF3MEA
(see Discussion 4.1) resulting in formation of the SiOH containing
products (Scheme 1). The protolysis of TEOS is more efﬁcient in the
presence of the epoxide.
Only low molecular weight products, like disiloxanes, are
formed during this reaction step as only Q0 and Q1 units were
detected. At a high BF3MEA content (6 wt. %), however, the microgel
silica aggregates of the size D > 100 nm composed of primary
particles are produced in agreement with the results of Lee [20]. Lee
applied the more severe reaction conditions (T ¼ 80  C for 4 h) and
found the production of small nanoparticles at a low BF3MEA
concentration while large particles of the size >200 nm at a
BF3MEA content higher than 5 wt. %.
3.3. Hybrid network formation
The simultaneous epoxy-amine network build-up and a silica/
SSQO structures growth by polycondensation start by addition of a
diamine to the mixture of the epoxy and the siloxanes preformed in

Scheme 1. Protolysis of TEOS under nonaqueous conditions.
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the ﬁrst step. The amine serves both as an epoxy crosslinker and a
nucleophilic catalyst of the solegel polycondensation illustrated in
Scheme 2.
Evolution of the hybrid structure and network formation during
the cure was followed by chemorheology. Fig. 5 shows the growth
of the shear storage modulus G0 (t) during build-up of the hybrid
networks at T ¼ 80  C. The hybrids based on two epoxy-amine
systems displaying the fast and the relatively slow network formations are compared. The “slow network” is represented by
DGEBA-D230 system (curve 1) and the “fast” one by DGEBA-DAB
(curve 4).
The steep increase in modulus in the ﬁgure characterizes gelation of a system. The more precise determination of the gel point
was performed by the multifrequency sweep (see Experimental)
and the results are given in Table 3. In both epoxy networks the
gelation is delayed in the presence of TEOS (curves 2 and 5). This is
due to a dilution effect by TEOS slowing down the kinetics of the
epoxy-amine reaction. Addition of the BF3MEA complex in the
DGEBA-D230-TEOS mixture, however, accelerates the gelation of
the hybrid and compensates the dilution effect (curve 3). Moreover,
the ﬁgure displays the modulus increase in the pre-gel stage in the
hybrids involving BF3MEA complex (curves 3 and 5).
In addition, we have followed structure evolution of the system
with the coupling agent. We have used GTMS partially substituting
DGEBA in the hybrid networks. Table 3 shows that GTMS slows
down the hybrid gelation and presence of BF3MEA leads to the
acceleration alike in the case of TEOS.

3.4. Structure of silica/SSQO domains in the hybrids
The nonaqueous solegel reaction is very slow compared to the
aqueous procedure and the rate of the silica/SSQO structures
growth depends mainly on basicity of an amine. To ﬁnd a relation
between the formation and structure of the hybrids we have
determined the silica/SSQO structure and the solegel conversion in
four hybrid networks containing the amines with increasing basicity: DDM < D230 < Laromin < DAB. The results are given in
Table 4.
Local hybrid structure comprising the structure of silica/SSQO
domains was determined by 29Si CP/MAS NMR analysis. The
condensation conversion aSi in the hybrids prepared under
nonaqueous conditions is lower compared to those in the aqueous
solegel process. While aSi ¼ 0.79e0.85 and 0.85e0.91 in the
“aqueous hybrids” DGEBA-D2000-TEOS [5] and GTMS-D2000 [22],
respectively, the conversions in the “nonaqueous” network systems
reach values in the wide range 0.09e0.65. The results in Table 4
reveal that the conversions aSi increase by (i) catalysis with
BF3MEA complex, (ii) increasing basicity of the curing amine and
(iii) decreasing steric hindrance due to an epoxy system.
The latter fact was proved by comparison with the model noncrosslinked epoxy system containing the monoepoxide phenylglycidyl ether (PGE) instead of DGEBA. Only the low molecular
weight product is formed by the reaction of PGE with DAB under

Scheme 2. Solegel polycondensation.
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Table 4
Conversion of the solegel process in the silica/SSQO domains and the thermomechanical properties of the hybrids.
Sample

Fig. 5. Shear storage modulus G0 (t) of the studied systems as a function of time during
polymerization at T ¼ 80  C: 1 DGEBA-D230, 2 DGEBA-D230-TEOS, 3 DGEBA-D230TEOS-BF3MEA, 4 DGEBA-DAB, 5 DGEBA-DAB-TEOS-BF3MEA, 6 GTMS-D230-BF3MEA.

DGEBA-D230
DGEBA-D230-TEOS
DGEBA-D230-TEOS-BF3MEA
DGEBA-D230-TEOSa
DGEBA-D230-TEOS-BF3MEAa
DGEBA-D230-GTMS (x ¼ 0.3)
DGEBA-D230-GTMS (x ¼ 0.3)-BF3MEA
DGEBA-Laromin
DGEBA-Laromin-TEOS
DGEBA-Laromin-TEOS-BF3MEA
DGEBA-Laromin-TEOS, “aqueous“
DGEBA-Laromin-GTMS (x ¼ 0.3)
DGEBA-Laromin-GTMS (x ¼ 0.3)-BF3MEA
DGEBA-DDM
DGEBA-DDM-TEOS
DGEBA-DDM-TEOS-BF3MEA
DGEBA-DAB-TEOS
DGEBA-DAB-TEOS-BF3MEA
PGE-DAB-TEOS-BF3MEA
a
b

the stoichiometric composition at a low temperature. The
condensation conversion in the model system PGE-DAB-TEOS is
high, aSi ¼ 0.81, in contrast to aSi ¼ 0.60 in the network DGEBADAB-TEOS. No fully condensed sterically demanding Q4 units
were found in the network contrary to a relatively high amount,
Q4 ¼ 0.38, in the low molecular weight model. This is in agreement
with the literature data for “aqueous” hybrids. Lavorgna et al. [13]
have found that the fast epoxy network build-up hinders development of silica structures. The restriction of a silica aggregates
growth by the formed epoxy network was observed also by other
teams [5,16,17].
3.5. Thermomechanical properties
The thermomechanical behaviour of three epoxy networks:
DGEBA-Laromin, DGEBA-D230 and DGEBA-DDM as well as the
corresponding hybrids are illustrated in Figs. 6 and 7. The ﬁgures
display dynamic shear storage modulus G0 (T) and the loss factor tan
d as functions of temperature. The properties are characterized by
the glass transition temperature Tg, determined from the
maximum of the tan d curve, and by the modulus in rubbery state
G0r . The results are given in Table 4. All the hybrids show an increase
in rubbery modulus with respect to the neat epoxy networks,
however, as to the Tg, both increase and decrease was found. Mainly
application of the coupling agent GTMS leads to a signiﬁcant
enhancement of the thermomechanical properties due to the
strengthened interphase interaction and improved homogeneity.

Table 3
Gelation time of the selected epoxy systems and hybrids.
System

Gelation time, min

DGEBA-D230
DGEBA-D230-TEOS
DGEBA-D230-TEOS-BF3MEA
DGEBA-D230-GTMS (x ¼ 0.2)
DGEBA-D230-GTMS (x ¼ 0.2)-BF3MEA
D230-GTMS-BF3MEA
DGEBA-DAB
DGEBA-DAB-TEOS-BF3MEA
DAB-GTMS-BF3MEA
TEOS-DAB-BF3MEA

34
52
33
46
34
97
5.5
6.5
13
w240

aSi
0.19
0.46

0.63
0.65
0.29
0.52
0.09
0.25
0.54
0.60
0.81

Tg,  C

G0r , MPab

90
67
82
58
76
65
96
159
109
160
145
150
>200
159
109
139

9.6
11.7
12.2
8.1
10.1
14.7
46
22
22.2
50
12.3
34
13.4
13.7
87.6

Final curing temperature TC ¼ 120  C.
Rubbery modulus G0r (Tr) determined at temperature Tr ¼ Tg þ 40  C.

Fig. 6a demonstrates the effect of GTMS content and presence of
BF3MEA on the properties of DGEBA-Laromin-GTMS hybrid. The
rubbery modulus expressively increases with growing content of
GTMS. The Tg is lower in the absence of BF3MEA however, the hybrids prepared under BF3MEA action exhibit the broad loss factor
peak tan d and the remarkable increase in Tg. At the GTMS fraction
x ¼ 0.3 the glass transition even becomes indistinct (curve 5).
The replacement of the diepoxide DGEBA with the monofunctional epoxide GTMS leads to a decrease in the average epoxy
functionality and in reduction of the epoxy network crosslinking
density. Such an effect of the monofunctional monomer is
demonstrated in Fig. 6b by the model epoxy network containing a
fraction of the monoepoxide PGE instead of DGEBA. The increasing
content of PGE results in diminution of both rubbery modulus and
Tg. The comparison of the networks with the monoepoxides PGE
and GTMS in Fig. 6a and 6b discloses the effect of the solegel
process producing the SSQO junction domains in the case of GTMS.
An increase in modulus by incorporation of GTMS was observed
also in the hybrid of a lower Tg; DGEBA-D230-GTMS in Fig. 6c. In
this case, however, only a low amount of GTMS leads to a mild Tg
growth, while at a higher GTMS content the plasticization dominates and Tg drops.
Synthesis of the hybrids with nanosilica generated from TEOS
without the coupling agent is less efﬁcient in properties
improvement.
The comparison of the nanocomposites DGEBA-Laromin-TEOS
prepared by the non-aqueous and aqueous procedures is given in
Fig. 7a. The “nonaqueous” hybrid is transparent and shows better
thermomechanical properties (curve 2) than the heterogeneous
“aqueous” composite displaying decrease both in modulus and Tg
(curve 3) with respect to the neat network. The “non-aqueous”
hybrid exhibits an increase in modulus, however, the improvement
of mechanical properties is less signiﬁcant compared to the hybrid
with the GTMS coupling agent. Due to a much lower extent of the
covalent interfacial bonding, only a mild immobilization of the
epoxy network chains by silica occurs as revealed by a slightly
higher loss factor at a high temperature in rubbery region. The glass
transition temperature Tg is not enhanced, contrary to the GTMS
containing hybrid.
The crucial effect of BF3MEA complex is illustrated in Fig. 7b. The
increasing content of the complex up to 2 wt.% in the DGEBA-DDM-
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Fig. 6. Storage modulus G0 and loss factor tan d as functions of temperature: a) 1 DGEBA-Laromin, 2 DGEBA-Laromin-GTMS (x ¼ 0.3), 3 DGEBA-Laromin-GTMS (x ¼ 0.1)-BF3MEA, 4
DGEBA-Laromin-GTMS (x ¼ 0.2)-BF3MEA, 5 DGEBA-Laromin-GTMS (x ¼ 0.3)-BF3MEA; b) 1 DGEBA-Laromin, 2 DGEBA-Laromin-PGE (x ¼ 0.1), 3 DGEBA-Laromin-PGE (x ¼ 0.2), 4
DGEBA-Laromin-PGE (x ¼ 0.3); c) 1 DGEBA-D230; 2 DGEBA-D230-GTMS (x ¼ 0.1)-BF3MEA, 3 DGEBA-D230-GTMS (x ¼ 0.2)-BF3MEA, 4 DGEBA-D230-GTMS (x ¼ 0.3)-BF3MEA.

TEOS hybrid leads to a gradual enhancement of modulus by up to
560%. The growth of the modulus corresponds to a rise of siloxane
conversion at increasing BF3MEA content. However, the complex
concentration w2 wt. % seems to be optimal (curve 5) because the
higher amount, 8 wt. %, results in the drop of modulus (curve 6).

Moreover, contrary to the DGEBA-Laromin-TEOS the Tg decreases
with respect to the epoxy network in the case of DGEBA-DDM
based hybrid.
Fig. 7c displays the effect of curing temperature Tc on the hybrid
DGEBA-D230-TEOS. The neat epoxy network is completely cured by

Fig. 7. Storage modulus G0 and loss factor tan d as functions of temperature: a) 1 DGEBA-Laromin, 2 DGEBA-Laromin-TEOS-BF3MEA, 3 DGEBA-Laromin-TEOS, “aqueous”; b) 1
DGEBA-DDM, 2 DGEBA-DDM-TEOS, 3 DGEBA-DDM-TEOS-BF3MEA(0.5%)*, 4 DGEBA-DDM-TEOS-BF3MEA(1%)*, 5 DGEBA-DDM-TEOS-BF3MEA(2%)*, 6 DGEBA-DDM-TEOSBF3MEA(8%)*; c) 1 DGEBA-D230, 2 DGEBA-D230-TEOS, 3 DGEBA-D230-TEOS-BF3MEA; 4 DGEBA-D230-TEOS, Tc ¼ 120  C; 5 DGEBA-D230-TEOS-BF3MEA, Tc ¼ 120  C. *Content of
BF3MEA was calculated as wt. % with respect to TEOS.
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Tc ¼ 190  C is optimal because at a higher temperature the thermal
degradation of the polyether chain containing epoxy network occurs and modulus decreases. The curing temperature effect of the
nonaqueous procedure is even more pronounced in the hybrid
synthesis without BF3MEA as it is obvious from the curves 4 and 2.
The application of BF3MEA signiﬁcantly decreases the necessary
curing temperature.
4. Discussion
4.1. Mechanism of nonaqueous solegel process

Fig. 8. 11B MAS NMR spectra of BF3.NH2CH2CH3 a) in crystalline state; b) melted at
90  C; and 11B MAS NMR spectra of BF3.NH2CH2CH3/TEOS mixture recorded during the
reaction of TEOS with BF3MEA after c) 10 min, d) 20 min; e) 180 min.

heating at 120  C for 3 h. This temperature, however, is not sufﬁcient for the nonaqueous solegel condensation within a dense
epoxy matrix. The hybrid cured at 120  C shows a low glass transition temperature, Tg ¼ 76  C (curve 5), compared to the neat
network, Tg ¼ 90  C (curve 1). The increasing curing temperature Tc
to 190  C and 210  C leads to an enhancement of Tg to 82  C (curve
3) and 95  C, respectively, implying development of a silica phase
with growing Tc. For the DGEBA-D230 based hybrid, however, the

The non-aqueous solegel process is initiated by BF3MEA. The
corresponding mechanism was studied by NMR spectroscopy. The
11
B NMR analysis displays that structure of BF3MEA has been
changed during the interaction with TEOS (see Fig. 8). Boron
compounds usually occupy tetrahedral (BIV) and trigonal (BIII) coordination. The 11B NMR chemical shift ranges of the two boron
coordinations are sufﬁciently well resolved, especially at high
magnetic ﬁelds. The range of tetrahedral conﬁguration is approximately from ca. 5 to 5 ppm, while trigonal conﬁguration induces
chemical shifts ranging from ca. 10 to 20 ppm [23].
The 11B MAS NMR spectrum of crystalline BF3.NH2CH2CH3 is
dominated by the asymmetric doublet (Fig. 8a), which indicates
presence of nonequivalent molecules in the crystal unit. The
spectral pattern is further complicated by the second order quadrupole interaction combined with dipole coupling between 11B and
nearest neighbour 19F nuclei. The value of chemical shift of
about 1 ppm corresponds with tetragonal coordination. In the
melted state the signals are slightly narrowed by released molecular motion (Fig. 8b). The doubling of the signal is, however, still
clearly apparent indicating that certain clusters of BF3MEA molecules persisted. In the reaction mixture with TEOS these clusters
disappeared as indicated by the single narrow signal at ca. 0 ppm
(Fig. 8c). Furthermore, within 10 min of the reaction a slight signal
at ca. 17.5 ppm was detected. This signal can be attributed to the

Scheme 3. Protolysis of TEOS under nonaqueous conditions by (a) BF3MEA complex and by (b) CeOH of the epoxy resin at BF3MEA activation.
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was assigned to CH3eCH2eOeCH< group formed by the reaction in
Scheme 3b. The peak at 57.3 ppm corresponds to CH3eCH2eOH
from ethanol produced by transesteriﬁcation reaction of TEOS with
COH of DGEBA.
SiOH groups formed by TEOS protolysis initiate polycondensation and development of siloxane/silica structures in the
epoxy matrix (see Scheme 2). The 29Si NMR analysis of the preformed siloxanes corroborates the explanation of the hybrid
structure determined by SAXS. Because of a small extent of TEOS
“hydrolysis” (see Table 2) the further structure growth during
polycondensation proceeds by the monomer-cluster aggregation
mechanism leading to compact particle-like structures with fractal
dimensions Dmw3 [3]. The protolysis of TEOS is even smaller in the
absence of BF3MEA. Therefore, the structures are even more
compact in this case as determined by SAXS (Table 1). Formation of
more open aggregates in the case of DGEBA-D230-TEOS is given by
physical interaction of the slowly growing siloxane structures with
the polyether chain of D230.
4.2. Evolution of the hybrid structure

Fig. 9. 13C MAS NMR spectra (a) TEOS, (b) DGEBA, (c) TEOS-DGEBA, T ¼ 70  C, t ¼ 1 h,
(d) TEOS-DGEBA-BF3MEA, T ¼ 70  C, t ¼ 1 h.

boron species in trigonal (BIII) coordination. Subsequently, the
signal at 0 ppm completely disappeared while the intensity of the
signal at 17.5 ppm signiﬁcantly increased. This process reﬂecting
conversion of BF3.NH2CH2CH3 from tetrahedral coordination (BIV)
to trigonal (BIII) coordination is ﬁnished within 20 min. No other
changes in the 11B MAS NMR spectra were detected during the rest
of the reaction.
The results thus reveal that the BF3MEA complex is splitted and
amine released. This structure change implies that BF3MEA acts like
an initiator rather than as a catalyst. Therefore, the amount of the
“hydrolysed” TEOS is very small, fSiOH ¼ 0.06. Based on the 11B and
29
Si NMR analysis we suggest the following Scheme 3a displaying
protolysis of TEOS by the complex.
Moreover, the higher extent of TEOS conversion in presence of
DGEBA (see Table 2) implies that BF3MEA activates CeOH group of
the epoxy resin and promotes protolysis of TEOS by the reaction
with CeOH according to the proposed Scheme 3b. This reaction
proceeds only in presence of BF3MEA thus highlighting the activation effect of the complex. The experimental evidence of the
reaction was obtained by 13C MAS NMR. Fig. 9 shows the spectra of
the initial compounds TEOS (a) and DGEBA (b), as well as their
mixtures heated at 70  C for 1 h in the presence of BF3MEA (d) or
absence of the complex (c). No reaction occurs in the mixture
TEOS þ DGEBA without BF3MEA as the spectrum (c) is a sum of the
initial ones. An apparent relative increase in intensity of the DGEBA
signal at 44 ppm is a result of the peak narrowing after dilution
with TEOS and a corresponding higher group mobility. The integrated intensities do not change. On the contrary, in the presence of
BF3MEA, the spectrum in Fig. 9d displays changes in the area of
signals eCH2eOe at cca 60 ppm featuring the reaction in
Scheme 3b. Presence of new signals at 59.5 and 57.3 ppm, in
addition to the CH3eCH2eOeSi of TEOS, proves formation of new
functional groups. In accord with semiempirical predictions of 13C
NMR chemical shifts (ACD/Labs program package) and the experimental data obtained for model compounds the signal at 59.5 ppm

Evolution of the hybrid formation during the reaction both in
aqueous and nonaqueous conditions is schematically illustrated in
Scheme 4 describing also the resulting morphology and mechanical
properties.
In the aqueous two-step, acid-base, solegel procedure, the silica
gel formation is extremely fast in the DGEBA-Laromin-TEOS
mixture. The heterogeneous milky bulk gel displayed in Fig. 1a is
formed within 10 s. The silica network is built much faster than the
epoxy one (Scheme 4Aa) and the reaction induced separation of
organic and inorganic phases takes place (Scheme 4Ab). Lack of an
interphase interaction and increase in free volume by large silica
aggregates could be a reason of the deterioration of mechanical
properties with respect to the neat epoxy network as shown in
Fig. 7a. Only strong interfacial interactions can prevent a phase
separation (Scheme 4Ac) and the transparent interpenetrating
network with the bicontinuous phase structure and well improved
mechanical properties is formed [5,10,12,17].
The silica gel formation is slowed down by decreasing content of
water due to a lower extent of hydrolysis. Small concentration of
SiOH (see Table 2) initiating the polycondensation results in the
lower ﬁnal solegel conversion of the hybrids prepared under nonaqueous conditions. The slower rate of the solegel process, however, facilitates control of a hybrid morphology. The BF3MEA complex stimulates the solegel process, while relatively slow, even at
the complete water elimination. The hybrid network evolution
under the nonaqueous conditions and presence of BF3MEA is
schematically described in Scheme 4B. The silica gel build-up is
slower than the epoxy network formation in this case. The epoxy
mixture DGEBA-DAB gels within 5 min while the silica network in
the mixture TEOS-BF3MEA-DAB is formed only in about 4 h
(Table 3). However, the storage modulus G0 (t) in Fig. 5 rises quickly
within 2 min or even less in the early stage in DGEBA-D230-TEOSBF3MEA (curve 3) and DGEBA-DAB-TEOS-BF3MEA (curve 5),
respectively. This increase in modulus in the pregel stage originates
from the fast formation of siloxane/silica nanostructures by the
polycondensation catalysed with the added amine. The modulus at
m
a low frequency scales with the nanoﬁller content (vf), G00 wvf ,
where m ¼ 3.6 at a low nanoﬁller concentration [24]. The rate of
condensation depends on basicity of the amine. Hence, the more
basic DAB compared to D230 stimulates the faster polycondensation and formation of silica aggregates resulting in a
higher pregel stage modulus. The reaction is too fast in the case of
DGEBA-DAB-TEOS so that the beginning of the modulus growth
cannot be experimentally detected.
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Scheme 4. Schematic description of the evolution of the epoxy-silica hybrid with in situ formed silica/SSQO. (The scheme does not correspond to real proportions; the silica
structures are bigger compared to the network mesh.)

Scheme 4Ba illustrates the early pregel stage involving formation of the branched polyepoxy chains and siloxane/silica nanostructures. The fast formation of the silica nanodomains catalysed
with the amine in the early stage can be compared to the extremely
fast polycondensation in the aqueous two-step, acid-base solegel
systems [10,11]. In that case, TEOS was completely hydrolysed in
the ﬁrst “acid” step [5,10,13,17] and the polycondensation resulted
in the fast silica gelation. Under the nonaqueous conditions, however, no bulk gel but only small nanostructures are formed. The
reason consists in the low amount of SiOH. The initial small fraction
of silanols, fSiOH ¼ 0.11, formed in the ﬁrst step, is quickly consumed
during the fast early polycondensation. As a result, the polycondensation and the structure growth as well as modulus evolution slow down in the later pregel stage (see Fig. 5). The new SiOH

are only gradually produced by the reaction of TEOS with CeOH of
the epoxy-amine reaction products and by hydrolysis of TEOS with
water released during condensation. The resulting much smaller
extent of polycondensation compared to the “aqueous system”, is
not sufﬁcient for a silica gel formation. Therefore, the hybrid gelation sets in by formation of the epoxy network (Scheme 4Bb).
However, why does BF3MEA accelerate the hybrid gelation as
shown in Fig. 5? BF3MEA is known to catalyse cationic homopolymerization of epoxies [25e29]. In our case, the dynamic DSC
scan shows an additional small exotherm shoulder in the curing of
hybrids in presence of BF3MEA. This exotherm, possibly related to
the homopolymerization, however, appears only at a late reaction
stage. The homopolymerization thus is operative only in the postgel stage under our reaction conditions and does not affect a rate

S. Ponyrko et al. / Polymer 54 (2013) 6271e6282

of gelation. We have excluded also the possible catalytic effect of
silanols on the epoxy-amine kinetics, because of their small
concentration.
Obviously, it is the formation of silica structures under BF3MEA
action, which plays a role in affecting gelation. However, silica gel is
formed from TEOS very slowly under these conditions as
mentioned above. Consequently, we suppose that the crucial effect
consists in producing a covalent bond between silica structures and
the epoxy matrix as illustrated in Scheme 4Bc. The epoxy-silica
grafting then leads to crosslinking of the epoxy chains by silica
domains (see Scheme 4Bd). Such a crosslinking can be responsible
for the observed acceleration of the hybrid gelation by BF3MEA in
case of occurring even to a small extent already in the early pregel
stage. The epoxy-silica bonding is produced by the reaction of SiOH
in the silica structure and CeOH formed by the reaction of an epoxy
with amines or being present in the initial epoxy resin. This reaction shown in Scheme 5 is the topic often discussed and proved in
literature [4,5,20,30,31].
In order to prove this interphase bonding and crosslinking by
the silica domains we have studied the model diepoxy-monoamine
system producing only the linear poly(epoxy-amine) chain with
pendant CeOH groups. The mixture DGEBA-butylamine-TEOS
serving as the linear model for DGEBA-DAB network, was found
to form the transparent gel in 25 min, but only in the presence of
BF3MEA. No epoxy-amine network can be built in this linear system
and the silica gel formation is much slower as shown above. One
can conclude that the gelation of the model system takes place by
the BF3MEA promoted CeOH þ SiOH interphase reaction resulting
in crosslinking the linear polyepoxy chains by the formed silica
structures.
4.3. Hybrid morphology and thermomechanical properties
Scheme 4Bc shows the growth of the silica structures within the
epoxy network and formation of a covalent bonding to the epoxy
matrix. The interface grafting leads to the system compatibilization
and precludes the phase separation that occurs in the “aqueous”
system. Crosslinking of the epoxy chains by silica domains, as in
Scheme 4Bd, contributes to increase in rubbery modulus of the
hybrid (Fig. 7, Table 4). The nanocomposite exhibits the homogeneous particulate type morphology with silica nanoﬁller dispersed
in and partially grafted to the epoxy matrix. Two effects are
responsible for the modulus enhancement; (a) the hydrodynamic
reinforcing effect of nanoﬁller proportional to its volume fraction,
which is typical of the particulate composites and usually is
expressed by the modiﬁed KernereNielsen model [32], and (b)
interphase additional crosslinking of the epoxy network by the
silica nanodomains.
Both effects depend on solegel conversion aSi in silica structures. A low conversion results in formation of undercured soft
ﬂexible silica/siloxane domains leading to plasticization of a system
and decrease in Tg as well as modulus. Content of BF3MEA catalyst
(i), basicity of the curing amine (ii) and the curing temperature (iii)
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are the most important factors governing aSi and the mechanical
properties of the hybrids. (i) Increase in the catalyst content in
DGEBA-DDM-TEOS hybrid leads to enhancement of modulus
(Fig. 7b). Too high amount of BF3MEA, however, promotes the
noticeable nanocomposite heterogeneity due to formation of large
silica aggregates as described above (Section 3.2). The large aggregates show a smaller volume fraction and a smaller interfacial
surface area resulting in a lower extent of the interphase crosslinking and diminishing of modulus (Fig. 7b, curve 6). (ii) Due to a
low DDM basicity the solegel conversion is rather small (see
Table 4) and the NMR analysis discloses a high fraction of the
unreacted TEOS, Q0 ¼ 0.40, even at a high BF3MEA concentration.
As a result, the corresponding hybrid shows a low Tg due to plasticization by low molecular weight species in contrast to the more
basic Laromin based system (Fig. 7b and 7a). (iii) The effect of curing
temperature on conversion and mechanical properties displayed in
Fig. 7c was described above (Section 3.5). The results reveal that the
solegel process requires a much higher reaction temperature than
the epoxy-amine network in order to sufﬁciently cure silica structures within the hybrid. It was shown that neither 190  C is sufﬁcient for a silica phase to be well cured. Therefore, the hybrids based
on the thermally more stable networks (than the D230 based ones)
with Laromin and DDM were cured at 210  C.
4.4. Hybrid with the coupling agent
Scheme 4C displays an evolution of the hybrids containing the
coupling agent. The structure growth proceeds by the simultaneous
incorporation of GTMS in the poly(epoxy-amine) chain and the
solegel reactions to form the SSQO domains [33] taking place only
in the presence of BF3MEA (Scheme 4Ca). The monoepoxide GTMS
replacing the diepoxide DGEBA decreases an average functionality
of the diepoxy-diamine system. The critical conversion for gelation
of the system thus increases [34] leading to delay of the epoxy gel
formation as observed for DGEBA-D230-GTMS in the absence of
BF3MEA (Table 3). The complete replacement of DGEBA by GTMS
inhibits formation of an epoxy network at all. Despite this fact the
mixture GTMS-D230 gels in presence of BF3MEA by the solegel
producing SSQO structures and building the network with SSQO
junction domains [22,33]. Gelation of GTMS-D230, however, is slow
(Fig. 5, Table 3) thus disclosing that formation of the SSQO junctions
by the solegel process is slower compared to the epoxy-amine
reactions to form the epoxy network. Nevertheless, in the
DGEBA-D230-GTMS hybrid, such an additional crosslinking
through SSQO structures in presence of BF3MEA accelerates the
hybrid gelation.
The epoxy network is formed in Scheme 4Cb and bridging the
epoxy chains by the SSQO junctions contributes to the crosslinking
and enhancement of rubbery modulus (Fig. 6a, Table 4). Tg of the
hybrid prepared in the absence of BF3MEA (Fig. 6a curve 2, Table 4)
or cured at a low curing temperature (Fig. 6c), however, decreases
due to a low solegel conversion (Table 4) and plasticization by
ﬂexible undercured siloxane/SSQO structures. The BF3MEA

Scheme 5. Bonding between epoxy network and silica phase.
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catalysis leads to a higher siloxane conversion and a signiﬁcant
increase in Tg of the hybrids (Fig. 6a, Table 4). The strong interphase
interaction and immobilization of the epoxy network chains by
hard SSQO structures are responsible for this Tg enhancement. At a
high enough GTMS content the SSQO domains percolate through
the system and the bicontinuous morphology with the epoxy and
SSQO networks is formed as shown in Scheme 4Cc. The build-up of
the SSQO network is in agreement with a high fraction of T3 units
determined by NMR (T3 ¼ 0.12). Transition from the particulate to
the bicontinuous organic-inorganic morphology leads to a dramatic
increase in modulus and Tg (Fig. 6a, curve 5). Similar transition from
the particulate nanocomposite to the hybrid containing continuous
SSQO phase with increasing GTMS content was found also in the
“aqueous” system GTMS-Jeffamine D2000 [22,33].
The effect of curing temperature explains the Tg decrease in
DGEBA-D230-GTMS at a higher GTMS content (Fig. 6c, curves 3 and
4) unlike the remarkable increase in the Laromin based hybrid in
Fig. 6a. The “D230 hybrid” was cured at a lower temperature, 190  C,
compared to 210  C for the “Laromin hybrid”. The curing temperature clariﬁes also the contradictory results from literature as to the
“aqueous” hybrids. Macan et al. [14] and Lavorgna et al. [13]
observed plasticization of the DGEBA-D230 network by the sole
gel products while Benes et al. [7] reported an increase in Tg in the
corresponding hybrids prepared by the solvent-free technique using water vapour. The former hybrids were cured at 120  C or
150  C, respectively, and the curing temperature 180  C was applied
in the latter case.
Structure and morphology are crucial for mechanical properties
of the hybrids. In addition to the phase structure, mainly the
interphase interaction, grafting and crosslinking result in
enhancement of mechanical properties. Moreover, we have proved
the effect of BF3MEA amount, of an amine basicity and the curing
temperature on the solegel conversions as well as the effect of an
epoxy matrix and its thermal stability. Consequently, the hybrid
optimization comprises composition and structure of both inorganic and epoxy phases, the reaction conditions as well as presence
of the initiator BF3MEA.
5. Conclusions
The nonaqueous synthesis results in formation of the epoxysilica hybrids of improved homogeneity and enhanced thermomechanical properties compared to the systems prepared under
the classical “aqueous” solegel procedure. Mechanism of TEOS
protolysis initiating the nonaqueous solegel polycondensation is
suggested. The generation of silica structures at the nonaqueous
process is slower thus facilitating a better control of the hybrid
structure and morphology. Evolution of the hybrid structure during
the two-step non-aqueous procedure consists of the following
stages; (i) initiation of the solegel reactions of TEOS by BF3MEA
complex and by CeOH groups of the epoxy resin, (ii) formation of
siloxane structures after admixing of an amine, (iii) gelation of the
epoxy network, (iv) epoxy-silica grafting and the hybrid crosslinking through the formed silica/SSQO domains, (v) percolation of
the SSQO structures in case of a high GTMS content.
The slow silica structure formation and the epoxy-silica interphase bonding, proved by the model system, prevent phase separation and improve the homogeneity as well as mechanical
properties. The coupling agent GTMS further enhances the system
compatibility. At a higher GTMS content the SSQO structures
percolate and bicontinuous phase morphology with the strong
interphase interaction is formed. The homogeneous transparent
hybrid DGEBA-Laromin-GTMS displays a signiﬁcant increase in Tg

with increasing GTMS amount up to the material with the
completely indistinct glass transition.
Due to a slow silica structures development the epoxy network
formation is faster making thus steric hindrance to a further silica
growth within the dense network. As a result, the ﬁnal solegel
conversions are low. In order to overcome this limitation the main
factors governing the hybrid structure and ﬁnal properties must be
taken into account; (a) presence of an optimum content of the
BF3MEA complex, (b) relatively high amine basicity promoting the
polycondensation to reach a high conversion, (c) presence of a
proper amount of GTMS, guaranteeing an enhanced interphase
interaction, and (d) high curing temperature Tc well above the
typical one applied for the curing a neat epoxy network.
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The epoxy-silica hybrids showing high Tg and thermal stability are prepared by the non-aqueous sol–gel process initiated
with borontriflouride monoethylamine. Tetramethoxysilane (TMOS) is used as a precursor of silica and 3-glycidyloxypropyl trimethoxysilane as a coupling agent to strengthen the interphase interaction with an epoxy matrix. The basic factors governing the nonaqueous sol–gel process are studied in order to reveal the formation–structure–properties relationships and to optimize the hybrid
composition as well as conditions of the nonaqueous synthesis. The formation of the hybrid, its structure, thermomechanical properties and thermal stability are followed by chemorheology experiments, NMR, DMA and TGA. The most efficient reinforcement of the
epoxy network is achieved by the combination of both alkoxysilanes, showing synergy effects. The hybrids with a low content (10
wt %) of the in situ generated silica exhibit dramatic increase in Tg and the high modulus, 335 MPa, up to the temperature 300 C.
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INTRODUCTION

Organic–inorganic nanocomposites have drawn a considerable
attention in polymer science in last decades. Among the organic
matrices the epoxy thermosets are most widely used due to
excellent mechanical and thermal properties. Epoxy resin based
organic-inorganic hybrid materials can be employed as tough,
transparent and anti-scratch polymer films with good mechanical properties and thermal stability. As to the inorganic filler,
silica tends to be the most suitable for epoxy resins. The epoxysilica nanocomposites are often applied systems and their curing
behavior, morphology, mechanical and thermal properties are
well investigated.1–4 Homogeneous dispersion of silica nanoparticles in an epoxy medium, however, brings about crucial synthetic problems. Therefore, silica generated in situ by a sol–gel
technique has gained a reputation to be a convenient and costeffective method.5 The sol–gel process is used for the preparation of epoxy–silica nanocomposites of good homogeneity and
improved properties.6–13 Synthesis and properties of polymer–
silica hybrids, prepared both from preformed silica and by the
sol–gel process, have been recently reviewed by Zou et al.14

Epoxy–silica nanocomposites show high thermal stability and
good mechanical properties at high temperatures, which is an
important property for a high performance application, electronic packaging industry, coatings etc. Moreover, the coupling
agents are often used to strengthen an interfacial interaction
and enhance the properties.15–18 Wang et al.19,20 prepared heat
resistant epoxy-silica hybrids based on diglycidyl ether of
Bisphenol A (DGEBA)—diaminodiphenyl sulfone (DDS) epoxy
matrix and silica nanoparticles. The great improvement of properties was achieved by using the coupling agent glycidyloxypropyl trimethoxysilane (GTMS). The glass transition
temperatures Tg of the hybrids raised with GTMS amount up to
250 C and the modulus above glass transition maintained a
very high value up to 300 C. At 30% silica content the hybrid
Tg became indistinct. Moreover, the hybrid thermostability
determined by TGA was improved. Also Ochi et al.7,21 reported
a significant enhancement of thermomechanical properties of
the DGEBA based epoxy network with silica formed by the sol–
gel process from GTMS or tetramethoxysilane (TMOS). The
epoxy–silica hybrids with GTMS exhibited a strong interphase
interaction, increase in the modulus and disappearance of the
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Table I. Designation and Compositions of the Hybrids
Content of
TMOS/TEOS (%)

Designation

Fraction of
GTMS, x

Theoretical
equivalent of silica (%)

DGEBA-Laromin-TMOS(7), BF3MEA

7

–

2.6

DGEBA-Laromin-TMOS(14), BF3MEA

14

–

5.4

DGEBA-Laromin-TMOS(25), BF3MEA

25

–

9.6

DGEBA-Laromin-TMOS(40), BF3MEA

40

–

15.2

DGEBA-Laromin-TMOS(60), BF3MEA

60

–

23.2

DGEBA-Laromin-GTMS(0.1), BF3MEA

–

0.1

2.2

DGEBA-Laromin-GTMS(0.2), BF3MEA

–

0.2

4.4

DGEBA-Laromin-GTMS(0.3), BF3MEA

–

0.3

6.6

DGEBA-Laromin-TMOS(14)-GTMS(0.2), BF3MEA

14

0.2

9.8

DGEBA-Laromin-TEOS(18), BF3MEA

18

–

5.4

glass transition at a silica content 10 wt %. It should be mentioned that the complete vanishing of a glass transition at such
low filler content is exceptional.
The sol–gel process consisting of hydrolytic polycondensation of
alkoxysilane precursors provides significant benefits in synthesis
of hybrids, however, also some shortcomings. The process
requires solvents to be used because of incompatibility of alkoxysilanes with water and an epoxy system. The solvent and water
evaporation during polymerization results in sample shrinkage
and a removal of residual volatiles from the reaction mixture
could lead to formation of bubbles or cracks in the final
product. These problems can be eliminated by application of
the solvent-free non-aqueous sol–gel procedure. Lee and Ma22
synthesized the nanosilica from tetraethoxysilane (TEOS) by
nonaqueous sol–gel process in the epoxy matrix DGEBA-DDS
catalyzed with borontrifluoride monoethylamine (BF3MEA).
Recently we have used the Lee’s approach to prepare the
epoxy–silica hybrids by the nonaqueous sol–gel process and
investigated the basic conditions of the nonaqueous procedure.23 The silica was generated in situ from the most common alkoxysilane precursor, TEOS, by using BF3MEA as an
initiator. The initiation mechanism of the non-aqueous process was proposed to involve protolysis of TEOS with
BF3MEA and/or OH groups which are present in the epoxy
resin. The sol–gel reactions are relatively slow under nonaqueous conditions thus making possible to control the silica
structure evolution and to prevent a phase separation that
often occurs during the fast classical “aqueous” sol–gel process. As a result, homogeneous transparent hybrids were prepared. Moreover, GTMS was applied to further improve
system homogeneity by interphase grafting. These epoxy–
silica hybrids exhibited an enhancement of thermomechanical
properties. Nevertheless, a limitation of the nonaqueous sol–
gel process exists due to a low TEOS reactivity under nonaqueous conditions leading to an incomplete curing and formation of undercured silica/siloxane domains in the hybrids.
This fact resulted in poor mechanical properties in the systems prepared without the coupling agent.
The aim of this article consists in the non-aqueous synthesis of
the epoxy-silica hybrids with greatly enhanced thermomechani-
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cal properties and thermal stability by overcoming the problems
related to an incomplete curing. Instead of TEOS, the more
reactive tetramethoxysilane (TMOS) precursor of silica was
used, while a structure evolution was still under control so that
well homogeneous transparent systems were produced. In addition, an investigation of the factors governing the nonaqueous
sol–gel process was performed in order to reveal the formation–
structure–properties relationships. These results facilitated optimization of the hybrid synthesis. The coupling agent GTMS was
used to strengthen an interphase interaction by covalent bonding with an epoxy matrix. The epoxy network DGEBA—cycloaliphatic diamine (Laromin) was employed as a matrix for
synthesis of transparent high-Tg epoxy-silica hybrids showing a
high thermal stability.
EXPERIMENTAL

Materials
The diglycidyl ether of Bisphenol A (DGEBA) based resin, Epilox A 19-03 (Aldrich) with the equivalent weight of the epoxy
groups EE 5 187 g mol21 epoxy groups was used. The following
amines were applied as curing agents; 3,30 -dimethyl-4,40 -diaminocyclohexylmethane (LarominV C 260) was received from
BASF and poly(oxypropylene)diamine—JeffamineV D230
(M230) (Aldrich). Inorganic components: tetramethoxysilane
(TMOS) and 3-glycidyloxypropyl trimethoxysilane (GTMS)
were purchased from Fluka. Borontrifluoride monoethylamine
(BF3MEA) was obtained from the Aldrich. All chemicals were
used without a further purification.
R

R

Synthesis of the Hybrid
The epoxy-amine networks were prepared at a stoichiometric
ratio of functional groups (Cepoxy:CNH 5 1 : 1) and the hybrids
were synthesized by the modified two step Lee’s synthesis procedure.22 (i) 2 wt % of BF3MEA with respect to TMOS was mixed
with the epoxy resin for 30 min at 70 C. After that, the specified amount of TMOS, e.g., 14 wt % (with respect to DGEBA)
was added to the epoxy-BF3MEA mixture and speedily mixed
for 1 h. All the systems were mixed under weak inert conditions. (ii) Stoichiometric equivalent weight of amine was added
to the prereacted mixture of TMOS in the epoxy resin and
mixed for 20 min.
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Scheme 1. Formation of the epoxy-silica hybrid with in situ formed silica/silsesquioxane (SSQO) domains. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

The hybrids modified with the coupling agent GTMS were prepared by substituting a fraction of DGEBA by GTMS while
keeping the epoxy groups concentration constant and the total
ratio of epoxy and NH functionalities stoichiometric. The content of GTMS (x) in the nanocomposite synthesis was characterized by fraction of epoxy groups of DGEBA replaced by the
coupling agent GTMS: x 5 [epoxy (GTMS)]/[epoxy (DGEBA) 1 epoxy (GTMS)] and was varying from 0.1 up to 0.3.

spinning samples, all NMR experiments were measured under
active cooling. The sample temperature was maintained at 308
K. The 29Si CP/MAS NMR spectra were acquired at 99.325
MHz; spinning frequency was xr/2p 5 5 kHz; the number of
scans was 2048; spin lock 4 ms and recycle delay was 3s. The
spectra were referenced to M8Q8 (2109.8 ppm). During detection, a high-power dipolar decoupling (TPPI) was used to eliminate strong heteronuclear dipolar coupling.

The following curing regime of the sample in inert atmosphere or
in the mold was applied: 90 C for 2 h; 130 C for 16 h and the
postcuring for 5 h at 190 C in case of D230 and 5 h at 210 C for
Laromin. In the special case of the reaction under the air atmosphere the sample was prereacted in the air at 25 C for 2 h.

The condensation conversion aSi was determined as aSi 5 RiQi/
4. Qi is the mole fraction of the Qi structure units with i siloxane bonds SiAOASi attached to the central silicon. The relative
amount of the structural units was obtained from the deconvolution of the 29Si CP/MAS NMR spectra. The assignment of the
NMR bands is as follows: Q0 from 280.6 to 284.7 ppm, Q1
from 284.9 to 287.28 ppm, Q2 from 289.7 to 291.6 ppm, Q3
from 2100.0 to 2101.5 ppm, Q4 from 2105.9 to 2110.0 ppm.

The hybrids designation indicates the type of epoxy network,
content of alkoxysilanes used and alternatively presence of the
initiator BF3MEA during synthesis, e.g. DGEBA-LarominTEOS(14)-GTMS(0.1), BF3MEA shown in Table I.
The schematic structural description of the epoxy network and
nanocomposites formation is shown in Scheme 1.

METHODS

Nuclear Magnetic Resonance Spectroscopy (NMR)
Solid-state 29Si CP/MAS NMR experiments were measured at
11.7 T using a Bruker Avance 500 WB/US NMR spectrometer
with double-resonance 4-mm and 7-mm probeheads,
respectively. To compensate for frictional heating of the
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Dynamic Mechanical Analysis (DMA)
Dynamic mechanical properties of the nanocomposites were
tested using the ARES G2 apparatus (TA Instruments). An
oscillatory shear deformation at the constant frequency of 1 Hz
and at the heating rate of 3 C min21 was applied.
ARES G2 rheometer was used also for the chemorheology
experiments to follow molecular structure evolution and gelation during polymerization. Oscillatory shear deformation in
parallel plates geometry at a frequency of 1 Hz was used. The
initial applied maximum strain was 200% while keeping torque
below 20 g cm to prevent breaking of the formed gel.
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chemorheology. Figure 1 shows the rise of the storage modulus
during build-up of the epoxy network DGEBA-D230 (curve 1)
and the hybrid DGEBA-D230-TMOS (curves 2 and 3). The
steep increase in the modulus indicates gelation of the mixture
and the gel times are given in Table II. Figure illustrates that the
gelation sets in earlier in the hybrids than in the neat epoxy network. Moreover, the hybrid network formation is faster if the
sol–gel process is initiated with BF3MEA (curve 2). It was
proved23 that the acceleration of the network build-up results
from the covalent bonding between the formed silica and epoxy
structures. Table II includes for comparison also the gel times of
the previously studied “TEOS hybrids.”23 The results reveal a
higher reactivity and shorter gel times in case of the TMOS
hybrids with respect to the TEOS system.
Figure 1. Shear storage modulus G0 (t) of the studied systems as a function of time during polymerization at T 5 80 C: 1 DGEBA-D230, 2
DGEBA-D230-TMOS,BF3MEA, 3 DGEBA-D230-TMOS. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

The gel point was determined by using the multifrequency
sweep measurement ranging from 1 to 64 rad s21 and applying
a power-law rheological behavior at the critical state,
G0 (x)G00 (x) xn.24 The loss factor tan d is independent of
measurement frequency at the gel point and therefore, the gelation was evaluated as a crossover of the tan d for different
experimental frequencies during the polymerization.
Thermogravimetric Analysis (TGA)
TGA measurements were performed on Perkin Elmer Thermogravimetric Analyzer Pyris 1 in air atmosphere. The temperature
interval of measurements was 30–880 C, with gradual temperature rise of 10 C min21 and gas flow 50 mL min21 on samples
of 10 mg.
RESULTS AND DISCUSSION

We have studied the epoxy-silica hybrids prepared by the nonaqueous sol–gel procedure initiated by BF3MEA. The alkoxysilanes TMOS and GTMS were employed for in situ generation of
nanosilica and grafting of inorganic structures to an epoxy
matrix. A comparison with the TEOS based hybrids studied previously23 is included in order to highlight the TMOS benefits.
Two types of epoxy-amine systems were used as hybrid matrices. The DGEBA-Laromin network, involving cycloaliphatic
diamine, was used as a high-Tg matrix for the synthesis of highperformance hybrids. In addition, the model low-Tg DGEBAJeffamine D230 system, containing amino-terminated polyether
D230, was employed to study the hybrid structure evolution
and factors governing the non-aqueous sol–gel process in order
to disclose relationships between reaction conditions, the hybrid
structure and hybrid properties.
Thermomechanical properties of hybrids and their thermal stability were followed by DMA and TGA, respectively.
Formation of Epoxy-Silica Nanocomposites
Structure evolution at formation of the epoxy-silica hybrid
under the nonaqueous conditions was monitored by
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Table II characterizes the formation–structure–property relationships in the DGEBA-D230-silica hybrids. It shows tgel featuring
rate of a hybrid network formation, the sol–gel conversion as
characteristics of a silica structure in the hybrid and glass transition temperature Tg of the hybrids describing thermomechanical
properties.
The mechanism of the nonaqueous sol–gel process involves protolysis of the alkoxysilane agent, TMOS or TEOS, initiated by
BF3MEA and/or by OH groups in the DGEBA molecule.23 This
initiation occurs in the first synthesis step (see Experimental).
The sol–gel conversions and distribution of Qi structural units
after protolysis under different initiation conditions were determined by 29Si NMR. The results are given in Table III showing
a comparison between TMOS and TEOS as well as the effect of
BF3MEA on initiation of the sol–gel process. Table proves the
higher TMOS reactivity compared to TEOS. While only 13% of
TEOS reacted during the protolysis step (Q0 5 0.87), in the
case of TMOS it was more than 50% (Q0 5 0.48). Moreover,
Q2 units determined in the TMOS mixture after protolysis
reveal a presence of short polysiloxane chains. In contrast, only
low molecular weight products, like disiloxanes characterized by
Q1 units, were formed in the TEOS mixture. The results disclose that TMOS conversion during protolysis is higher even in
the absence of BF3MEA. The sol–gel reaction is initiated in this
case by OH groups of DGEBA.23
The initiation of the nonaqueous sol–gel process is a crucial
stage. An extent of TMOS protolysis in this initial synthesis step
strongly affects the following silica structure evolution within a
hybrid. The final sol–gel condensation conversion, (aSi) hybrid, in
both “TEOS and TMOS hybrids” is given in Table II. The comparison of the results in Tables II and III shows that conversions
in the hybrids well correlate with the conversions of the prereacted mixtures in the first synthesis step, (aSi) protolysis, revealing an importance of the initiation stage. Also in the hybrids,
the conversion of TMOS is higher compared to TEOS even in
the case of the reaction without BF3MEA. The conversion
aSi 5 0.72 in the network DGEBA-D230-TMOS, BF3MEA is
close to that in the classic “aqueous hybrids” DGEBA-D2000TEOS, which is in the range 0.79–0.85.25 The curing partially
under air atmosphere (see Experimental) is another way of the
“non aqueous sol–gel process” initiation. The results disclose
that an air humidity promotes the sol–gel reactions and slightly
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Table II. Formation-Structure-Property Characteristics of the Hybrids
Based on DGEBA-D230 Epoxy Network; Gelation Time, Sol-Gel Conversion and Tg Values

Table III. Distribution of Qi Units and Condensation Conversion After
the TEOS and TMOS Protolysis Under Nonaqueous Conditions
System

Q0a

Q1

Q2

(aSi)

DGEBA-TEOS,
BF3MEA (ref. 23)

0.87

0.13

0

0.05

protolysis

b

a

System

tgel
(min)

(aSi)

DGEBA-D230

34

–

91

DGEBA-TMOS

0.54

0.39

0.07

0.13

DGEBA-D230-TEOS

52

0.19

68

0.41

0.11

0.175

–

–

62, 75

DGEBA-TMOS,
BF3MEA

0.48

DGEBA-D230-TEOS, air
DGEBA-D230-TEOS,
BF3MEA

33

0.46

82

DGEBA-D230-TMOS

20

0.51

71, 95

DGEBA-D230-TMOS, air

–

0.54

101

DGEBA-D230-TMOS,
BF3MEA

15

0.72

107

DGEBA-D230-TMOS,
BF3MEA, air

–

–

120

hybrid

Tg,
( C)

a

For tgel determination see Experimental.
Tg determined from position of the tan d curve maximum, two Tg values
correspond to the two-phase system.
b

raises the “TMOS hybrid” sol-gel conversion as well as the
hybrids Tg values as discussed below (Table II).
The important benefit of the nonaqueous sol–gel procedure
consists in a slower reaction enabling a structure control in
order to avoid a phase separation.23 Although TMOS is a much
faster silica precursor than TEOS, the structure evolution is
under control and well homogeneous hybrids are produced. Figure 2 illustrates the transparent DGEBA-Laromin-TMOS hybrid
containing 80% TMOS.
The best properties and homogeneity was achieved by using the
coupling agent GTMS. TEM micrographs of the GTMS containing nanocomposites and the reference epoxy network are shown
in Figure 3. The results reveal silica aggregates of the size about
70 nm dispersed in the epoxy matrix and composed of primary
particles of 10 nm in diameter [Figure 3(b,c)]. The epoxy
matrix [Figure 3(a)] does not display any heterogeneity.
Thermomechanical Properties of the Hybrids
In the previous work dealing with the “TEOS hybrids”23 it was
proved that a covalent bonding between simultaneously formed
silica structures and an epoxy network occurs by the reaction of
SiOH in silica and CAOH in an epoxy system. This interphase
grafting finally leads to crosslinking of epoxy chains through the
silica domains. Formation of the hard silica nanofiller structures
and the mentioned crosslinking resulted in a rise of the storage
modulus above glass transition. Despite this reinforcement,
however, the Tg of the hybrids were not improved or even
declined with respect to the epoxy network due to a plasticizing
effect of soft incompletely cured silica structures. The higher
sol–gel conversion in the “TMOS hybrids” is expected to result
in the improved properties. The enhancement of the hybrids
thermomechanical behavior is the main goal of the work. For
this purpose we monitored thermomechanical properties of the
hybrids of various compositions prepared under different nonaqueous conditions.
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a

Qi is the mole fraction of the Qi structural units.

A comparison of thermomechanical properties of the hybrids
DGEBA-Laromin-silica prepared both from TMOS and TEOS is
presented in Figure 4, showing the storage modulus G0 and loss
factor tan d (5G00 /G0 ) as functions of temperature. The synthesis of hybrids was initiated with BF3MEA and the composition
of both systems corresponds to the theoretical silica content of
5.4 wt %. As discussed above, the TEOS hybrid has a higher
modulus with respect to the epoxy network, however, the glass
transition temperature Tg is not changed (curve 2). In contrast,
by using TMOS a significant enhancement of thermomechanical
properties was achieved. The Tg of the hybrid raised by 40 C
and the rubbery modulus is by an order of magnitude higher
compared to that of the neat network (curve 3). In addition,
the figure illustrates the effect of a curing temperature TC
because of a high curing conditions sensitivity of the nonaqueous sol–gel process. The common curing regime used for the
epoxy system is not sufficient for hybrids, that had to be cured
at a higher temperature, TC 5 210 C. Figure 4 presents a substantial drop of Tg by 30–40 C as well as moduli of the hybrids
prepared at a lower temperature TC 5190 C (curves 4, 5).
The reinforcement of the DGEBA-Laromin epoxy network by
silica formed from TMOS is very efficient and the modulus
above glass transition raises as TMOS content increases in

Figure 2. Photo of the hybrid DGEBA-Laromin-TMOS (80%), BF3MEA.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3. TEM micrographs of (a) epoxy network DGEBA-D230 and (b, c) DGEBA-D230-TMOS (14)-GTMS (0.3), BF3MEA nanocomposite.

Figure 5(a). Tg values, however, go through a maximum at 14%
TMOS (curve 3). At a higher TMOS amount the glass transition becomes less distinct and Tg declines as shown in Figure
5(b). This thermomechanical behavior can be explained as
follows:

respect to initiation of the sol-gel process. The effect of
BF3MEA and an influence of the air humidity on hybrid properties are shown. Both “TEOS and TMOS hybrids” were studied
and Tg values of the corresponding systems are given in Table I.

The silica-epoxy grafting leads to a restriction of the epoxy network chains mobility. This is manifested by a shift of Tg to
higher values and drop of the loss factor tan d amplitudes due
to a reducing fraction of the relaxing polymer chains. Moreover,
broadening of the loss factor peaks occurs because of a wide
distribution of the corresponding relaxation times. The hybrid
containing 40% TMOS (i.e., 15 wt % silica) has an almost
indistinct Tg and a very high modulus up to 260 C (curve 5)
revealing a strong immobilization of the epoxy chains. Moreover, it indicates a good dispersion of silica structures within
the matrix because 15 wt % of silica, corresponding to  10 vol
%, is sufficient to completely restrict the epoxy matrix and
likely to percolate through the hybrid. The high TMOS content
in the hybrid implies in addition to a more extensive covalent
bonding between phases, also formation of undercured silica
structures. An incomplete curing is more likely at a high alkoxysilane content due to severe sterical hindrances for the sol–gel
reactions within a densely crosslinked epoxy matrix.23,26,27 The
small relaxation peak at 140 C corresponds to a small fraction
of a polymer, which is plasticized by soft less cured inorganic
structures. The effect is much more pronounced in the hybrid
with 60 % TMOS. In this case the Tg is decreased by 40 C due
to a great amount of low-cured plasticizing products. The
hypothesis of plasticization with undercured silica domains was
proved by postcuring the sample for 1 h at 250 C. Figure
reveals the marked properties improvement; Tg raises by 80 C
(curve 7).
The initiation of the nonaqueous sol–gel process was shown to
be a crucial step in controlling evolution of the silica structure
in hybrids featured by the sol–gel conversion. Determination of
the effect of initiation conditions on the hybrids final properties
is of a high importance in order to optimize the hybrids synthesis. This investigation was performed by using the model hybrid
based on the DGEBA-D230 network cured at 190 C.
Figure 6 presents thermomechanical behavior of the DGEBAD230-silica hybrids prepared under different conditions with
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Figure 4. Storage modulus (a) and loss factor tan d (b) of the DGEBALaromin based hybrids as functions of temperature: 1 DGEBA-Laromin, 2
DGEBA-Laromin-TEOS (18) TC 5 210 C, 3 DGEBA-Laromin-TMOS (14)
TC 5 210 C, 4 DGEBA-Laromin-TEOS (18) TC 5 190 C, 5 DGEBA-LarominTMOS (14) TC 5 190 C. Constant BF3MEA amount. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and the high modulus (curve 6). Consequently, in the inert
atmosphere the BF3MEA complex is necessary for the initiation
of the non-aqueous sol-gel process. Otherwise the hybrids of
poor properties are produced. However, in the case of TMOS,
the sol-gel reactions are promoted by air humidity even in the
absence of BF3MEA to form hybrids of improved properties
unlike TEOS which is unreactive under the air humidity.
The hybrids thermomechanical properties and Tg values well
correlate with the rate of hybrids formation featured by tgel and
sol–gel conversions in the hybrids as presented in Table II. The
higher rate of the hybrid network formation results in the better
cured silica structures and higher Tg of the hybrid.
A homogeneous nanofiller dispersion in a matrix and a strong
interphase interaction are known to be principal factors determining nanocomposite properties. As mentioned above, an
interphase bonding exits in the TMOS containing epoxy hybrid
due to SiOH 1 COH reactions. In addition, according to the
common approach, we employed the coupling agent GTMS to
promote an interphase grafting. GTMS is incorporated into an
epoxy-amine network by the reaction of glycidyl group with an
amine crosslinker. Simultaneously, silsesquioxanes (SSQO) are
formed by the sol–gel process producing inorganic domains

Figure 5. Storage modulus (a) and loss factor tan d (b) of the DGEBALaromin hybrids containing different amount of TMOS, curing temperature
TC 5 210 C: 1 0%, 2 7%, 3 14%, 4 25%, 5 40%, 6 60%, 7 60%—postcuring at TC 5 250 C. Constant BF3MEA amount. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

While the “TMOS hybrid” prepared in the presence of BF3MEA
(curve 2) exhibits a significant improvement both in Tg and
modulus with respect to the epoxy network (curve 1), the
TEOS based system shows a drop of Tg (curve 3) due to a low
sol-gel conversion (see Table II). The poor properties of the
“TMOS hybrid” prepared in the absence of BF3MEA reveal the
importance of the BF3MEA initiation. In this case a two phase
system is formed which is characterized by two loss factor peaks
in figure (curve 4). In addition to the polymer phase of a low
Tg, which is plasticized by the unreacted TMOS and undercured
siloxanes, there is a polymer fraction partly immobilized by better cured silica structures.
The reaction under air atmosphere presents a limiting case of a
transition between the aqueous and nonaqueous sol–gel procedures. The figure discloses that the “TMOS hybrid” prepared
under air humidity without BF3MEA (curve 5) exhibits properties which are close to those of the hybrid initiated with
BF3MEA. In contrast, “TEOS hybrid” prepared under air
humidity does not show any improvement of properties (see
Table II). The best thermomechanical properties were achieved
by curing the hybrid under air humidity in the presence of
BF3MEA. The corresponding hybrid shows the Tg rise by 30 C
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Figure 6. Storage modulus (a) and loss factor tan d (b) as functions of
temperature of the DGEBA-D230 based hybrids prepared under different
initiation conditions 1 DGEBA-D230, 2 DGEBA-D230-TMOS,BF3MEA; 3
DGEBA-D230-TEOS,BF3MEA; 4 DGEBA-D230-TMOS, inert; 5 DGEBAD230-TMOS,Air; 6 DGEBA-D230-TMOS,BF3MEA,Air. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in the epoxy network thus being more confined than silica
structures formed from TMOS.
The efficient epoxy-inorganic phase grafting by GTMS and the
better evolution of inorganic domains within the hybrid in the
case of TMOS suggest a hybrid design as a combination of both
alkoxysilane reagents. Figure 7 illustrates the best enhancement
of properties in the hybrid DGEBA-D230-TMOS(14)GTMS(0.1), BF3MEA (curve 5).
On the basis of the results of the model system we have prepared the high-Tg, heat resistant hybrid by using DGEBALaromin epoxy network as a matrix. The hybrid was cured at
230 C, which was proved to be sufficient for GTMS to form
well developed SSQO domains, while the curing at 250 C
already causes some polymer decomposition. The combination
of TMOS and GTMS in hybrids leads to outstanding properties
at a low inorganic phase content as illustrated in Figure 8. The
hybrid DGEBA-Laromin-TMOS(14)-GTMS(0.1) with a silica
amount of 7.6 wt % has a very indistinct glass transition and a
high modulus up to 300 C; G0 5 335 MPa at 300 C (curve 5).

Figure 7. Storage modulus (a) and loss factor tan d (b) as functions of
temperature of the DGEBA-D230 based hybrids containing TMOS or/and
GTMS 1 DGEBA-D230, 2 DGEBA-D230-TMOS(14), 3 DGEBA-D230GTMS(0.1), 4 DGEBA-D230-GTMS(0.3), 5 DGEBA-D230-TMOS(14)GTMS(0.1). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

which are bound to epoxy network chains. Finally, these
domains interconnect the network chains thus functioning as
SSQO junctions increasing the hybrid network crosslinking
density.15,28,29
Figure 7 compares the reinforcing effect of TMOS (curve 2) and
GTMS (curves 3, 4) in the hybrid network based on DGEBAD230. The rise of the hybrids rubbery moduli is slightly more
pronounced in the GTMS containing systems, taking into
account the theoretical silica content (see Table I). This is a
manifestation of the interphase grafting and the hybrid crosslinking via inorganic domains, which is more efficient by using
the coupling agent. However, Tg values are lower in the “GTMS
hybrids.” GTMS undergoes slow sol–gel reactions under nonaqueous conditions and the formed SSQO structures are severely
undercured when reacted at 190 C.23 Mainly at a high GTMS
content (x 5 0.3) Tg drops due to incomplete curing and the
network plasticization (curve 4). In contrast, Tg raises with
respect to the epoxy network in the “TMOS hybrid” despite low
TC (curve 2). The stronger limitation of the SSQO structure
growth from GTMS is likely due to the covalent incorporation
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Figure 8. Storage modulus (a) and loss factor tan d (b) of the DGEBALaromin based high-Tg hybrids as functions of temperature 1 DGEBALaromin, 2 DGEBA-Laromin-GTMS(0.1); 3 DGEBA-Laromin-TMOS(14); 4
DGEBA-Laromin-GTMS(0.3); 5 DGEBA-Laromin-TMOS(14)-GTMS(0.1);
6 DGEBA-Laromin-TMOS(14)-GTMS (0.3). Constant BF3MEA content.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 9. TGA plot of the epoxy network and the hybrids in air
1— DGEBA-Laromin; 2 -- DGEBA-Laromin-TMOS(14),BF3MEA; 3 
DGEBA-Laromin-TMOS(14),Air; 4 ---- DGEBA-Laromin-TMOS(14),inert; 5 - DGEBA-Laromin-TEOS(18),BF3MEA; 6 —— DGEBA-Laromin-TMOS(14)-GTMS(0.2),BF3MEA. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

The increasing GTMS content in the hybrid DGEBA-LarominTMOS(14)-GTMS(0.3) leads to a vanishing of the glass transition before the polymer decomposition (curve 6). Only a very
small polymer fraction relaxes in a low-temperature region as
revealed by the small amplitudes of the loss factor curves in Figure 8(b). This behavior results from a very strong interfacial
interaction and a complete immobilization of epoxy chains by
bonding to inorganic structures.
The figure shows also the individual effects of both alkoxysilanes revealing a synergy of their combination in the hybrid.
Reinforcement of the epoxy network with TMOS (14), corresponding to 5.4% silica, provides a limited grafting resulting in
Tg rise by 35 C (curve 3). However, a severe decline of mechanical properties occurs above 200 C disclosing a lack of the sufficiently strong interfacial interaction. As to the effect of GTMS,
the figure displays an appreciable properties dependence on the
content of the coupling agent. No properties improvement, only
a slight transition broadening, occurs after incorporation of a
small amount of GTMS in the hybrid DGEBA-LarominGTMS(0.1) (curve 2). Figure illustrates a dramatic increase in
the high-temperature modulus as GTMS amount raises; the
curve 4 corresponds to the hybrid with GTMS content, x 5 0.3,
i.e. 6.6 wt % equivalent silica. The interphase interaction and

crosslinking are more efficient and the modulus is higher compared to the TMOS containing hybrid. However, also in this
case a drop of the modulus sets in above 200 C. Only the combination of both alkoxysilanes even at small contents, TMOS
(14) and GTMS (0.1), results in the hybrid which maintains the
mechanical properties up to 300 C without worsening. Obviously, there is a synergy effect. GTMS is very efficient in an
interphase grafting and homogenization of the system, while it
is low reactive. The TMOS high sol–gel reactivity ensures formation of well developed silica structures even under conditions
of the nonaqueous procedure; however an extent of interphase
grafting is low. The combination thus leads to the strong grafting with well cured structures because of cocondensation of
silica and SSQO domains. Very likely a percolation of the inorganic structures through the hybrid occurs and the bicontinous
epoxy-silica/SSQO hybrid is formed.
Thermal Stability
The incorporation of the silica in situ formed from TMOS into
the epoxy network results in a significant enhancement of thermal stability. Figure 9 and Table IV present the results of thermal gravimetric analysis (TGA) of the DGEBA-Laromin based
hybrids. The thermal stability was characterized by the temperature T5, at which 5% loss of mass occurs in the air atmosphere.
The TGA results show a dramatic difference between “TEOS”
and “TMOS” hybrids. While the TEOS based hybrid exhibits a
reduction of thermal stability with respect to the epoxy network, the thermal stability of DGEBA-Laromine-TMOS hybrids
considerably enhances. The best results were achieved in the
hybrids containing both TMOS and GTMS. The hybrid
DGEBA-Laromin-TMOS(14)-GTMS(0.2) displays a rise of the
thermal stability by 31 C (curve 6). Also the second decomposition step corresponding to the high temperature thermal oxidative degradation is shifted in the hybrid by 100 C to higher
temperatures. The residue which remained after analysis (in the
air) is by 50% higher than the theoretical content of the inorganic phase (see Table IV) indicating a considerable char formation. This high residue reveals that a part of a polymer phase is
well protected from thermal and thermal oxidative degradation
due to strong interphase interaction in the hybrid and formation of a silica layer on a polymer surface.
The hybrid prepared without BF3MEA shows a pronounced
drop of decomposition temperature T5 by 50–60 C compared

Table IV. Thermal Stability of the Epoxy Network and the Hybrids
T 5a

System

Experimental residue (%)

Calculated residue (%)

DGEBA-Laromin

362

0.52

0

DGEBA-Laromin-TEOS(18), BF3MEA

341

4.4

5.4

DGEBA-Laromin-TMOS(14)

335

2.8

5.4

DGEBA-Laromin-TMOS(14), air

384

6.1

5.4
5.4

DGEBA-Laromin-TMOS(14), BF3MEA

392

4.9

DGEBA-Laromin-TMOS(14),BF3MEA, TC 5 190 C

379

4.8

5.4

DGEBA-Laromin-TMOS(14),GTMS(0.2), BF3MEA

393

13.6

9.8

a

T5 2 5 % loss of mass occurs.
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to the “initiated hybrids.” This sample exhibits a lower residue
than the theoretical one due to incompletely cured silica. Only
small improvement of thermal stability was observed in the systems cured at a low temperature, TC 5 190 C. In contrast, a relatively high thermal stability was achieved in the hybrids
reacting partially under air atmosphere (see Experimental) even
without BF3MEA. The corresponding hybrid, moreover, has a
slightly higher residue. We assume that a protective skin silica
layer of a higher sol–gel conversion is formed on the surface in
the air humidity atmosphere.
CONCLUSIONS

The high-Tg, heat resistant and transparent epoxy-silica hybrids
have been prepared by the nonaqueous sol–gel process initiated
with borontriflouride monoethylamine. The hybrids containing
a low amount of the in situ generated silica (10 wt %) show
indistinct Tg and the high modulus (335 MPa) up to 300 C.
The thermal stability of the hybrids characterized by T5 value
(temperature of 5% mass loss) increased by 30 C with respect
to the epoxy network and the high temperature thermaloxidative degradation was delayed by 100 C. The outstanding
thermo-mechanical properties result from a very strong interphase interaction by covalent bonding leading to a complete
immobilization of epoxy network chains and formation of the
silica skin protective layer during a thermo oxidative hybrid
degradation.
The epoxy network DGEBA-cycloaliphatic diamine (Laromin)
was used as an organic matrix, TMOS as a precursor of silica
formed by the sol-gel process and the coupling agent GTMS
was employed to strengthen the interphase interaction. We took
advantage of the synergy combination of both alkoxysilanes.
The best properties were achieved in the hybrid of the following
composition: DGEBA-Laromin-TMOS(14)-GTMS(0.1).
The model hybrid based on the network DGEBA-D230 was
used to study the basic factors governing the nonaqueous sol–
gel process. The results enabled to reveal the formation–structure–properties relationships in order to optimize the hybrid
composition and conditions of the nonaqueous synthesis. The
nonaqueous technique was employed due to better control of
the structure evolution compared to the classical sol–gel process
facilitating the synthesis of homogeneous transparent hybrids.
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Epoxy–silica nanocomposite interphase control
using task-speciﬁc ionic liquids via hydrolytic and
non-hydrolytic sol–gel processes
R. K. Donato,*ab M. Perchacz,b S. Ponyrko,b K. Z. Donato,ab H. S. Schrekker,a H. Benešb
and L. Matějka*b
Carboxylic-functionalized task-speciﬁc imidazolium ionic liquids (carboxylic-ILs) presented selective high
reactivities with epoxy-functionalized compounds, even in highly complex epoxy–silica nanocomposite
systems. The carboxylic-ILs induced the in situ covalent bonding with epoxy based materials and tuning
of the nanocomposites’ ﬁller–matrix interphase when applied either via hydrolytic or non-hydrolytic sol–
gel processes. Structural modiﬁcations in the carboxylic-ILs allowed ﬁne morphology control and
promoted the

formation of

well

dispersed silica

nanodomains.

This

approach resulted

in

nanocomposites with improved mechanical properties, without a negative eﬀect on the glass transition
temperature, for both rubbery and glassy epoxy–silica nanocomposite systems with a very small IL
content (0.2 wt%). The best properties were achieved with the application of IL 1-carboxypropyl-3Received 8th September 2015
Accepted 12th October 2015

methylimidazolium chloride, which produced a toughness increase of more than 7 times for the rubbery

DOI: 10.1039/c5ra18387a

and almost twice for the glassy epoxy systems, when compared to their IL-free equivalents. These easy
and quick procedures to produce imidazolium functionalized materials have the potential to open up

www.rsc.org/advances

a broad range of new conductive, responsive, smart and tunable reinforced materials.

1. Introduction
Tailoring materials’ properties is a desirable but diﬃcult task,
especially due to the need for specic and selective reactions.
The application of silica nanollers formed in situ by the sol–gel
process is a feasible option, where the silica containing polymer
nanocomposites properties are mainly governed by the silica
structure, the nanocomposite morphology and the matrix–ller
interphase interactions and bonding.1
The network reinforcement by in situ formed silica is
generally dened as a simultaneous increase in stiﬀness
(modulus), tensile strength and toughness.2,3 The rubbery
modulus enhancement is given by the hydrodynamic eﬀect of
hard ller particles in a so matrix.4 This refers to strain
amplication due to the presence of inextensible particles and
by interphase ller–matrix interactions. As a consequence, the
interfacial polymer layer is immobilized, thus increasing the
eﬀective ller volume.5,6 The modulus increase by hard llers is
oen accompanied by a decrease in the material extensibility
and toughness. Hence, the challenge of this approach consists
in the optimization of the balance among stiﬀness, strength

a
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and toughness. Reinforcing glassy-epoxy networks is an even
more complex task, as they are much more sensitive to the ller
aspect ratio eﬀect due to their much smaller internal volume
compared to rubbery networks.7 Thus, the need for an eﬀective
method for producing highly dispersed ller, forming strong
interphase bonding, is critical. Recently, signicant advances
were reported by our group concerning the epoxy matrices
reinforcement with silica llers, within which the application of
ionic liquids (ILs) has been shown as a promising strategy for
nanocomposite structure and morphology control.8,9
The ILs are organic salts, with ionic–covalent crystalline
structures, that are liquid at temperatures of 100  C or below.
They present favorable properties, such as: insignicant ammability and volatility, high thermal and chemical stability,
high ionic mobility and stability in the presence of air and
moisture.10,11 Initially, ILs were applied for replacing conventional volatile solvents and transforming hazardous processes
into recyclable environmentally friendly ones.12 Later on, the
application scope was broadly expanded with, e.g., their use as
electrolytes in batteries and in the preparation of nanomaterials. In particular, the imidazolium cation based class of
ILs have been applied in a variety of processes and materials,
which is mainly due to their easily tunable properties via both
cation and anion structural changes.13,14
Various imidazolium-based ILs have been used as catalysts
for the sol–gel process,15–17 silica morphology controllers16,18–20
and epoxy–silica compatibilizers.8,9 Furthermore, ILs can act as

This journal is © The Royal Society of Chemistry 2015
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“molecular templates” in the sol–gel silica process due to their
special self-organization and selective interaction features.18–23
Thus, the use of diﬀerent ILs leads to not only diﬀerent ller
sizes, morphologies and dispersions but also to a completely
diﬀerent matrix–ller interphase behavior.8,9,16
For instance, ILs with long aliphatic chains attached to their
cations produce nanocomposites with very well dispersed silica
nanodomains and signicantly increased stiﬀness, due to
physical crosslinking by the ordered domains of decylsubstituents. However, the associated high brittleness makes
them lack toughness.8
On the other hand, ether-functionalized ILs (ether-ILs)
promoted a ne nanocomposite morphology with well
dispersed silica nanodomains, presenting good matrix–ller
interface interaction. This allowed a good balance between
stiﬀness and toughness in the nanocomposites, especially when
these ILs were applied synergistically with a covalent coupling
agent, e.g. 3-glycidyloxypropyltrimethoxysilane (GTMS). The
covalent bonds created by GTMS together with the capacity of
ether-ILs to make multiple H-bonds16,22,23 allowed tuning of the
interphase bonding and the production of tough nanocomposites without considerable stiﬀness loss, which is
a frequent drawback associated with the application of covalent
coupling agents.9
In previous papers we reported about the eﬀect of ILs and
GTMS on the tensile properties of epoxy–silica nanocomposites.
The epoxy network was composed of diglycidyl ether of
bisphenol A (DGEBA) and poly(oxypropylene)diamine and was
reinforced with in situ formed silica from TEOS, GTMS
(coupling agent for interphase bonding) and ILs (with aliphatic
or ether functionalities in the cation side chain for enhancing
and balancing the nanocomposites’ tensile properties).8,9 At
that point, the drawback was that such systems were easily
applicable for rubbery networks but hard to adapt for glassy
ones.
Following this idea, in this work we applied ILs functionalized with carboxylic groups (carboxylic-ILs) presenting diﬀerent
chain lengths between the imidazolium ring and the carboxyl
functionality (Fig. 1). The IL carboxyl groups were expected to
react with the DGEBA epoxy groups, covalently bonding the IL to
the matrix and creating nanocomposites with optimized
matrix–ller interphase. Thus, a model reaction, i.e. phenylglycidylether (PGE) reaction with the carboxylic-ILs, was used to

detect the spontaneity of the epoxy–carboxyl reaction at room
temperature, as the PGE carboxyl groups present the same
reactivity as the DGEBA ones. Furthermore, the diﬀerent cation
chain lengths also provided information about the interphase
hindrance inuence in the nal nanocomposite properties,
which allowed evaluation of the ideal interphase exibility for
achieving the best properties. The obtained nanocomposites’
performances were compared to the ones with an ether-IL
(Fig. 1), which was able to produce only physical interactions
within the interphase. Furthermore, two amine hardeners were
applied to produce rubbery and glassy DGEBA–diamine nanocomposites via both hydrolytic and non-hydrolytic processes,
exploring the applicability of a broad range of systems. Within
this context, carboxylic-ILs could work as a substitute for both
ILs and GTMS in the previous systems presented by our group.8,9
This type of IL holds the functionalities to form covalentphysical interphase coupling, diﬀerent from the GTMS covalent–covalent interphase coupling. This could contribute to
higher nanocomposite toughness, making these ILs potential
multifunctional agents for tuning nanocomposite morphology,
ller dispersion and interphase bonding.

2.
2.1

Carboxylic and ether-ILs used in this study.

This journal is © The Royal Society of Chemistry 2015

Materials

2.1.1 Organic system components. Diglycidyl ether of
bisphenol A (DGEBA) based resin, Epilox A 19-03 was purchased
from Leuna–Harze GmbH. Poly(oxypropylene)diamines,
Jeﬀamine® D2000 (M ¼ 1970) and Jeﬀamine® D230 (M ¼ 230)
were purchased from Huntsman Inc. Borontriuoride monoethylamine (BF3$MEA) and phenylglycidylether (PGE) were obtained from Sigma Aldrich. All reactants were used as received.
2.1.2 Inorganic system components. Tetraethoxysilane
(TEOS) was purchased from Fluka and used as received.

2.2

IL synthesis

The carboxylic24 and ether-ILs25 were synthesized as described
in the literature: 1-carboxymethyl-3-methylimidazolium chloride (CH2CO2HMImCl), 1-carboxy propyl-3-methylimidazolium
chloride (C3H6CO2HMImCl) and 1-triethyleneglycol monomethyl ether-3-methylimidazolium methanesulfonate (C7O3MImMeS) (Fig. 1). The purities of the synthesized ILs were
checked by 1H- and 13C-NMR and were in accordance with
published data. To avoid water and solvent contamination, the
ILs were dried under vacuum at 80  C for at least 5 h and further
stored under an argon atmosphere.

2.3

Fig. 1

Experimental

Epoxy network formation

The epoxy networks were prepared by curing DGEBA with
diamines as cross-linking agents. The equivalent weight of the
epoxy groups in DGEBA was EE ¼ 187 g mol1, and the equivalent weights of the NH group in the diamines were; ENH ¼ 492
g mol1 NH groups for D2000 and ENH ¼ 60 g mol1 NH groups
for D230.
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2.4

Synthesis of the epoxy–silica nanocomposites

The nanocomposites were prepared from a stoichiometric
mixture of the organic components, DGEBA and diamine (the
ratio of functionalities CNH : Cepoxy ¼ 1 : 1) and the inorganic
phase components, TEOS and H2O. IL was used as the catalyst/
additive where indicated. The hybrids were synthesized at the
ratios of functionalities DGEBA : diamine : TEOS ¼ 1 : 1 : 4
(TEOS is a tetrafunctional reagent with respect to the sol–gel
process). This composition corresponds to 7.5 wt% of silica
(i.e. 3.0 vol%) according to TGA analysis of the composition
residues.
2.4.1 Synthesis of the epoxy–silica nanocomposites via
hydrolytic sol–gel process. A two-step synthetic procedure was
employed.6,8,9 In the rst step, TEOS was pre-hydrolyzed in the
presence of HCl, iPrOH and IL at room temperature for 1 h. In
the second step, the pre-hydrolyzed TEOS with IL was mixed
with the organic phase components, DGEBA and diamine. The
mixtures were mechanically stirred during the whole synthesis
process, up to the curing stage when they were transferred to
a Teon wafer mold and cured to form 2 mm thick samples. The
samples were cured for 20 h at 130  C, followed by a post-curing
and drying process under vacuum at 150  C for 2 h. The neat
matrix and nanocomposites formed without the addition of IL
were used as the references. The IL content present in the nal
systems was 0.2 wt%.
2.4.2 Synthesis of the epoxy–silica nanocomposites via
non-hydrolytic sol–gel process. The nanocomposites were
synthesized according to a sequential synthesis procedure.26
First, BF3$MEA was mixed with DGEBA for 30 min at 70  C
followed by TEOS addition to the epoxy–BF3$MEA mixture and
strong stirring for 30 min. Finally, IL was added and mixed for
another 30 min, followed by the addition of a stoichiometric
content of amine and 30 min stirring. The nal mixtures were
transferred to a Teon wafer mold and cured to form 2 mm
thick samples. The specimens were cured for 20 h at 130  C,
followed by a post-curing at 190  C for 5 h. The neat matrix and
nanocomposites formed without the addition of IL were used as
the references. The IL content present in the nal systems was
0.2 wt%.
2.5

Epoxy-IL model reaction

For evaluating the IL bonding in the epoxy matrix, a model
reaction of the carboxylic functionality of the IL with the epoxy
functionality of phenylglycidylether (PGE) in acetone (50% w/v
solutions) was analyzed by FTIR, considering the identical
reactivity of PGE and DGEBA. In this manner, the reduced
number of functionalities enabled more dened spectra,
without peak overlaps at the epoxy range. Aliquots were
collected to follow the reaction evolution aer 30 min, 1 h, 5 h,
24 h and 48 h.
2.6

Methods

2.6.1 Transmission electron microscopy (TEM). TEM was
carried out with two standard microscopes (Tecnai G2 Spirit
Twin 12, FEI; and JEM 200CX, JEOL). The nanocomposite
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specimens were ultramicrotomed (Leica Ultracut UCT ultramicrotome; Leica) in order to obtain 50 nm, ultrathin sections; the
sections were transferred to the TEM carbon-coated copper
grids and covered with a 5 nm carbon layer (Vacuum evaporation device JEE-4C; JEOL) in order to eliminate sample
damage under the electron beam. The specimens were observed
in the TEM microscope in bright eld at an accelerating voltage
of 120 keV.
2.6.2 Small-angle X-ray scattering (SAXS). The experiments
were performed using a pinhole camera (Molecular Metrology
SAXS System) attached to a microfocused X-ray beam generator
(Osmic MicroMax 002) operating at 45 kV and 0.66 mA (30 W).
The camera was equipped with a multiwire, gaslled area
detector with an active area diameter of 20 cm (Gabriel design).
Two experimental setups were used to cover the q range of
0.004–1.1 Å1, where q ¼ (4p/l)sin q (l is the wavelength and 2q
is the scattering angle). The scattering intensities were adjusted
to an absolute scale using a glassy carbon standard. The
nanocomposites were measured as thin lms.
2.6.3 Dynamic mechanical analysis (DMA). A rheometer
ARES (Rheometric Scientic) was used to follow the dynamic
mechanical behavior of the networks. The temperature dependence of the complex shear modulus of rectangular samples
was measured by oscillatory shear deformation at a frequency of
1 Hz and a heating rate of 2  C min1. Also tensile mode
experiments were carried out at 22  C at a crosshead speed of 1
mm min1, as a manner of checking the tensile tests reproducibility. At least ve specimens were tested for each sample.
The tensile stress and elongation were evaluated. In addition,
the energy to break obtained from the area under the stress–
strain curve was determined as a standard measure of the
specimen’s toughness.
2.6.4 Tensile tests. Tensile tests were carried out at 22  C
using an Instron 5800 apparatus at a crosshead speed of 1 mm
min1. At least ve dumb-bell shaped specimens from at least
two diﬀerent syntheses (10 specimens) were tested for each
sample. The Young’s modulus, E, the stress to break, sb, and
elongation to break, 3b, were evaluated. In addition, the energy
to break obtained from the area under the stress–strain curve
was determined as a standard measure of the elastomer
toughness.
2.6.5 Fourier transformed infra-red spectroscopy (FTIR).
FTIR spectra of the PGE-IL mixtures in acetone (50% solutions)
were obtained using a PerkinElmer Spectrum 100 equipped
with a universal ATR (attenuated total reectance) accessory
with a diamond crystal. In all cases, the resolution was 4 cm1
and the spectra were averaged over 16 scans. The reaction
between the PGE epoxy group and the IL carboxylic group was
evaluated by the consumption of the epoxy band at 914 cm1,
relative to the stretching C–O of the oxirane group. Acetone was
chosen as a solvent that does not present signals overlapping
the peak of interest.

3.

Results and discussion

The polycondensation of TEOS to form silica via both hydrolytic
and non-hydrolytic sol–gel processes was strongly aﬀected by

This journal is © The Royal Society of Chemistry 2015

View Article Online

Published on 13 October 2015. Downloaded by Institute of Macromolecular Chemistry on 02/11/2015 08:45:56.

Paper

the IL used. As the sol–gel process is highly sensitive to acids
and bases, we previously demonstrated that ILs can be used to
aﬀect the nal silica morphology due to their diﬀerent acidity
proles.8,17 We also observed that the reaction kinetics are
dependent on the IL anion, and in the presence of methanesulfonate (MeS) a slow gelation is promoted with a homogeneous transparent gel build-up. The IL C7O3MImMeS
generates acidic species in the presence of water,17,27 thus acting
as an acid catalyst.
For this reason, together with its multiple H-bond capacities,16,19 C7O3MImMeS was selected as a reference IL to form
a nanocomposite with ne morphology but presenting only
physical interactions at the ller–matrix interphase.9 The
carboxyl-ILs also present acidic character,24 but with an available functional group that can easily react with the substrates.
The similar character of the two types of IL allowed the evaluation of their action over silica formation excluding pronounced
catalytic diﬀerences during the rst hydrolysis–protolysis step.
The ILs presented in Fig. 1 were tested for their eﬀects on
rubbery and glassy epoxy systems by using diﬀerent diamines
(Jeﬀamines D2000 and D230), under both hydrolytic and nonhydrolytic sol–gel processes. As a manner of systematically
discussing the IL eﬀects over the diﬀerent systems, the results
are presented segregated into hydrolytic and non-hydrolytic sol–
gel approaches, as these classes presented the most dramatic
diﬀerences. The in situ produced silica led to the epoxy network
reinforcement, which varied with the resulting nanocomposite
morphology and could be tuned by the sol–gel reaction
conditions.
Several of these conditions have been extensively discussed
in the literature,1,6,28 thus we will direct our evaluations to the
best pre-established of those and limit our discussions to the IL
eﬀect.

3.1

Nanocomposites via hydrolytic sol–gel approach

Via the hydrolytic sol–gel approach, homogeneous nanocomposites were only obtained when Jeﬀamine D2000 was used
as a cross-linker. Contrarily, applying IL to the epoxy resin cured
with Jeﬀamine D230 led to the formation of highly heterogeneous lms with very brittle character. It is known1,8,9 that the
two-step acid–base polymerization promotes an extremely fast
epoxy–silica gelation in the second step, aer the acidic prehydrolysis of TEOS. Therefore, the extremely quick condensation was a consequence of the IL’s presence in the rst step
(acid catalysis), followed by the presence of D230 (basic catalyst)
in the second step, inducing the system to condense before its
homogenization. Thus, as D2000 is a weaker base, only the
rubbery DGEBA-D2000 based systems were homogeneous
enough to be characterized. Furthermore, the IL content set
(0.2 wt%) was detected as ideal to form all the hydrolytic
systems. When higher carboxylic-IL amounts were applied the
gelation was too quick to pour the suspensions onto the molds
and the formation of homogeneous lms was not possible. This
also conrmed the strong IL catalytic eﬀect on the sol–gel
process.
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3.1.1 Structure and morphology. The dynamic-mechanical
and tensile properties of these epoxy–silica elastomer nanocomposites are directly dependent on the system’s morphology
and interfacial interactions. Previously, we demonstrated that
diﬀerent applied ILs can have drastically diﬀerent eﬀects on the
structure and morphology of such type of materials.8
Carboxylic-ILs also follow this rule, as they have a strong
inuence on the size of silica aggregates formed during the
synthesis.
A nanocomposites’ SAXS investigation showed that
carboxylic-ILs exert a strong homogenizing eﬀect on the formed
silica domains. The comparison between acid-catalyzed IL-free
and IL-modied nanocomposites is displayed in Fig. 2. Both
carboxylic-ILs produce nanocomposites with open structures of
aggregates (fractal dimension D ¼ 1.7). This value coincides
exactly with the one for the two-step acid-catalyzed epoxy–silica
synthesis,29 or for the nanocomposite applying the ether-IL C7O3MImMeS.8 This implies a cluster–cluster diﬀusion-limited
aggregation mechanism, which is opposite to the monomer–
cluster aggregation characteristic for basic catalysis or application of IL C10MImBF4 (presenting D  3).8
Compared to the IL-free and C7O3MImMeS systems (Fig. 2a
and b), both nanocomposites with carboxylic-ILs presented
a plateau in the low q region, suggesting the formation of very
small silica structures with d  50–90 nm, where d ¼ 2p/q and q
corresponds to the beginning of the plateau (Fig. 2c and d).
For conrming the SAXS predictions, TEM images were
taken from the nanocomposites without and with carboxylic-ILs
(CH2CO2HMImCl and C3H6CO2HMImCl, Fig. 3). In complete
agreement with the SAXS results, the IL-free epoxy–silica system
presented non-uniform aggregates of dense particles with
a broad size distribution (Fig. 3a). Both systems with carboxylicILs presented very small (5–20 nm), more uniform and well
dispersed particles, which formed only small aggregates (<50
nm) loosely packed all over the matrix (Fig. 3b and c). The
nanocomposite with CH2CO2HMImCl displayed small

Fig. 2 SAXS proﬁles of the nanocomposites; (a) IL-free reference, and
with ILs (b) C7O3MImMeS, (c) CH2CO2HMImCl and (d)
C3H6CO2HMImCl.
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Fig. 4 Shear storage modulus (1) and loss factor tan d (2) as functions
of temperature of the; (a) reference neat epoxy network, epoxy–silica
nanocomposites (b) without IL, and with (c) C7O3MImMeS, (d) CH2CO2HMImCl and (e) C3H6CO2HMImCl.

Fig. 3 TEM images of nanocomposites; (a) reference IL-free, and with
ILs (b) C3H6CO2HMImCl and (c) CH2CO2HMImCl. In the insets are
shown magniﬁed negative images of the highlighted particles.

spherical particles (D  13 nm), presenting few loose aggregates, well distributed through the network (Fig. 3c). Interestingly, the nanocomposite with C3H6CO2HMImCl presented
even smaller particles (D  6 nm), which frequently were found
aggregated linearly in groups of a few particles (Fig. 3b).
3.1.2 Dynamic-mechanical and tensile properties. Fig. 4
displays the dynamic shear storage modulus G0 and the loss
factor tan d as functions of the temperature.

91334 | RSC Adv., 2015, 5, 91330–91339

The glass transition temperature (Ta) was determined from
the tan d curve maximum, while the G0 by the modulus at the
beginning of the rubbery plateau (50  C). The systems’ dynamicmechanical properties were compared with both the neat epoxyD2000 matrix (Fig. 4(1a)) and IL-free epoxy-D2000–silica nanocomposite (Fig. 4(1b)). The systems with C7O3MImMeS
(Fig. 4(1c)) and CH2CO2HMImCl (Fig. 4(1d)) showed good
moduli improvements, but the nanocomposite with C3H6CO2HMImCl (Fig. 4(1e)) presented the best performance, with
a modulus two orders of magnitude higher than the neat epoxy
matrix and one order of magnitude higher than the IL-free
system.
None of the nanocomposites showed a Ta decrease (Fig. 4(2),
Table 1), suggesting no plasticization or considerable crosslinking density decrease in the nal network. Despite presenting worse modulus reinforcement performance, only the
systems with CH2CO2HMImCl and without IL showed some
increase in Ta (Fig. 4(2b) and (c)).
Nevertheless, the system with C3H6CO2HMImCl kept the
same value as the neat epoxy network (Fig. 4(2d)). Most
importantly, phase separation, represented as bimodal peaks
on the loss factor curves, can be clearly observed, especially for
the C3H6CO2HMImCl system. This, most probably, is a consequence of the IL-matrix covalent bonding, which physically
attracts silica structures, resulting in the formation of strongly
immobilized interphase layers.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

Published on 13 October 2015. Downloaded by Institute of Macromolecular Chemistry on 02/11/2015 08:45:56.

Table 1

RSC Advances
Mechanical properties of the rubbery DGEBA-D2000 epoxy–silica nanocomposites obtained via the hydrolytic sol–gel approach

Entry

IL

Ta ( C)

E (MPa)

Tensile strength
(MPa)

Elongation at
break (%)

Toughness (MJ m3)

1a
2b
3c
4d
5e

—
—
C7O3MImMes
CH2CO2HMImCl
C3H6CO2HMImCl

36
28
28
30
37

4.3  0.2
21.9  1.8
44.4  0.8
37.5  4.7
71.5  4.4

0.8  0.1
4.3  0.4
8.0  0.5
7.6  2.2
8.5  1.8

22  2
24  2
20  1
50  18
58  9

0.10  0.02
0.6  0.1
0.9  0.1
3.1  1.6
4.5  0.9

a

Neat epoxy. b IL free epoxy–silica. c Epoxy–silica with C7O3MImMeS. d Epoxy–silica with CH2CO2HMImCl. e Epoxy–silica with C3H6CO2HMImCl.

The nanocomposites’ tensile properties conrmed the
morphological contributions in reinforcement, where all the
nanocomposites with ILs presented signicant improvements
(Fig. 5). All these hybrids showed similar tensile strength
improvement (one order of magnitude higher than the neat
matrix and 100% higher than the IL-free nanocomposite) (Table
1). This suggests a stronger contribution of the silica
morphology and dispersion for this property, while the interphase bonding has only a secondary role.30 Diﬀerently, the
tensile modulus and toughness suﬀered signicant eﬀects
depending on the IL applied.
Both C7O3MImMeS and CH2CO2HMImCl caused signicant
increases in tensile modulus (both one order of magnitude in
relation to the neat matrix and 100% in relation to the IL-free
nanocomposite). The IL CH2CO2HMImCl also induced
a pronounced increase in extensibility (100% in relation to both
the neat matrix and the IL-free nanocomposite), which resulted
also in high toughness (more than 5 times higher than the ILfree nanocomposite).
The best mechanical performances were achieved with C3H6CO2HMImCl, which induced an outstanding 200% higher
tensile modulus, and toughness almost one order of magnitude
higher than the IL-free nanocomposite. These high toughness
values are a result of the high tensile modulus together with the

Fig. 5 Stress–strain curves of (a) reference neat epoxy network,
hybrids (b) without IL, (c) with C7O3MImMeS, (d) with CH2CO2HMImCl
and (e) with C3H6CO2HMImCl.

This journal is © The Royal Society of Chemistry 2015

higher extensibility presented (almost 200% higher than the
neat matrix and IL-free nanocomposite) (Table 1 and Fig. 5).
In summary, both CH2CO2HMImCl and C3H6CO2HMImCl
produced very strong polymer–ller interphase bonding, most
probably caused by covalent-physical crosslinking rather than
only physical interactions. Also, as the total IL amount applied
was very small (0.2 wt%), the crosslinking reinforced the
nanocomposites without causing brittleness. Also, the length of
the chain between the imidazolium ring and the functional
group seemed to have a signicant inuence on the nanocomposite’s nal properties. The IL with longer propyl chain
reinforced, but still allowed some interphase exibility and
release of part of the stress, conferring higher toughness.

3.2

Nanocomposites via non-hydrolytic sol–gel approach

The solvent-free nonaqueous sol–gel process, promoted by the
BF3$MEA complex, was applied in order to improve the epoxy
nanocomposite homogeneity, avoiding problems with excessive
solvent and water removal. An important benet of this
approach consists in a slower reaction, enabling structure
control, avoiding phase separation and resulting in transparent
hybrids, even without the application of a co-solvent. In fact,
this system suﬀered a behavior inversion when compared to the
hydrolytic one. The most suitable systems were the glassy
DGEBA-D230 networks, exactly the ones unsuitable for the
hydrolytic sol–gel.
3.2.1 Structure and morphology. For evaluating the IL
eﬀect also in this type of system, TEM images were taken from
nanocomposites without and with the IL that produced the best
performance in the hydrolytic systems, C3H6CO2HMImCl
(Fig. 6). The TEM micrographs indicated that, as for the
hydrolytic process, the use of IL also considerably improved
silica dispersion in the non-hydrolytic sol–gel process. The ILfree epoxy–silica system presented non-uniform partially
condensed particles, forming large aggregates (500 nm,
Fig. 6a). The system with C3H6CO2HMImCl displayed much
smaller aggregates (10–100 nm), loosely packed all over the
matrix (Fig. 6b).
3.2.2 Dynamic-mechanical and tensile properties. As both
hydrolytic and non-hydrolytic systems followed the same
morphological trends, DMA was used for studying the main
parameters governing the hybrids’ thermomechanical properties. Only a weak enhancement of G0 and a decrease by
10  C in the Ta was observed when TEOS was applied to the
RSC Adv., 2015, 5, 91330–91339 | 91335
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Fig. 7 Shear storage modulus (1) and loss factor tan d (2) as functions
of the temperature of the; (a) reference neat epoxy network, hybrids
(b) without IL, and with IL (c) C7O3MImMeS, (d) CH2CO2HMImCl and
(e) C3H6CO2HMImCl.

Fig. 6 TEM images of (a) reference IL-free nanocomposite and (b)
nanocomposite with C3H6CO2HMImCl obtained by the non-hydrolytic sol–gel approach.

IL-free system, when compared to the neat DGEBA-D230
network. This indicates an incomplete condensation, resulting in plasticization of the system (Fig. 7, Table 2). Diﬀerently,
all systems with ILs presented a G0 increased by at least 150%,
followed by the Ta increase. The highest Ta was observed for
the CH2CO2HMImCl system (10  C higher than the neat
network, Fig. 7, Table 2). The tensile properties of the systems
with applied ILs also showed considerable reinforcement
(Fig. 8, Table 2).
When considering only the silica contribution, the IL-free
system showed a slight elastic modulus (E0 ) decrease, keeping
the tensile strength practically the same. As a probable reex of
the previously observed plasticization, the increase in elongation at break (50%) caused a consequent increase in toughness by about 30%.

91336 | RSC Adv., 2015, 5, 91330–91339

A much more signicant reinforcement was observed for the
C7O3MImMeS system, where both tensile strength (10%) and
elongation (120%) increased, consequently producing a significant increase in toughness (more than twice in comparison with
the neat DGEBA-D230 network). On the other hand, the IL
CH2CO2HMImCl produced a good tensile strength improvement
(25%) but the elongation was lower than for the IL-free system,
which nevertheless caused a toughness increase (50%). The
best properties balance was produced by C3H6CO2HMImCl,
causing both the tensile strength (45%) and the elongation to
increase considerably (100%), producing a much tougher
hybrid (130% higher than the neat network) (Fig. 8, Table 2).
Very dened yielding could be observed for the C7O3MImMeS and C3H6CO2HMImCl systems, possibly due to
interphase gradual breakage. This showed that both ILs
strongly reinforce the nanocomposite’s interphase, although
the C3H6CO2HMImCl application allows it under a much higher
stress.
The absence of yielding for the CH3CO2HMImCl system
clearly demonstrates the IL side chain’s importance for interphase reinforcement, where the short side chain restricts the IL
bonding function.
3.3

Diamine and IL catalytic eﬀect

As previously mentioned, the sequential acid (IL) and basic
(diamine) catalytic eﬀects govern the system’s homogeneity.

This journal is © The Royal Society of Chemistry 2015
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Table 2
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Mechanical properties of the glassy DGEBA-D230 epoxy–silica nanocomposites obtained via the non-hydrolytic sol–gel approach

Entry

IL

Ta ( C)

E (GPa)

Tensile strength
(MPa)

Elongation at
break (%)

Toughness (MJ m3)

1a
2b
3c
4d
5e

—
—
C7O3MImMeS
CH2CO2HMImCl
C3H6CO2HMImCl

90
82
94
101
93

2.1 
1.9 
2.1 
2.0 
2.4 

52  3
53  7
58  6
64  3
75  6

5.5  0.6
8.1  2.0
12.0  3.2
7.3  0.8
11.1  1.7

2.1  0.5
2.7  0.5
4.4  0.6
3.1  0.6
4.9  0.7

a

0.2
0.1
0.2
0.2
0.3

Neat epoxy. b IL free epoxy–silica. c Epoxy–silica with C7O3MImMeS. d Epoxy–silica with CH2CO2HMImCl. e Epoxy–silica with C3H6CO2HMImCl.

3.4

Stress–strain curves of (a) reference neat DGEBA-D230
network, hybrids (b) without IL, (c) with C7O3MImMeS, (d) with CH2CO2HMImCl and (e) with C3H6CO2HMImCl.
Fig. 8

The hydrolytic sol–gel approach in the presence of the
selected ILs (Fig. 1) produces a quick and eﬃcient TEOS
hydrolysis in the rst reaction step. This makes the system
highly sensitive to the added diamine’s basicity in the second
step, not allowing the procedure to be accomplished with
a strong base, like D230. The use of the non-hydrolytic sol–gel
approach allowed slowing down of the rst (protolysis) step
without signicantly aﬀecting its eﬃciency. In this manner,
systems that previously could only be obtained for rubbery
epoxy networks,8 could now also form glassy network-based
nanocomposites. Thus, the already tough DGEBA-D230
network could be further reinforced by well-tuned ller
morphology and interphase bonding. On the other hand, the
non-hydrolytic sol–gel approach, with IL addition, worked only
when a strong base was used in the second reaction step.
Thus, this system could not be used for obtaining a rubbery
system using a weak base, like D2000 (Scheme 1). Interestingly,
the non-hydrolytic sol–gel based DGEBA-D230 systems in the
presence of ILs also worked with more reactive sol–gel precursors, like tetramethoxysilane (TMOS), producing an even higher
silica condensation degree. As these systems are more sensitive
to the reaction conditions,31 demanding a more detailed study,
their synergistic action with ILs will be presented in a forthcoming paper.

This journal is © The Royal Society of Chemistry 2015

Nanocomposites interphase bonding

A strong interphase interaction seemed to be the reason for the
dramatic properties enhancements when carboxylic-ILs were
applied. Especially in the case of C3H6CO2HMImCl, the reinforcement seemed to surpass the eﬀect based on the ne silica
morphology, since C7O3MImMeS was also able to in situ
produce very small silica particles in epoxy systems.8,9 The IL
addition in both DGEBA-D230–TEOS and DGEBA-D2000–TEOS
systems led to a gradual enhancement in modulus when
compared to the neat matrices, which seemed to depend on
both the IL’s side-chain length and functional group.
For evaluating the carboxylic-ILs’ reactivity with DGEBA,
a model reaction using PGE was followed by a time dependent
FTIR experiment at room temperature. As PGE presents identical epoxy group reactivity to DGEBA, it could give an insight
into the ller–matrix interphase during the nanocomposite in
situ formation. The main evaluation criterion was the 915
cm1 peak consumption, corresponding to the oxirane group
C–O stretching.32 As a manner of excluding dilution and background eﬀects, the 750 cm1 peak integration, relative to the
PGE aromatic C–H bending,32 was used as a correction
reference.
The C3H6CO2HMImCl was reacted in a stoichiometric ratio
with PGE. At room temperature, the IL presented high reactivity
with PGE, since aer 5 h of reaction approximately 50% of epoxy
groups were already consumed. Aer 24 h of reaction, practically no epoxy groups were observed in the FTIR spectrum
(Fig. 9).
When the same procedure was carried out replacing C3H6CO2HMImCl with acetic acid, no peak consumption was
observed even aer 48 h. This indicates an imidazolium ring
catalytic eﬀect for opening the PGE epoxy groups. The carboxylic-ILs’ reactivity with the epoxy matrix justies the drastic
diﬀerences in mechanical properties among the systems, i.e.
when applying diﬀerent or no ILs to identical systems. This
could cause a diﬀerent interphase composition in each system,
based on a sequence of covalent and physical bonds (Scheme 2).
The IL-free nanocomposite presented dened brittleness,
which was due to the conned interphase with plenty of Hbonds with the silica Si–OH groups. The C7O3MImMeS
contributed in reinforcing the network by van der Waals interactions throughout the interphase, causing toughness
improvement. On the other hand, the carboxylic-ILs caused
drastic changes by covalently bonding to the network. This

RSC Adv., 2015, 5, 91330–91339 | 91337
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Summary of characteristics of the epoxy–silica formed via hydrolytic and non-hydrolytic sol–gel processes in the presence of ILs.

key for balancing the interphase properties. Thus, the incorporation of C3H6CO2HMImCl strongly aﬀected both exibility
and strength of the nal nanocomposite, enabling the formation of the stiﬀest and toughest materials.
The strong mechanical properties contribution with such
a small additive content makes these ILs very promising multitask coupling agents for epoxy based nanocomposites.

4. Conclusions

Fig. 9 Time dependent FTIR spectra of the reaction between PGE and
C3H6CO2HMImCl. Curves represent measurements at 30 min, 1 h, 5 h,
24 h and 48 h.

caused the modulus reinforcement together with exibility for
stress release, which strongly contributed to the toughness. The
balance between adhesion strength and exibility could be the

Scheme 2

Task-specic imidazolium ionic liquids (ILs) were used for
morphology and interphase bonding control in the in situ
epoxy–silica nanocomposites formation via the sol–gel process.
Applying the ILs to the hydrolytic sol–gel process caused a fast
TEOS hydrolysis process, allowing only rubbery epoxy–silica
nanocomposites formation (using Jeﬀamine D2000 as the crosslinker). Nevertheless, the use of non-hydrolytic sol–gel (catalyzed by BF3$MEA) allowed this drawback to be surpassed and
also formed glassy epoxy–silica nanocomposites (using Jeﬀamine D230 as cross-linker), without application of water or cosolvents. The epoxy–silica interphase bonding was found to be
crucial for both nanocomposite morphology and mechanical
properties enhancement. The organic–inorganic system
homogenization and improved silica nanodomains dispersion

Schematic representation of the interphase compositions depending on the IL applied, based on a sequence of covalent and physical

bonds.
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in the epoxy matrix were achieved for both the hydrolytic and
non-hydrolytic sol–gel approaches. In the rubbery matrix, the IL
application resulted in a signicant system stiﬀening and
toughening. In the glassy matrix, ILs led to the material’s
extensibility and toughness enhancement, without decreasing
modulus by aﬀecting the crosslinking density.
In both cases, the carboxylic-IL side chain length seemed to
play a crucial role, as the systems with C3H6CO2HMImCl presented the overall best results. The strong but ductile interphase, constituted by physical and chemical crosslinking,
seemed to be the reason for the high nanocomposite reinforcement. When compared to the identical IL-free rubbery
nanocomposite, the C3H6CO2HMImCl system led to an increase
of three times on Young’s modulus, twice on tensile strength
and 150% on extensibility, producing a 7 times higher
toughness. Most importantly, in the glassy nanocomposite,
C3H6CO2HMImCl led to 40% higher tensile strength and
extensibility, producing an 80% higher toughness without
modulus loss.
All the morphology control and mechanical properties
enhancements were performed using a small silica content
(7.5 wt%) and a very small catalytic IL amount (0.2 wt%).
These results outperform our own previous systems,8,9 even
when using 3 times smaller IL contents and without the addition of water or co-solvents, broadening the systems’ possibilities for casting and molding applications without formation of
residues.
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Tailored high performance shape memory epoxy–
silica nanocomposites. Structure design†
S. Ponyrko,a R. K. Donatoa,b and L. Matějka*a
High performance shape memory (SM) epoxy–silica nanocomposites have been synthesized. The structure of the corresponding SM polymer was designed on the basis of the determined relationships
between structure, mechanical properties and SM performance. The recovery stress, as a crucial SM property of high performance systems, is governed by the material toughness while the eﬃciency of the SM
performance is controlled by morphological homogeneity and viscoelastic behaviour of the polymer as
well as by experimental conditions of the SM procedure. The nanocomposites were prepared by in situ
generation of nanosilica in the epoxy matrix. A non-aqueous sol–gel procedure was applied and the ionic
liquid (IL) was used in the synthesis as a multifunctional agent controlling morphology and mechanical
properties. The eﬀect of nanosilica, IL, crosslinking density of the epoxy network, physical crosslinking as
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well as the application of the concept of bimodal networks on SM performance was evaluated and discussed. Based on the knowledge of the corresponding relationships and structural eﬀects the SM nano-
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composite was synthesized showing the high recovery stress σr = 3.9 MPa or high deformability εb =

www.rsc.org/polymers

103%. The study contributed to the better understanding of the SM behaviour of polymers.

1.

Introduction

Shape-memory polymers (SMPs) are an important class of
smart polymers capable of memorizing their shape. After a
mechanical deformation and fixing a temporary shape they
recover the original permanent shape upon external stimulation.1,2 The recovery can be triggered by heat, light, electric
or magnetic field, etc. The thermal-responsive SMPs are the
most studied systems and will be the focus of this paper. In the
past 10 years a remarkable advance in stimuli responsive SMPs
has been achieved providing the potential applications in
medical, aerospace, civil engineering, energy, and bionics areas.
The SMPs are composed of two phases – a permanent one
and a switching phase which is sensitive to an external stimulus. The permanent phase, maintaining the dimensional stability, is the chemical or physical network. The switching phase
enables a reversible transformation between hard and soft/
liquid states. The most typical are the glassy and crystalline
states serving to fix the temporary shape of a polymer. Thermally induced transformation of the switching phase, i.e. glass

a
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† Electronic supplementary information (ESI) available. See DOI: 10.1039/
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transition or melting, then leads to recovery of the original
shape.
The shape memory (SM) properties of polymers are usually
tested by the thermal SM cycle. It consists of (i) heating the
sample above transformation temperature (Ttrans), corresponding to Tg or Tm, up to deformation temperature Td, (ii)
deforming the sample into a temporary shape, (iii) cooling the
sample below Ttrans down to the setting temperature Ts while
maintaining the deformation load; the temporary shape is
quenched by vitrification or crystallization, (iv) the deformation load is released, (v) re-heating the sample above Ttrans
up to Td. This step leads to a recovery to the original shape
under nonconstrained conditions or to a stress recovery under
constrained conditions, i.e. the sample is fixed at constant
length. The SM behaviour of a SMP is characterized by the
quantities, such as shape fixity Rf, shape recovery Rr, rate of
recovery Vr and recovery stress σr. The first one indicates the
ability of a polymer to fix the temporary shape after cooling
and unloading, Rr and Vr describe the capacity of the material
to recover the original shape and σr is a stress generated at the
constrained recovery.3 Generally, the high shape fixity requires
a high modulus at the setting temperature, Gs, and scales with
the expression (1 − Gr/Gs), while the recovery is related mainly
to the rubbery modulus Gr. The recovery stress increases with
increasing Gr, and the nonconstrained recovery is faster at low
Gr. Also broadness of the thermal transition plays a role. The
sharp transition results in prompt fixing of the shape at
cooling and triggering shape recovery at heating.
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The typical SMPs are based on polyurethanes,4 polyolefins,5
acrylates,6 polystyrene-based polymers7 or epoxies.8 With
respect to another common shape memory material, shape
memory alloys (SMA),9,10 the SMPs are beneficial due to their
variability, easier processability and larger attainable strain.
The recoverable strain up to 700% has been reported in SMPs
based on physically crosslinked thermoplastics.4 However, the
physical networks are prone to creep and irreversible plastic
deformation resulting in a low shape fixity and recovery.11
Therefore, covalently crosslinked networks, thermosets, are
considered as more prospective shape memory candidates.
They show a better shape fixity and recovery as well as a higher
thermal and chemical stability. In general, however, the SMPs
exhibit a low mechanical strength and stiﬀness resulting in
poor SM properties such as a low recovery stress, being σr <
3 MPa and rate of recovery compared to SMA. This drawback
has largely restricted the applications of SMPs.
The epoxy based materials are known to display superior
mechanical properties. Moreover, a low curing shrinkage, versatile chemistry of curing and easy adjustable thermomechanical properties make the epoxy based glassy thermosets
prospective SM materials, displaying excellent shape fixity and
recovery, reaching 95–100%.12 Despite their beneficial properties, however, not too many teams deal with the epoxy
based SMPs due to a low deformability and high Tg of the
corresponding systems.13–19 Rousseau and Xie20 studied the
eﬀect of the epoxy network structure on shape memory properties in order to give guidelines for the use of epoxy systems
as high-performance SMPs. They investigated the networks of
diﬀerent crosslinking densities and flexibilities by using
diﬀerent amine crosslinkers or introducing the monoamine,
and applying both aromatic and aliphatic epoxies. In this way,
Tg and the rubbery modulus of networks were tuned in a wide
range. However, the SM behaviour was found to be independent of a network structure, composition, crosslink density
and viscoelasticity. All systems showed excellent SM performance with shape fixity and shape recovery approaching 100%.
Only very slight diﬀerences were determined unveiling that SM
properties decline at a low crosslinking density and a high
chain flexibility. The recovery stress, however, was not reported.
The drawback of the epoxy-based SMPs is the low deformability: elongation at break εb < 30%, which limits their potential application. Several ways of increasing their deformability
were reported. Gall et al. used the procedure of deformation at
T close to Tg instead in the rubbery state.21 This strategy
makes it possible to increase εb from 30% to ca. 60%.20
However, shape fixity was noticeably reduced. Williams et al.22
described an SMP epoxy system with pendant alkyl chains
undergoing self-assembly by tail-to-tail association thus
forming physical crosslinks. This partially physically crosslinked SMP showed deformability εb as high as 75%. Highly
deformable epoxy-based SMP has been recently investigated by
Xie et al.23 The composition of the networks based on the
diepoxide E44 and Jeﬀamine D230 was tuned by varying epoxy/
amine stoichiometric ratio, thus controlling the network crosslinking density. The networks of a low crosslinking density, at
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a high amine excess, were extended up to εb = 111 and 212%,
in the rubbery state and at T ∼ Tg, respectively. Despite the low
crosslink density, the systems showed the perfect shape fixity,
Rf > 99% and recovery ratio, Rr = 97–99.4%. The stress recovery
was not reported. However, the deformability increased at the
expense of stiﬀness and the modulus was reduced by 360%
implying likely a severe decline of σr.
In order to overcome the main drawbacks of SMPs, a low
stiﬀness, strength and a low recovery stress, attention has been
paid to the polymer reinforcement. The polymer fillers are
able to improve the mechanical performance and shape recovery stress of SMPs24–27 and consequently the polymer composites/nanocomposites are prospective materials for SM
systems.28–31 Diﬀerent types of reinforcing agents were used,
such as exfoliated nanoclay,32 microfibers,33 carbon nanotubes,34 and functionalized SiO2 particles35 enhancing mechanical and SM properties. Beloshenko et al.36 revealed the
importance of strength of a polymer–filler interphase. The
composites with the strong polymer–silica and weak polymerexpanded graphite interactions displayed recovery stress σr =
1.1 and 0.6 MPa, respectively. Gall et al.37 described the fabrication and characterization of the epoxy-based SMP composites filled with the nanoparticulate SiC. The modulus was
enhanced and the recovery force in the nanocomposites was
shown to increase by 50% with the addition of 20 wt% SiC. At
a high content of nanofiller, however, a permanent deformation
occurred deteriorating the SM properties. Just the permanent
deformation and a decrease in attainable strain limit the application of composites/nanocomposites as a SM material.
In this work we aim to prepare and study the high performance epoxy-based SMP showing a high recovery stress and a
high deformability, while keeping an excellent shape fixity and
recovery. The study is focused on the design of the structure of
the SMP and determination of relationships between the structure and SM properties of the investigated systems. The structural design makes it possible to control the thermomechanical, tensile mechanical and viscoelastic properties
and thereby to optimize the SM behavior. We have investigated
the reinforced systems, epoxy–silica nanocomposites, in order
to enhance mechanical properties. The nanocomposites are
more eﬃcient than the classical composites due to a large
interfacial area and a correspondingly stronger polymer–nanofiller interaction. The structural design takes into account (i)
the structure of the epoxy matrix including the crosslinking
density of the network, flexibility of polymer chains, physical
crosslinking, as well as a concept of bimodal networks, (ii) the
nanocomposite morphology involving the nanofiller content
and quality of dispersion in the matrix as well as an interphase
interaction. In addition to the material structure design the
optimization of a SM procedure was also performed in order
to fully exploit the potential of SMP materials.
The special approach has been applied for the synthesis of
the epoxy–silica nanocomposites in order to tune their structure and morphology to be most suitable for the SMP system.
The diﬀerent types of epoxy–amine networks based on diglycidyl ether of bisphenol A (DGEBA) were used as polymer
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matrices. The nanocomposites were prepared by in situ generation of nanosilica in the epoxy network, thus ensuring a
good dispersion of nanofiller in the matrix. The non-aqueous
sol–gel process was used to incorporate nanosilica. This procedure enables a better control of the nanocomposite morphology and a more eﬃcient enhancement of mechanical
properties compared to the classical aqueous sol–gel procedure.38,39 In addition, the absence of water makes the synthesis easier. Moreover, the ionic liquids (ILs) were applied
during synthesis making possible modification of the morphology and further homogenization by improvement of
polymer–nanosilica interaction, as well as reinforcement of the
nanocomposite.40,41
The novelty of this paper consists of the design and synthesis of high performance SMPs by application of epoxy–
silica nanocomposites with a well controlled structure and
thermomechanical properties using a non-aqueous sol–gel
process under catalytic action of the ILs. The general relationships between the nanocomposite structure and SM properties
were determined providing thus a better understanding of the
SM behaviour.

2. Experimental
2.1.

Materials

Diglycidyl ether of bisphenol A (DGEBA, n = 0.17) based resin
with an equivalent weight of the epoxy groups EE = 187 g
mol−1 epoxy groups was obtained from Aldrich.
Crosslinking
agents:
poly(oxypropylene)diamines
–
Jeﬀamine® D230 and D400 were received from BASF, ethylenediamine (EDA) and 4,4′-methylenebis(3-methylcyclohexylamine)
(Laromin) were obtained from Aldrich, the polyether monoamines Jeﬀamine® M600 and M1000 were purchased from
Huntsman, and amine-terminated butadiene–acrylonitrile copolymer (Hycar ATBN 1300X16) was obtained from Nanoresis.
Inorganic components: tetramethoxysilane (TMOS) was
purchased from Fluka. Borontrifluoride monoethylamine
(BF3MEA) was obtained from Aldrich.
The ionic liquids 1-decyl-3-methylimidazolium tetrafluoroborate (C10BF4), 1-butyl-3-methylimidazolium tetrafluoroborate
(C4BF4) and 1-butyl-3-methylimidazolium chloride (C4Cl) were
obtained from Prof. Schrekker (Universidade Federal do Rio
Grande do Sul, Porto Alegre-RS, Brazil).42
All chemicals were used without any further purification.
2.2.

Synthetic procedures

2.2.1 Networks. The epoxy networks were prepared by the
reaction of DGEBA with di- and monoamines at a total stoichiometric ratio of functional groups (Cepoxy : CNH = 1 : 1). The
content of monoamines in the networks is characterized by
molar fraction of amino groups x in the amine mixture belonging to monoamines; x = [NH2]mono/([NH2]mono + [NH2]di) (see
Scheme 1B).
2.2.2 Nanocomposites. A two step synthesis was applied.38
(i) 2 wt% of BF3MEA with respect to TMOS was mixed with an
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Scheme 1 Structure of the (A) networks DGEBA–D230 and DGEBA–
D400, (B) networks with pendant chains DGEBA–D230–M.

epoxy resin for 30 min at 70 °C. After that, an optional content
of TMOS was added to the DGEBA–BF3MEA mixture and
rapidly mixed for another 30 min. Then 0.2 wt% of ionic
liquid was added (if mentioned in a sample code) to the
mixture and mixed for further 30 min. (ii) Stoichiometric equivalent weight of diamine was added to the prereacted mixture
of TMOS in the epoxy resin and mixed for 30 min. In the case
of bimodal networks Laromin, ATBN together with EDA were
added to the epoxy resin and stirred for 20 min. The following
curing regime was applied: 90 °C for 2 h; 130 °C for 16 h and
postcuring under vacuum for 5 h at 190 °C or 210 °C in the
case of Laromin containing networks.
The content of silica in nanocomposites was indicated
according to the weight fraction of TMOS with respect to
DGEBA used for the nanocomposite synthesis. The amount of
TMOS indicated as T7, 14, 25 and 40 corresponds to the 2.6,
5.4, 9.6 and 15.2 wt% of nanosilica, respectively.
The studied systems were designated according to the
diamine of the network: D230, D400, ATBN (A), EDA (E),
Laromin (L), the presence of monoamine MY (molar fraction
x), the content of silica T(7–40) and the presence of IL (abbreviation). For example DGEBA–D230–M600(0.05)–T(14)–C4Cl or
the bimodal network DGEBA–A(0.3)–E(0.2)–L(0.5)–T(7)–C10BF4.
2.2.3 Dual SM nanocomposites. Two diﬀerent amines
D230 and D400 were used to prepare the dual SM nanocomposite according to the procedure discussed above. Both nanocomposite mixtures were placed on a Teflon wafer separated
by a thin silicone bar. During the reaction at a high enough
viscosity the silicone bar was removed and two halves of the
specimen were mingled at the interphase.

2.3.

Methods

The mechanical tests were performed by using an ARES G2
apparatus (TA Instruments).
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2.3.1 Dynamic mechanical thermal analysis. The temperature dependence of the complex shear modulus of rectangular
samples was measured by oscillatory shear deformation at a
constant frequency of 1 Hz and at a heating rate of 3 °C min−1.
The glass transition temperature Tg was evaluated as a
maximum of the loss factor tan δ. The rubbery modulus was
determined at temperature T = Tg + 30 °C.
2.3.2 Tensile test. Tensile test experiments were performed
at axial force with a constant linear speed of 0.06 mm min−1
(unless stated otherwise) at Td = 100 °C or at Td = 120 °C in the
case of bimodal networks. Five rectangular specimens with
dimensions 25 × 5 × 1 mm were tested for each sample. The
toughness was evaluated as an area under the stress–strain
curve.
2.3.3 Stress relaxation. Stress relaxation was measured by
the transient stress relaxation mode at a strain λ = 1.07 at Td =
100 °C.
2.4.

Shape-memory properties

SM behaviour was followed in the temperature region T =
25–100 °C, with the setting temperature TS = 25 °C, transition
temperature Ttrans = Tg and deformation temperature Td =
100 °C or Td = 120 °C in the case of bimodal networks. The following parameters were determined to evaluate the shapememory behaviour: shape fixity, recovery stress (at constrained
mode) or recovery rate and extent of recovery (at unconstrained
mode).
2.4.1 Shape fixity. Shape fixity was measured both in
stretching (linear) and in bending modes. The sample was
heated and deformed to the length ld or to the angle Θd = 90°
at the deformation temperature. Subsequently, the deformed
sample was quickly cooled to the setting temperature and kept
at TS = 25 °C for 6 months. The change of the length and the
angle in time was recorded.
Shape fixity was evaluated as Rf = 1 − [(ld – lf )/ld] × 100%,
where ld and lf are the lengths in the deformed state at deformation temperature and in the frozen state after 6 months,
respectively. The bending mode was applied as well because of
easy visualization of shape fixity.
2.4.2 Shape recovery. Shape recovery triggered by heating
up to Td was evaluated in the linear mode as Rr = [1 − (lr − l0)/
l0] × 100%, where l0 is the initial non-deformed length and lr is
the recovered length.
2.4.3 Rate of shape recovery. The rate of shape recovery
was evaluated in the bending mode by following the angle
change of the deformed specimen in time.
2.4.4 Constrained recovery – recovery stress (σr). The recovery stress σr was measured on an ARES G2 equipped with a
thermal chamber and a liquid nitrogen tank. The rectangular
sample 25 × 5 × 1 mm was heated up to deformation temperature Td and extended up to 60% of the previously determined
strain at break, λd = 0.6λb, at a rate of 0.06 mm min−1, unless
stated otherwise. In all experiments λd > 1.07, which corresponds to the thermoelastic inversion point of epoxy
systems.13,43 The sample was subsequently cooled at a rate of
10 °C min−1 (unless stated otherwise) down to the setting
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temperature TS while maintaining the load and kept for
10 minutes to completely freeze and store the stress within the
sample. Only then the sample was unloaded. For the constrained recovery the sample was fixed, the length was kept
constant and heated up to deformation temperature. The
recovery stress triggered by heating was recorded.

3. Results and discussion
The epoxy–silica nanocomposites have been designed as promising high performance SMPs applicable in the temperature
range between Troom and T = 100 °C.
3.1.

Synthesis of SM networks and nanocomposites

The nanocomposites based on epoxy–amine networks were
prepared and the following structural parameters or synthesis
conditions were varied in order to modify the nanocomposite
structure and morphology: (i) crosslinking density of the
epoxy network, (ii) presence of long pendant chains in the
network, (iii) content of nanosilica, (iv) presence of ILs at
the synthesis.
3.1.1 Epoxy networks. Three types of the networks were
synthesized. (i) The networks of diﬀerent crosslinking densities were prepared by crosslinking DGEBA with diamines of
diﬀerent lengths, including poly(oxypropylene)diamines, Jeﬀamines D230 (M = 230) and D400 (M = 430) (see Scheme 1A),
and amino-terminated butadiene–acrylonitrile copolymer,
ATBN (M = 3600). (ii) The networks containing long pendant
chains were prepared by partial substitution of diamines with
monoamines, polyetheramines, Jeﬀamine M600 (M ∼ 600) and
M1000 (M ∼ 1000) (Scheme 1B). (iii) The bimodal networks
with the bimodal distribution of crosslinking density were prepared by crosslinking DGEBA with two diamines of diﬀerent
lengths, ATBN (M = 3600) and 4,4′-methylenebis(3-methylcyclohexylamine) (Laromin) (M = 238) (Scheme 2). The network
involves long flexible sequences of ATBN (R3 sequence) and
rigid sequences of Laromin (R4) as well as compatibilizing
parts of EDA (R5).

Scheme 2

Structure of the bimodal network.
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Scheme 4 Representation of the corresponding nanocomposite interphase interactions: (a) covalent grafting epoxy–silica; (b) physical interactions in the presence of IL.

Scheme 3 Formation of epoxy–silica nanocomposites: (A) proteolysis
of TMOS, (B) silica formation, (C) build-up of the nanocomposite,
covalent bonding between the epoxy network and silica domain.

3.1.2 Epoxy–silica nanocomposites. The nanocomposites
were prepared by in situ generation of nanosilica within the
epoxy–amine matrix by the non-aqueous sol–gel process
(Scheme 3B). The non-hydrolytic polycondensation was
initiated by proteolysis of TMOS using BF3MEA
(Scheme 3A).38,39 During the nanocomposite formation the
interphase
epoxy–silica
covalent
grafting
occurs38
(Scheme 3C). The sequential synthesis was applied (see the
Experimental section).
The imidazolium based ILs were used in the synthesis of
the epoxy–silica nanocomposites serving as multifunctional
agents for the sol–gel process. The IL acts as a catalyst, surfactant and an eﬃcient agent controlling the silica structure as
well as the nanocomposite morphology by forming strong
physical interphase interactions, the silica–IL–epoxy matrix.41
The non-aqueous sol–gel procedure and application of ILs
make it possible to control the interphase interaction, both
covalent and physical (see Scheme 4) and fine tuning the structure and morphology of the nanocomposites as well as to
enhance their mechanical properties.38–41
The applied synthesis leads to the formation of well homogeneous epoxy–silica nanocomposites. The TEM micrographs
in Fig. 1 show a comparison of the morphology of the nanocomposites prepared by the classical aqueous sol–gel process,
by the non-aqueous procedure and that prepared in the presence of the IL. While the reference “aqueous nanocomposite”
exhibits non-uniform dense particles forming aggregates with
a broad size distribution, the non-aqueous sol–gel process
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Fig. 1 TEM micrographs of the nanocomposite DGEBA–D400–T(14)
prepared by (a) aqueous sol–gel process, (b) non-aqueous sol–gel
process, (c) non-aqueous procedure in the presence of the IL C4Cl.

results in a finer morphology of loosely packed aggregates and
the IL promotes the formation of morphology composed of
uniformly dispersed particles without larger aggregates.
3.2.

High performance SMP – design of structures

SMPs undergo a shape recovery triggered by heating above the
transition temperature (unconstrained recovery). In the case of
the fixed strain (constrained recovery) the material shows a
recovery of the stress. This recoverable stress depends on the
mechanical stress at the initial deformation in the rubbery
state, which is internally stored into the polymer upon the
cooling/fixing process. Under ideal conditions and no losses,
at a perfect shape fixity and no stress relaxation it holds
according to the theory of rubber elasticity.
σ r  σ d ¼ Gr ðλd  λd 2 Þ

ð1Þ

where σr is the recovery stress, Gr and σd are the modulus and
stress under deformation in the rubbery state, respectively,
λ(= l/l0) is the deformation ratio, l and l0 are the deformed and
initial length of the sample, respectively. The stress at recovery
thus depends on the rubbery modulus and deformation λ. Gall
et al. observed that the recovery stress directly scales with the
rubbery modulus and the network stress at the initial deformation.44 Hence, the design of the polymer with a high
rubbery modulus allowing a high deformation in the rubbery
state is a way to the synthesis of high performance SMPs.
Moreover, the investigation is focused on the systems
showing shape memory properties in the temperature region
T = Troom − 100 °C (or 120 °C), where Troom is the setting tem-
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perature Ts. Consequently, adjustment of Tg is necessary as
well.
3.2.1 Control of the thermomechanical properties
Crosslinking density and chain flexibility. The thermomechanical properties of a prospective SMP are tuned in such a way
to reach a high rubbery modulus while to keep Tg in the application window of a polymer.
The rubbery modulus of elasticity of polymer networks is
determined mainly by the crosslinking density ν:
Ge ¼ νRTA þ physical contribution

ð2Þ

Ge is the equilibrium shear modulus in the rubbery state, A
is the front factor (A = 1 for aﬃne networks, A = ( f − 2)/f for
phantom networks, f is the functionality of a crosslinker).
Physical contribution to a modulus involves physical crosslinking by trapped chain entanglements or by formation of
self-assembly domains acting as network junctions. The
crucial contribution, however, is given by the presence of
fillers in composites or nanocomposites. The hydrodynamic
eﬀect of fillers resulting in strain amplification, formation of a
rigid interphase layer due to a polymer–filler interphase interaction giving rise to an increasing eﬃcient fraction of a filler,
physical crosslinking through filler domains or filler networks
build-up at percolation of the filler structure are the reasons of
a polymer reinforcement by a filler.
The increase in the crosslinking density of a network to
enhance the modulus gives rise to an increase in Tg as well.
Therefore, there are certain limits of crosslinking density in
order to keep Tg in the application window of a SMP. In
addition to the crosslinking density the chain stiﬀness or flexibility also aﬀects the modulus by modifying the front factor A
in eqn (2).45 Stiﬀ chains in a network lead to a higher modulus
and higher Tg with respect to the network containing flexible
chains.20 Due to the simultaneous eﬀect of a network structure
on both the modulus and Tg a careful tuning of the polymer
structure is necessary in order to optimize the thermomechanical properties for a SMP application.
We have studied the epoxy–amine networks of various
crosslinking densities and flexibilities of network chains. They
were prepared by using four amine crosslinkers: Jeﬀamines
D230 and D400, Laromin and ATBN. Generally, it holds for the
crosslinking density ν ∼ 1/MC, where MC is the molecular
weight of the elastically active chain between crosslinks, that
can be controlled, e.g., by a structure of a crosslinker. The
molecular weights of the applied amines are as follows:
M(D230) = 230, M(D400) = 430, M(Laromin) = 238, M(ATBN) =
3600. Fig. 2 shows the eﬀect of the length of the amines on the
modulus in the rubbery state G′ and Tg of the epoxy networks.
The modulus increases in the series DGEBA–ATBN < DGEBA–
D400 < DGEBA–D230 in accordance with increasing crosslinking density. The higher modulus of the DGEBA–Laromin
network compared to DGEBA–D230, possessing approximately
the same crosslinking density, is a result of a higher rigidity of
the cycloaliphatic amine with respect to polyether network
chains. The modulus of these networks enhances from
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Fig. 2 Storage modulus (a) and loss factor tan δ (b) of epoxy networks
as a function of temperature: 1 DGEBA–Laromin, 2 DGEBA–D230, 3
DGEBA–D400, 4 DGEBA–ATBN.

1.5 MPa up to 20 MPa. However, only the networks DGEBA–
D400 and DGEBA–D230 display Tg in the suitable application
window, at Tg = 50 °C and Tg = 91 °C, respectively.
Physical crosslinking. Introducing the physical crosslinks in
a covalent network is another approach to increase the
modulus. We have studied the epoxy networks DGEBA–D230
containing long pendant polyoxypropylene chains (see
Scheme 1B). The incorporation of monoamines M600 and
M1000 into the network results in lowering of the total amine
functionality and in a decrease in the chemical crosslinking
density. The rubbery modulus, however, on the contrary
increases at a small amount of the monoamines as shown in
Fig. 3. This is a result of physical crosslinking due to selfassembling or formation of entanglements between dangling
chains. At a small fraction of the monoamines, x = 0.05, this
eﬀect dominates and the rubbery modulus enhances with
respect to the unmodified DGEBA–D230 network. In contrast,
the flexible pendant chains give rise to a decrease in Tg of the
network. Consequently, the thermomechanical properties of
these networks can be tuned by controlling chemical and
physical crosslinking in such a way that the modulus increases
and the Tg simultaneously diminishes. This approach is beneficial for our SMP by enhancing the rubbery modulus while
keeping Tg in the application window. In the case of the
network DGEBA–D230–M1000 (x = 0.05) the modulus grows
from 10 MPa of the unmodified network to 14 MPa and the Tg
decreases from 91 °C to 73 °C.
Nanofiller eﬀect. The most pronounced reinforcement of the
epoxy networks was achieved by incorporation of silica nanofillers. The thermomechanical behaviour of the nanocomposites DGEBA–D400–nanosilica is illustrated in Fig. 4. The
rubbery modulus is significantly enhanced in the nanocompo-
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Fig. 3 Storage modulus (a) and loss factor tan δ (b) of the DGEBA–
D230 with pendant chains as a function of temperature: 1 DGEBA–
D230, 2 DGEBA–D230–M600 (x = 0.05), 3 DGEBA–D230–M1000 (x =
0.05).

sites by 100–250% with respect to the neat DGEBA–D400. The
hybrid network containing 9.6 wt% silica (T25) and 15.2 wt%
silica (T40) displays the modulus Gr = 20 MPa and 30 MPa,
respectively. At the same time the Tg of the nanocomposites is
raised due to immobilization of the network chains by interaction with silica domains and formation of a rigid interphase
layer (see Scheme 4a). In the case of the nanocomposite
DGEBA–D400–T(25) the glass transition temperature is
increased by 15 °C. This Tg rise limits the application of silica
reinforcement to the DGEBA–D400 matrix only because the
DGEBA–D230 based nanocomposite does not fit in the application temperature window due to a very high Tg. The high
content of silica is moreover manifested by broadening of glass
transition. This is a result of a system inhomogeneity. The nanocomposite shows a wide distribution of chains’ dynamics in the
vicinity of the silica domain ranging from severely immobilized
chain sequences to less restricted chains sterically far from the
nanofiller. In addition, incompletely reacted siloxane/silica
domains contribute to the broadness of the transition.39 The
wide transition limits the application of nanocomposites as a
SMP. It gives rise to a slower recovery at heating and in the low
temperature region the broad transition decreases the
modulus at the setting temperature GS which is responsible
for the shape fixity. Gs is lowered by 20–30%, however, it is still
high enough to provide the excellent shape fixity. Optimization
of the silica content is thus necessary in order to avoid a very
high Tg and an excessive widening of the glass transition.
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Fig. 4 Storage modulus (a) and loss factor tan δ (b) of the DGEBA–
D400 based hybrids as a function of temperature: 1 DGEBA–D400, 2
DGEBA–D400–T(14), 3 DGEBA–D400–T(25), 4 DGEBA–D400–T(40), 5
DGEBA–D400–T(14)–C4Cl, 6 DGEBA–D400–T(25)–C4Cl, 7 DGEBA–
D400–T(40)–C4Cl.

Ionic liquids’ eﬀect. The IL increases both the rubbery
modulus and Tg of the nanocomposite. Fig. 4 shows that this
eﬀect is more pronounced at a higher silica content (cf. curves
2 and 5 for T14, curves 3 and 6 for T25, curves 4 and 7 for
T40). The modulus reaches 48 MPa in the case of DGEBA–
D400–T40–IL. Crucial, however, is the eﬀect of the IL on the
morphology and homogenization of the nanocomposite as
revealed in Fig. 1. The enhanced homogeneity due to an interphase interaction (see Scheme 4b) is reflected in thermomechanical properties. Fig. 4 displays a narrowing of glass
transition of the nanocomposite promoted by the IL (cf. curves
5 and 2). The sharp transition results in a faster quenching
and in a better shape fixity. This is, however, true only at a low
and medium silica amount. The optimum nanocomposite
thermomechanical properties were accomplished by using
5–10 wt% silica (the hybrids T(14)–(25)). At a higher TMOS
content (T40), the Tg is too high and homogenization does not
work; and glass transition is too broad (curve 7). Three types of
ILs were used in the synthesis of nanocomposites; C4Cl, C4BF4
and C10BF4. However, no diﬀerence in their eﬀect on morphology and thermomechanical properties was observed.
The most suitable thermomechanical properties of the SMP
were achieved by combination of the above discussed eﬀects of
the physical crosslinking by pendant chains and the reinforcement with nanosilica generated under IL assisted catalysis (see
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Fig. 6 Stress–strain behaviour of the SM network and nanocomposites
at Td: 1 DGEBA–D400, 2 DGEBA–D400–T(14), 3 DGEBA–D400–T(14)–
C4Cl, 4 DGEBA–D400–T(25)–C4Cl.

Fig. 5 Storage modulus (a) and loss factor tan δ (b) of the DGEBA–
D230–T(7) with pendant chains: 1 DGEBA–D230, 2 DGEBA–D230–
M600(0.05)–T(7), 3 DGEBA–D230–M1000(0.05)–T(7).

Fig. 5). Because of the Tg lowering by plasticizing pendant
chains also the higher-Tg network DGEBA–D230 could be used
as a matrix for the epoxy–silica nanocomposite. The Tg of
the corresponding DGEBA–D230–monoamine–nanosilica–IL
system is kept in the application window. This complex nanocomposite profits as SMP from the following thermomechanical properties; (i) high modulus due to silica reinforcement
and physical crosslinking, (ii) Tg in the application window
due to a plasticizing eﬀect of flexible pendant chains, (iii)
narrow glass transition because of nanocomposite homogenization by the action of ILs.
The thermomechanical properties of the studied SM polymers are characterized in Table S1 (in the ESI†.)
3.2.2 Tensile stress–strain behaviour. The suitable thermomechanical properties of a material, including Tg, broadness
of the transition, rubbery and setting moduli Gr, Gs, are prerequisite for an optimum shape memory behaviour. In
addition, however, the structure design must take into account
the material behaviour at deformation which is closely related
to the shape memory process.
We have investigated the tensile stress–strain properties of
the examined systems at Td = 100 °C or 120 °C in the rubbery
state. The results of the DGEBA–D400 based network and
nanocomposites are displayed in Fig. 6. The polyether
Jeﬀamine based epoxy networks DGEBA–D400 and DGEBA–
D230 are considered to belong to the toughest epoxy thermosets. The DGEBA–D400 network (curve 1) shows an elongation
at break εb = 20% in the rubbery state and tensile strength σb =
2.3 MPa. Fig. 6 reveals that the epoxy network modification
leads to a dramatic improvement of tensile properties. Incorporation of nanosilica into the network (curve 2) brings about
a significant enhancement of modulus and strength, while

Polym. Chem.

only a slight reduction of deformability (εb). Another improvement is achieved by application of the IL in the synthesis of
nanocomposites (curves 3 and 4). The beneficial eﬀect of the
IL is manifested by a pronounced increase in toughness of the
nanocomposites; both extensibility and tensile strength are
enhanced. This is a result of modification of the epoxy–silica
interphase by the IL (see Scheme 4b). The strong physical
dynamic interphase interaction undergoes a breaking-formation process under stress which is responsible for the
enhanced toughness. The material toughness corresponds to
the mechanical energy absorbed by a material before break
and generally it is characterized by the area under the stress–
strain curve. The polymer toughness was found to be the decisive material property governing the shape memory behaviour
as discussed below. A similar, but less pronounced trend in
tensile behaviour was also observed at room temperature as
shown in Table S2 (in the ESI†).
Highly deformable SM epoxy polymers – bimodal networks.
The extensibility, i.e. strain at break λb, of a polymer network
based material is related to the crosslinking density and generally it is expressed as λb ∼ Mc1/2. The polymer deformability
thus could be increased at the expense of the modulus only, as
G ∼ 1/Mc.
The high-molecular weight amine crosslinker ATBN (M =
3600) allows to prepare the highly extensible epoxy network.
Fig. 7 illustrates the corresponding stress–strain curve at Td =
120 °C revealing the high elongation at break εb = 280%
(curve 2). The DGEBA–ATBN elastomer is rubbery at room
temperature and hence the combination with the high-Tg, but
a less ductile, DGEBA–Laromin network (Fig. 7 curve 1 and
Fig. 8 curve 1) was applied in order to increase Tg of the corresponding bimodal network. The bimodal network (see
Scheme 2) of the molar composition, DGEBA–ATBN (n = 0.3) −
Laromin (n = 0.7), exhibits still a high extensibility; εb = 100%
(Fig. 7, curve 3) and Tg occurs in the application window, Tg =
85 °C (see Fig. 8, curve 2).
This system is phase separated, containing the mixed phase
of partially miscible epoxy and rubbery components with a
broad glass transition (Tg = 85 °C), and a dispersed rubbery

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Stress–strain behaviour of the SM nanocomposites at Td: 1
DGEBA–Laromin, 2 DGEBA–ATBN, 3 DGEBA–A(0.3)–L(0.7), 4 DGEBA–
A(0.3)–E(0.2)–L(0.5), 5 DGEBA–A(0.3)–E(0. 2)–L(0.5)–T(14).
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in Fig. 8 (curve 3). The fraction of the dispersed rubbery phase
was diminished, however, not eliminated. This modification
leads to a slight reduction of Tg and narrowing of glass transition as well as to increase both Gr and Gs. However, Gs is still
low (= 240 MPa) and the tensile properties are not significantly
changed, εb = 103% (Fig. 7, curve 4). The substantial improvement of mechanical properties was achieved by using a nanofiller. The nanocomposite containing 5 wt% silica (T14)
(Fig. 7, curve 5) displays enhancement of strength by 200%
and Gr by more than an order of the magnitude up to 76 MPa.
The extensibility is relatively high, εb = 47% and Gs increases.
Even this nanocomposite involves a small fraction of the dispersed rubbery phase.
The bimodal network based nanocomposite is a very tough
material. The following series displays the studied systems
with increasing toughness as evaluated from the area under
the stress–strain curve: DGEBA–D230 < DGEBA–D230–M–T <
DGEBA–D400 < DGEBA–D400–T < DGEBA–D400–T–IL <
DGEBA–A(0.3)–L(0.7) < DGEBA–A(0.3)–E(0.2)–L(0.5) < DGEBA–
A(0.3)–E(0.2)–L(0.5)–T. The results thus unveil that toughness
enhances by (i) increasing molecular weight of the amine crosslinker, (ii) incorporation of silica nanofiller, (iii) application of IL
in the synthesis of nanocomposites, (iv) formation of bimodal
networks. Based on this finding one can design the structure of
a system in order to tune the toughness of a material.
3.2.3 Shape memory properties. The following SM characteristics were evaluated: shape fixity, shape recovery, rate of
recovery and recovery stress.
Recovery stress. A comparison of thermomechanical, tensile
and shape memory results demonstrates that the generally
accepted prediction σr ∼ Gr is not well satisfied. For instance,
the nanocomposites DGEBA–D400–T(14) and DGEBA–D400–
T(14)–C4Cl show the same rubbery modulus Gr, however the
nanocomposite prepared in the presence of IL exhibits 4 times
higher recovery stress. The results reveal that a recovery stress
of a SMP is determined mainly by the material toughness.
Fig. 9 illustrates the experimentally determined σr of the
studied systems as a function of their toughness. The toughest
nanocomposites based on bimodal networks and those pre-

Fig. 8 Storage modulus (a) and loss factor tan δ (b) of the bimodal
systems: 1 DGEBA–Laromin, 2 DGEBA–A(0.3)–L(0.7), 3 DGEBA–E(0.2)–
A(0.3)–L(0.5), 4 DGEBA–A(0.3)–E(0.2)–L(0.5)–T(14).

phase (Tg = −45 °C, not shown in Fig. 8). The low temperature
shoulder in addition to the maximum in the tan δ curve in
Fig. 8b, however, reveals a partial phase separation and incompatibility of the two networks even within the “miscible
phase”. Because of a high fraction of the separated ATBN
phase the modulus at room temperature is relatively low, Gs =
160 MPa, which results in a low shape fixity of the SMP.
Improvement of compatibility was achieved by addition of a
small amount of crosslinker ethylenediamine (EDA). The
corresponding network DGEBA–A(0.3)–E(0.2)–L(0.5) shows a
better compatibility as it is obvious from one loss factor peak

This journal is © The Royal Society of Chemistry 2015

Fig. 9 The recovery stress in SMPs as a function of their toughness for:
1 – DGEBA–D400 and 2 – DGEBA–D230 based systems, 3 – DGEBA–
ATBN–Laromin based bimodal systems.
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pared by using IL exhibit the highest recovery stress. Particularly, the highest value was achieved in the bimodal nanocomposite network DGEBA–A(0.3)–E(0.2)–L(0.5)–T(14) showing σr =
3.7 MPa. Moreover, in contrast to an irregular scatter of experimental data in the case of the dependence σr vs. Gr, the plot σr
vs. toughness in Fig. 9 displays an unambiguous universal
trend involving all investigated systems. The structural eﬀect
on recovery stress exhibits a similar trend as for toughness.
The recovery stress increases in the systems filled with silica
and particularly in the nanocomposites prepared by using ILs.
A slight enhancement was observed after incorporation of a
small amount of pendant chains. Mainly, however, the recovery stress is enhanced in the nanocomposites based on
bimodal networks. These structural eﬀects in SM polymers on
recovery stress are shown in Table S1 (in the ESI†). One has to
take into account, however, that the comparison of the eﬀect
in diﬀerent systems could be slightly distorted by the fact that
the measurement was performed at the constant temperature
Td for all systems, excluding bimodal networks, disregarding
Tg and the temperature diﬀerence ΔT (= Td − Tg) in the particular system.
The limit of an achievable recovery stress is given by the
stress at λd (= 0.6λb, see the Experimental section) at deformation temperature (Td). This is an ideal potential, however
the real recovery stress is determined by the energy loss during
the shape memory cycle. The eﬃciency to store the elastic
energy and memorize the initial state during the cooling/
heating processes is characterized approximately by the ratio
σr/σd (∼σr/σb). According to this criterion, the shape memory
eﬃciency is reduced in the nanosilica filled system, however it
is improved by application of the IL in the synthesis of
nanocomposites.
The other SM properties correspond to typical epoxy
systems exhibiting the excellent shape fixity and recovery as
displayed in Table 1.
Shape fixity. All systems exhibit 100% shape fixity after
6 months with the exception of the bimodal networks containing ATBN. Rf depends on the modulus at the setting temperature Gs. A decrease in shape fixity occurs in polymers showing
Gs < 500 MPa, which is the case of the bimodal networks (see
Table S1†). The reduced fixity, Rf = 86%, was determined in
the DGEBA–A(0.3)–E(0.2)–L(0.5) bimodal network displaying a
low modulus, Gs = 240 MPa, as well as in the corresponding

Table 1

nanocomposite involving 5 wt% of nanosilica (T14), Rf = 95%,
Gs = 450 MPa.
Shape recovery. The SMPs show almost complete shape
(linear) recovery under nonconstrained conditions. A small
reduction of shape recovery due to an irreversible deformation
was observed in the systems with strong physical interactions
and inhomogeneities. This is the case of the nanocomposites
with a high nanosilica amount mainly in the bimodal networks and the networks with long pendant chains undergoing
a disentanglement. The IL homogenizes the nanocomposite
and prevents thereby this shape recovery reduction which
results in perfect recovery, 99.7%.
Rate of recovery. The shape recovery is completed in 15–30 s.
The slight slowing down within this range was observed in the
silica containing nanocomposites in agreement with the
general knowledge about a lower recovery speed in less homogeneous systems.
3.2.4 Viscoelasticity eﬀect. The loss of the stored energy
during the SM cycle consists of an irreversible plastic deformation as well as in viscoelastic properties and time dependent behaviour of polymers. It is reflected by a reduced shape
fixity, incomplete shape recovery and a lower recovery stress,
σr < σd. Therefore, the viscoelasticity eﬀect and stress relaxation
are to be taken into account in order to better understand the
SM eﬃciency of polymers. The stress at deformation of a viscoelastic polymer includes the elastic, equilibrium part and the
viscoelastic one,
σðtÞ ¼ σ e þ σ 0 expðt=τÞm

ð3Þ

where σ0 and σe are the initial (at t = 0) and equilibrium stress
at deformation, respectively, τ is the relaxation time.
The stress relaxation in the studied systems at the deformation temperature Td is displayed in Fig. 10. The almost
“ideal elastic” network DGEBA–D230 shows a very small viscoelastic eﬀect. Due to a high chemical crosslinking density the
stress relaxes quickly and levels oﬀ at the equilibrium value σe
in 15 s (curve 1). The behaviour of a structurally heterogeneous
bimodal network of a lower crosslinking density involves more

Shape ﬁxity Rf and recovery Rr of epoxy SMPs

SMP system

Rf, %

Rr, %

DGEBA–D400
DGEBA–D400–T(14)
DGEBA–D400–T(40)
DGEBA–D400–T(14)–C4BF4
DGEBA–D230–M600(0.1)
DGEBA–D230–M1000(0.1)
DGEBA–A(0.3)–E(0.2)–L(0.5)
DGEBA–A(0.3)–E(0.2)–L(0.5)–T(14)

100
100
100
100
100
100
86
95

99.95
99.5
98.2
99.7
98.9
98.7
99.9
97.9
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Fig. 10 Stress relaxation at Td: 1 DGEBA–D230, 2 DGEBA–D230–T(14),
3 DGEBA–A(0.3)–E(0.2)–L(0.5), 4 DGEBA–A(0.3)–E(0.2)–L(0.5)–T(14).
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viscoelasticity, however relaxation is fast (curve 3). Mainly the
nanocomposites containing silica nanofillers exhibit a significant viscoelastic eﬀect (curve 2 and 4) because of strong physical interactions and phase inhomogeneity. It is manifested by
a pronounced and a relatively slow stress relaxation reaching
the equilibrium value in t > 10 min. This is in agreement with
literature data reporting an increased relaxation time with the
incorporation of nanoparticles.46
The viscoelastic behaviour and relaxation of the studied
systems are characterized in Table 2, where the viscoelasticity
eﬀect is expressed, for the sake of simplicity, as ΔσVE = (σ0 −
σe)/σ0. The following structural trends were determined to
aﬀect the polymer viscoelasticity: (i) increasing crosslinking
density of a network leads to a higher elasticity and a faster
relaxation, (ii) incorporation of dangling chains enhances viscoelasticity contribution and slows down the relaxation due to
physical interactions: slow disentanglement, (iii) presence of a
nanofiller results in a strong viscoelasticity eﬀect and a slow
relaxation, (iv) application of ILs reduces the viscoelasticity
and accelerates relaxation because of the improvement of
nanocomposite homogeneity (Table 2).
The strong viscoelastic behaviour could be a reason for the
reduced SM eﬃciency of the nanocomposites. The results
reveal that the IL reduces the viscoelastic eﬀect and at the
same time improves the SM eﬃciency corroborating thereby
the above hypothesis. These findings unveil the correlation
between morphological homogeneity, viscoelastic behaviour
and shape memory eﬃciency. Minimizing the stress relaxation
thus could be another way to improve SM eﬃciency and to
reduce the loss of the stored energy.
Consequently, the eﬀects of the nanocomposite structure
and synthesis parameters are as follows: (i) silica nanofiller
increases Gr, strength and toughness, however SM eﬃciency is
reduced due to a broadening of glass transition and a strong
viscoelasticity eﬀect, (ii) the IL used for the synthesis improves
homogeneity of a nanocomposite morphology, thereby reducing broadness of the glass transition and the viscoelasticity
eﬀect; in addition it enhances toughness due to the strong
interphase interaction and improves SM performance,
(iii) bimodal networks display a high toughness and deformability, being thus promising systems for high performance

Table 2

SMPs, (iv) physical crosslinking by long pendant chains
increases Gr without an enhancement of Tg.

3.3.

Optimization of the experimental SM procedure

In addition to material structural characteristics the experimental conditions of the SM procedure can also aﬀect the SM
performance. The technical conditions include the rate and
extent of deformation, temperature at deformation, rate of
cooling/heating processes, geometry (size) of a sample, etc. We
have studied the eﬀect of the rate of deformation and the rate
of cooling. The relative rates of the time dependent processes,
such as the experimental procedure and polymer relaxation,
are crucial. Both slowing down the polymer relaxation and
acceleration of experimental procedures prevent or minimize
stress relaxation during these steps and enable the quenching
of the relaxation process before reaching the equilibrium state.
The eﬀect of the deformation and cooling rates on the
recovery stress of the nanocomposite DGEBA–D400–T(14)–
C4BF4 is shown in Table 3. The stress relaxation of this nanocomposite in the rubbery state is relatively slow. About 50% of
the nonequilibrium stress is relaxed in 25 s at 100 °C, however
the equilibrium is reached only in ∼9 min. As a result, an
eﬀect of the experimental procedure could be expected when
freezing the sample within 9 min, while the procedure will significantly aﬀect the SM behaviour in the case of quenching in
less than ∼25 s. The table illustrates an enhancement of the
recovery stress at increasing rates of both deformation and
cooling. The eﬀect of the rate of deformation was studied at
the highest cooling rate in order to eliminate the influence of
relaxation at a slow cooling. Similarly, the eﬀect of the rate of
cooling was followed at the highest deformation rate.
The deformation process takes either 1.5 s or up to 5 min
according to the rate of deformation in the range
0.06–10 mm s−1. At the highest rate the polymer has less time
to relax. Thereby, the higher nonequilibrium stress is
quenched by cooling, thus leading to the higher stress at recovery. The sample deformation at 100 °C is immediately followed
by cooling with a delay of 1–2 s. According to the rate of
cooling it takes about 1–8 min for the instrument to cool down

Table 3 Eﬀect of the rate of deformation and the rate of cooling on
recovery stress σr of the nanocomposite DGEBA–D400–T(14)–C4BF4

Relaxation of SMPs at Td = 100 °C

System

ΔσVE

trelax, min

DGEBA–D230
DGEBA–D230–M600(0.1)
DGEBA–D230–T(14)
DGEBA–D400
DGEBA–D400–T(14)
DGEBA–D400–T(14)–C10BF4
DGEBA–A(0.3)–E(0.2)–L(0.5)
DGEBA–A(0.3)–E(0.2)–L(0.5)–T(14)

0.02
0.12
0.30
0.18
0.23
0.15
0.59
0.75

0.25
2
>15
7
>10
9
5
>10

ΔσVE – viscoelasticity eﬀect, trelax – time of relaxation up to equilibrium
of stress.
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Rate of deformation,
mm s−1

Rate of cooling,
°C min−1

σr,
MPa

0.06

10

2.58

0.06
1

50
50

2.64
2.70

10
10

50
10

2.92
2.77

10
10

30
50

2.78
2.92

Reference
conditions
Eﬀect of
deformation rate
Eﬀect of
cooling rate
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the oven from 100 °C to the glassy state of the sample and
freeze it (in this case Tg = 62 °C). The quick cooling leads to
earlier quenching and increase in σr. By applying the highest
rates, the recovery stress is enhanced by 15% with respect to
the reference conditions used in all experiments. Under the
optimized conditions the recovery stress σr = 3.9 MPa was
determined in the case of the bimodal network based nanocomposite DGEBA–A(0.3)–E(0.2)–L(0.5)––T(14). The eﬀect of
the cooling rate is dependent on heat transfer, thermal conductivity of a material and geometry of a sample.
3.4.

Dual SM material

The acquired knowledge was used to prepare the dual SM
material, the two parts of which can be controlled at diﬀerent
temperatures. The sample in Fig. 11 is composed of two halves
of diﬀerent structures, i.e., containing the networks of
diﬀerent Tgs as shown in Fig. 12. The left hand part is the
material based on the DGEBA–D400 network while the right
hand part involves the DGEBA–D230 network. The narrow
middle interphase is the mixed type due to interdiﬀusion of
the reaction mixtures in both parts. The shape recovery of the
two parts is triggered by heating up to T1 = 60 °C and to T2 =
110 °C, respectively (cf. Fig. 12). Fig. 11 discloses that both
temperatures Ts1 = 25 °C and Ts2 = 60 °C are applicable as the
setting temperatures. However, the storage modulus at 60 °C is
low, Gs(60 °C) = 300 MPa, resulting in poor shape fixity of the
second right-hand part, being only 82% after 10 days.

Fig. 11 Dual SM eﬀect of the epoxy–silica nanocomposite DGEBA–
D230/D400–T(14)–C10BF4: (a) initial shape, (b) heating up to 110 °C,
deformed and cooled down to Ts, (c) heating up to 60 °C and (d)
heating up to 110 °C.

Fig. 12 Storage modulus and loss factor tan δ of the shape memory
nanocomposite with the dual SM eﬀect DGEBA–D230/D400–T(14)–
C10BF4 as a function of temperature.

Polym. Chem.

4.

Conclusions

The paper deals with the structural design and synthesis of
high performance epoxy based SM nanocomposites. They were
prepared by in situ generation of nanosilica within the epoxy
matrix and a special synthesis was employed in order to finely
tune their structure. The non-aqueous sol–gel process and
application of ILs in the synthesis made it possible to control
the strength of the interphase, morphology and mechanical
properties of the nanocomposites.
The investigation involved the determination of relationships between the structure, mechanical properties and the
SM properties of the studied polymers. It was found that the
recovery stress, as a crucial SM property of high performance
systems, is governed by the material toughness, which can be
considered as a potential of a material for the SM behaviour at
the recovery under constrained conditions. However, a SM
eﬃciency to exploit this potential depends on the material morphology and the viscoelastic behaviour of the polymer as well as
on experimental conditions of the SM procedure. The shape
fixity and recovery under nonconstrained conditions were
proved to be controlled mainly by the material thermomechanical properties such as moduli at deformation and setting temperatures, Gr, Gs, the Tg and broadness of the glass transition.
Because of these correlations, the structure of the SM
systems was designed in such a way to enable the control of (i)
thermomechanical, (ii) tensile mechanical and (iii) viscoelastic
properties in order to improve their SM performance. The thermomechanical properties were tuned and the Tg of SMPs was
adjusted by optimization of the crosslinking density of the
epoxy matrix and the flexibility of polymer chains, by introducing physical crosslinks and silica nanofillers to increase the
rubbery modulus Gr and by application of the IL in the synthesis in order to narrow glass transition. Tensile properties
and toughness were determined to be enhanced by the silica
nanofiller and by application of the IL. Moreover, the bimodal
epoxy networks showed a very high toughness and enabled a
high extensibility of the SMP. The eﬀect of polymer viscoelasticity and relaxation, as the properties deteriorating the
eﬃciency of SM performance, is reduced by increasing system
elasticity and homogeneity; by enhancing the crosslinking
density and by application of the IL.
The characterization of nanocomposites as SMPs is as
follows. The reinforcement by nanosilica increases Gr and
toughness, as well as the recovery stress, however SM eﬃciency
is reduced because of a strong viscoelasticity eﬀect. Beneficial
is the influence of the IL in strengthening the interphase interaction and improving the homogeneity of nanocomposite morphology. As a result, the toughness is increased and the
viscoelasticity reduced, thereby enhancing the SM performance. Also the concept of bimodal networks is promising.
Based on the knowledge of the corresponding relationships,
the high performance epoxy based SM nanocomposite was
synthesized showing the high recovery stress σr = 3.9 MPa or
high deformability εb = 103%. Moreover, the study contributed
to the better understanding of the SM behaviour of polymers.

This journal is © The Royal Society of Chemistry 2015
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