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SUMMARY

The research described in this thesis is a pastaié founded projects aiming at the
design and implementation of new, better matetialsed on epoxy resins. The epoxy
thermosets are organic matrices with excellent, hmaisture and chemical resistance,
and good adhesive properties to many substrateeftre they are mostly applied in the
field of coatings, electronic devises, adhesivasj)ihates and composites. The epoxies,
which are very common polymer materials in the stdy have been used as a host to
create new, improved materials - nanocompositesrefbre, this thesis focused on how
to improve the thermomechanical properties withdeteriorating existing benefits of
epoxy materials and on further potential applicatiof this knowledge in “smart”
systems.

Organic-inorganic polymer nanocomposites are namcsired systems containing
both organic part and inorganic nanofill@fhese systems combine advantages of
polymers and inorganic components showing a syneftgct. Synthesis of organic-
inorganic nanocomposites can be particularly isténg thanks to their easy applicability
to the common processing techniques. In order fwore desired properties, inorganic
additives to the epoxy systems are frequently eygaoFor preparation of epoxy based
hybrids/nanocomposites materials, the sol-gel ntetfiydrolytic polycondensation of
alkoxysilanes) is widely used either to modify prefied nanoparticles or to synthesize
silica/siloxane domaingn situ in an epoxy matrix. But classical “aqueous” sdl-ge
process together with obvious benefits brings alahortcomings such as immiscibility
of water with alkoxysilanes and with epoxy resiacessity of application of a cosolvent
which is leading to phase separation and shrink&gjee final product. So the largest part
of this work is dedicated to the reinforcement pbxy thermosets by silica, generated
situ under nonaqueous (non-hydrolytic) sol-gel procéss.this reason borontrifluoride
monoethylamine (BIMEA) was chosen as effective catalyst for the fdroma of
nanosilica in epoxy-matrix under thermal heatingcess.

In order to understand how to reinforce the glabgymosets by the non-aqueous
sol-gel process it was necessary to understandnénghanism of the process and to
follow the structure evolution and structure-pragsrrelationships.

Significant attention in this work was given to tige of coupling agents and ionic
liquids (IL) to improve compatibilization of theganic matrix and the inorganic part and
enhance the interfacial interactions providing clwaibonds between the phases which

is reflected in dramatic improvement of thermomeotea and tensile properties.



We proposed the mechanism of the non-aqueous bopigeEess including
protolysis of the most typical alkoxysilane (tettamxysilane) by using BMEA
complex as an initiator. By studying the evolutiminthe networks growth by dynamic
mechanical analysis it was postulated that the rgéina of silica structures at the
nonagueous process is slower with respect to #ssiclal sol-gel process thus facilitating
a better control of the nanocomposite structureraarphology.

As a result of the nonaqueous sol-gel process gg#tan, we synthesized the
high-Tg and heat resistant nanocomposites by combinatfotheo tetramethoxysilane
(TMOS) and glycidyloxypropyltrimethoxysilane (GTMSs coupling agent. At a high
GTMS content the silsesquioxane (SSQO) structui@syed by the sol-gel process,
percolate and bicontinuous organic-inorganic phaserphology with the strong
interphase interaction was formed.

The epoxy-based nanocomposites were applied isdbend part of the thesis for
the preparation of temperature responsive shape omyerpolymers (SMP). The
investigation was focused on general study of shaweenory (SM) behaviour and
enhancement of mechanical strength of SMP in otdetesign and prepare the high
performance SMP nanocomposite. The main objectiae Ww improvement of SM key-
parameters, such as recovery stress, extent obvewsdde deformation, shape fixity,
recovery rate. All these parameters were tunedifiigreint structural modifications. The
effect of nanosilica, IL, crosslinking density ¢ietepoxy network, physical crosslinking
as well as application of the concept of bimodaiweeks on SM performance was
evaluated and discussed. Moreover general recomatiendabout the SMP testing
procedure measurement was presented. The researtdted in the better understanding
of the shape memory phenomenon and synthesis dsMie showing a high recovery
stress as well as a high recoverable deformation.

Four articles were published in impacted polymerpals based on this research.



List of abbreviations

ATBN Amine-terminated butadiene copolymer with 18%acrylonitrile
BFsMEA Borontrifluoride monoethylamine
DAB 1,4-diaminobutane
DDM diaminodiphenylmethane
DGEBA Diglycidylether of Bisphenol A
DMA Dynamic mechanical analysis
GTMS 3-glycidyloxypropyltrimethoxysilane
IL lonic liquid
- CioMImBF,4 1-decyl-3-methylimidazolium tetrafluoroborate
- C4MImCI 1-butyl-3-methylimidazolium chloride
- C4MImBF, 1-butyl-3-methylimidazolium tetrafluoroborate
- C,OsMImMeS 1-triethyleneglycol monomethylether-3-
methylimidazolium methanesulfonate
- CH,COHMIMCI 1-carboxymethyl-3-methylimidazolium chloride
- C3HgCOHMIMCI 1-carboxy propyl-3-methylimidazolium chloed
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 spexipys
SAXS Small-angle X-ray scattering
SSQO Silsesquioxanes
SMP Shape memory polymer
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
TEOS Tetraethoxysilane
TMOS Tetramethoxysilane



Symbols

Ty - glass transition temperature

Tc -curing temperature

Tq - deformation temperaturg{= 100 °C)

Turans — transformation temperatur@gns = Tg Or Tr)
Ts —setting temperatur@ls= 25 °C)

G'- shear storage modulus

Gt - rubbery modulus

Gs - glassy modulus

tand - loss factor (taw =G '/ G)

Dm- mass fractal dimension

Ds - surface fractal dimension

asi- condensation conversion

Mc - molecular weight of the elastically active chbgtween crosslinks
tyel- gelation time

R¢ - shape fixity

Op — Stress at break

O; - recovery stress

& - elongation at break

Ap — strain at break

O - Stress under deformation at rubbery state

Aq— strain at deformation temperaturg



1. PREFACE

The epoxy thermosets are kind of organic matenelh excellent heat, and
chemical resistance and with good adhesion praseriihus, they are mostly applied in
the field of coatings, adhesives, printed circaatuls, composites, laminates, the potting
of electronic composites, rigid foams and encapisulaof semiconductor devicés.
However, despite having good thermo-mechanicalgnas and high heat resistance, the
epoxy systems cannot meet all the requirementsecedly for the structural and
electrical application3.Therefore, mixing of various combinations of epamegtworks
and organic or inorganic materials has been vegfulidor the exploration of new
materials combining unique properties and spegificformance$. These materials,
composed of several components, are generally dcalfeomposites®. The
multicomponent polymer composites usually are rphlise heterogeneous materfals.
The mechanical, electrical, thermal, optical, eledtemical, catalytic properties of the
composite will dramatically differ from that of thene-component and homogeneous
materials and show a significant improvement adtgroper structure and morphology
design’

In the 1980's term polymer/clay based “nanocompbsiame into existence.
Nanocomposite is a multiphase material where ondéhef phases has at least one
dimension less than 100 nm, or structures havimp+saale repeated distances between
the different phases. Inventing of nanocomposites reflected in the improving of
homogeneity and transparency of multicomponent rizdge

Organic-inorganic polymer nanocomposites are nanctstred systems containing
both organic and inorganic componetitsThese systems combine advantages of
polymers (elasticity, easy processing etc.) andgawic components (hardness, thermal
resistance etc.) showing a synergy effect undgpgproonditions. The term “hybrid” is
used for the composites with components mixed a@n rttolecular level. The term
organic-inorganic hybrid materials came out arotine late 1980s in the molecular
chemistry**? and became prevalent with development of the céteynof bridged and
cubic polysilsesquioxanéd*

The epoxy matrix filled with silicon based inorgannanofiller of different
structures is an important type of organic-inorggmolymer nanocomposites. The silica
nanoparticles™’, layered clay$? or the silica and silsesquioxanes domains whieh a
generatedh situ by the sol-gel proce$s? are the most common nanofillers.
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The thesis deals with organic-inorganic polymeratamposites based on epoxy
polymer networks. Particularlythe synthesis, structure and properties of epdigasi
nanocomposites is described in the first part efthliesis and application of this material

as high performance shape memory polymers in ttensiepart.
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2. INTRODUCTION
2.1 Epoxy networks

In 1909, the Russian chemist Prilezhaev discovehed formation reaction of
epoxides® Only ~50 years later, the first industrially-proedc epoxy resins were
introduced to the markéf.Generally term “epoxy” is referred to moleculeisétional
groups consisting of reactive oxirane rings. Thepdest and most common type of an
epoxy resin could be prepared by the reaction sph#nol A with epichlorohydrin.
Depending on stoichiometric proportion of those tammponents, the products of
different molecular weight can be obtained. Strrectaf the common epoxy resin -
diglycidylether of bisphenol A (DGEBA) is shown kig.1.

P o OO OO

Fig. 1 Diglycidylether of Bisphenol A (DGEBA).

The high reactivity of the epoxy groups, due to strained ring, makes it possible
to use epoxies in a wide variety of polymerizatieactions’> Epoxy polymers can be
produced by step or chain polymerizations or by lwioation of both mechanisni®.

The step-growth polymerization proceeds by altemgaaddition reactions of the
epoxy monomer with a curing agent, such as amifiesamided™ * phenold” ¥
carboxylic acid¥’, anhydride®“*?etc. The amines are the most typical curing agemds
the corresponding addition reactions of the primamng secondary amine go as shown
below:

_/ —_—
_\_/'O + HN - . —|/\r\|1
OH H 1)

OH @)

In order to prepare an epoxy network, the multifior@l crosslinking agents with
functionality f > 2 are usetf. In case of amines, the primary amine group zN#i

bifunctional with respect to the reaction with groxide as shown in Eq.1 and Eg.2.
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Consequently, a diamine is the tetrafunctional sinoking agent, f = 4. Curing of epoxy
resin with a diamine occurs in three stdge' (i) propagation of the linear chain, (ii)
formation of a branched structure, and (iii) gelatand increase in crosslinking density
up to fully cured thermoset as showrFig.2.

Fig. 2 Curing of the epoxy resin: a) monomers, b) ling@wth and branching, c)
formation of highly brunched structures, d) fullyred thermoset.

The epoxy-amine reaction is suitable for the sysithef “model” networks since
side reactions do not take place in case of stmchiric ratios of both reacting functional
groups?’ Among the wide variety of the curing agents awd@aon a market, amine-
based hardeners, both aliphatic, cycloaliphatic amdmatic, have been the most
common. The amine crosslinkers involve the alighathines such as: ethylenediamine
(EDA), diethylene triamine (DETA), triethylenetetnmne (TETA), 1,4-diaminobutan
(DAB), and Jeffamines D230, D2000 etc., and thematar amines e.g.:4,4-
Diaminodiphenylmethane (DDM), 2,4-Diaminotoluene MD), 4.4'-
Diaminodiphenylsulfone (DDS), metaxylylene diamindXDA). Moreover, the
cycloaliphatic amines, such as para-aminecyclohexathane, are often us&d.

The course of polymerization and the propertietheffinal epoxy network depend
on the type of amine curing agéntThe reactivity of the amine increases with its
nucleophilic character in the series: aliphatic yelgaliphatic > aromatic. The high
reactivity of aliphatic amines makes it possible @aocomplish the reaction at room
temperature with heat produced by an exothermicticeg while external heat is required
for the curing with aromatic amindS.The curing at high temperature results in

thermosets of better thermomechanical propertiesluding higherTg, strength and
13



stiffness, compared to those cured at room temyreraBy adjusting a proper amine, the
final properties of the cured thermosets may beéedafrom hard and rigid with high
crosslinking density to flexible and soft with thev crosslinking density* The most
suitable curing agent must be selected accordingh& use conditions, required
properties, application, workability and other tast

In case of chain-growth polymerizations, the epgxgups can react with both
nucleophilic and electrophilic species which caoduce an ion that is an active center of
the polymerizatiort’ The electron-deficient carbon can undergo nucldimpteactions,
whereas the electron-rich oxygen can react witlctephiles. It is customary in the
epoxy chemistry to refer to these reactions in seahanionic (initiated by e.g. tertiary
amines?) and cationi®® (e.g.by Lewis acid® >3 mechanisms of chain-growth
polymerizations.

In order to design the epoxy matrix that will shth& best properties, the following
factors must be considered:
(a) Selection of the proper combination of epoxsime&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, toughgragents, etc.

The precise selection and preparation of epoxy-ammetworks leads to the
formation of the epoxy-based thermosets with amoph performance.

2.2. Organic-inorganic nanocomposites

The epoxy-based materials exhibited good thermabilgy and mechanical
properties® >’ Nevertheless, they do not meet all requirememtsugher improvement
of the required properties is necessary. As alreadytioned above, the use of inorganic
nanoparticles can be particularly interesting tlsatd their easy applicability to the
common processing techniques used for epoxy-basacentional composites. The final
properties of the nanocomposite material are adtebly several factors, such as intrinsic
characteristics of each component, the contenshiape and the dimension of fillers, and
the nature of the interfacé

Organic-inorganic polymer nanocomposites are mudige and multifunctional
materials. The dispersion of nanopatrticles in aypek is a crucial factor for the final

properties of nanocomposit&sNanoparticles tend to form agglomerates and aisisitea
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polymer matrix due to their high surface enetyyrhe agglomeration may lead to a
deterioration of the aimed properties of the fipadducts.

Generally, there are two different methods how rieppre nanocomposites: top-
down and bottom-up approacfe@ig.3). These two methods allow to avoid problems
with heterogeneity and to improve properties of tleocomposite¥. First method
represents disintegration of large microparticlego i smaller nanoparticles by a
subsequent intercalation and exfoliation. On thetrewy, bottom-up approach allows
formation of nanostructures starting from moleculvel. This is an important and
crucial difference because the bottom-up techniguables even better nanofiller
dispersion.

Top down

Nanoparticles

Bottom up

Fig. 3Top-down and bottom-up approaches of nanocompswitéhesis.

The bottom-up formation of organic—inorganic namoposites can be
subcategorized in accordance to the manner of fitmma

a) Building block approach;

b) In situ formation of inorganic nanostructures;

c) Formation of organic polymers in presence of fggreed inorganic
nanostructured materials;

d) Simultaneous formation of both components,drganic polymer and inorganic
nanofiller.

In contrast to traditional polymer composites witigh content (~50 wt. %) of
micrometre-sized filler particles, polymer nanocasifes are being developed with low
content (~10 wt. %) of well-dispersed nanofilleredto high surface to volume ratio
(Tab.1)®

15



Table 1. Ratio of particle diameters to the number of cioed atoms and to the

fraction of surface atonfé.

Particle Number of | Fraction of surface
diameter, nm| atoms in a particle atoms in a particle, %
20 250.000 10
10 30.000 20
5 4.000 40
2 250 80
1 30 99

The large surface-to-volume ratio of the nanos@atdusions plays a significant
role® Smaller particles display a much larger surfacea d@ interaction with the
polymer for the same microscopic volume fractioanttiarger particle® Majority of the
characteristics of nanocomposites are determinedthiy interactions that occur at
nanoparticle-matrix interfaces. Therefore, the naeatal, electrical or thermal properties
of nanocomposites are strongly affected by theed@pn state and the quality of the
interface between nanoparticles and polymer matfic&@he nanofiller as reinforcing
material of a polymer can be one-dimensithananotubes, fibers, rods), two-
dimensiond?® (sheets, plane-like particles, e.g. exfoliatedy clstacks) or three-
dimensiond’ (particles, e.g. minerals).

The organic-inorganic nanocomposites can be cladsihto two categories based
on the nature of interfacial interaction betweenitiorganic and organic components:

i) systems with weak interactions between the twases (Van der Waals, H-
bonding or weak electrostatic interactions);

i) systems with strong chemical interactions betwehe components (covalent
bonds).

The interphase interaction is a crucial factor aeieing the structure, morphology
and properties of the organic-inorganic nanocompes3i Morphology of the organic-
inorganic nanocomposites is described by Wilkes ehadhich represent a micro-phase
separated polymer and nanoparticle. The model gdFiepresents the nanocomposite

with silica dispersed in the organic mattix.
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Fig. 4 Wilkes morphological model of the organic-inorgahydrids.

The silica nanoparticles are the most typical iaorg nanofiller of polymer
systems. They are generally introduced in a polyaiegctly by blending or silica
precursors are used in the sol-gel process to gensilica hanostructures situ within
the organic matrix. The most widely applied preotssare silicon alkoxides. Usually,
the precursors for the sol-gel process are mixeth wonomers of the organic
polymerization and both processes are accomplisitgtie same tim&. Simultaneous
formation of the inorganic nanostructures and oi@aolymers can result in the most
homogeneous type of the organic-inorganic nanocsitess®

In particular, the sol-gel process with its uniguigd processing characteristics and

easiness of control is the most common methodriEparing hybrid materials.

2.2.1. Sol-gel process

Since 1930's the sol—gel process was one of therrdaying methods to prepare
ceramic precursors and inorganic glasses at relgtiow temperature&’ The sol-gel
reactions proceed by two fundamental hydrolytioypohdensation stages: the hydrolysis
of the alkoxide precursors (Eq.3) to introduceactee hydroxyl group on the metal and
their condensation to form siloxane Si-O-Si bondsy.4) under acidic or basic

17



conditions”>"® Depending on the amount of water and catalystepte$ydrolysis may
proceed to completion, so that all of the OR groaps replaced by OH groups, as
follows:

Si(OR), + 4H,0 <« Si(OH), + 4R-OH (3)

(OR%-Si-OH + HO-Si-(OR) < [(OR)s-Si-O—Si(OR}] + H-O-H (4)
or
(OR)=Si-OR + HO-Si-(OR)«> [(OR):Si~O—Si(OR}] + R-OH

In general, the sol-gel process involves the ttemmsiof a solution system from a
liquid "sol" (mostly colloidal) that acts as theepursor, into a solid "gel" phase.
Application of the sol-gel process makes it possibl fabricate advanced materials in a
wide variety of forms: ultrafine spherical shapealwgders, thin film coatings, fibres,
porous or dense materials, and extremely porowgyabematerials.

The goal of sol-gel processing is to control theugtire of a material on a
nanometer scale from the earliest stages of priomges¥he most widely used metal
alkoxides are the alkoxysilanes, such as tetramgtiilane (TMOS) - Si(OCk), and
tetraethoxysilane (TEOS) - Si(Qds)s. However, other alkoxides such as aluminates,
titanates, and borates are also commonly useddanstirgel science, despite a high
reactivity with water resulting in the loss of acéon control.

Furthermore, the nature of the catalyst determihesrelative rates of hydrolysis
and condensation reactions and therefore it affbetdopology of gel in terms of open
branched structures or dense network structure5fig

( f S ~ 4y .
I\‘_/,.‘ }—- > Far from gel pomt ST "F{i{ Far from gel point
2 / Py JURN branched clusters
00 A ’??: _,?
I -
\ Flﬂ&i
)= .
\ ) .’ Near gel point éﬁ%’:“ N ;% Near gel point
. : — /) (- entangled primarily o »Lx{%"; IR growth and
/\/ \_g_ : linear molecules rolk additional branching
:\ “‘_‘_:4': C l--| Gel point Gel pornt
C{C““‘ 7l additional crosslinks linked clusters
rﬁ”__ﬁ‘(’_ \
“,//\"/ ,r—"';&“—\ \_,‘J--f ~

Fig. 5 Gel formation in acid (on the left) and basic bated systems (on the rigHf).
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Before the gelation point and under acidic condgjothe precursor of the gel
consists of linear or randomly branched polymensdés acidic conditions hydrolysis is
complete and fast, resulting in the open branchecttsires (see Fig.5) formed by the
cluster-cluster aggregation mechanjdmally having low fractal dimensiorD,, ~ 2.1.
While, under basic conditions hydrolysis is slovd amcomplete but polycondensation is
fast. In this case the monomer-cluster aggregatienhanism is dominating and dense
structures with large compact aggregates and higbtal dimension O, ~ 3) are
formed’* The viscosity at the gelation stage increases pyinally and a transparent

gel is formed.

2.2.2 Epoxy-silica nanocomposites

Epoxy matrix reinforced witin situ build silica by the sol-gel process is one of the
most typical and widespread type of the organicganic nanocomposité®! The
properties of the final nanocomposites are in gdnefluenced by particle sizes and
interaction between the dispersed silica and coatis polymer phas&5.5#%°

Catalysis of the sol-gel process affects both, thwrphology of the
nanocomposites, e.g. homogeneity and size of aggggand the interphase interactions
between silica structures and epoxy network. Astioeed above in contrast to the base
and pH neutral catalysis of the sol—gel processathd catalysis promotes fast hydrolysis
of the siloxane structures which results in thehhogntents of Si-OH groups. Strong
interphase interaction of epoxy polymer chain with silica domain throughl-bond is
feasible and preferable. Due to thmsason, the application of polyether chains (e.qg.
Jeffamines) of amines is desirable, since in cdse.g aliphatic amine lesd-bond
interactions are possibf&.

Previously one- and two-step acid-base sol-gelquioes were applied fan situ
generation ofsilica from TEOS in the DGEBA-polyoxypropylene dig@ (D2000)
network’® 8 ®The one-step polymerization is a type of epoxyeaiynthesis in which
all the organic and inorganic components are miedéolyether and reacted. The sol-gel
process, in this case, is base catalysed by thaeeaorbsslinker which acts also as a
catalyst of the sol-gel process. The basic camlysi very efficient for the
polycondensation step, however the hydrolysis stet well promoted. Therefore, only
small amount of Si-OH groups is formed resultingainveak interphase interaction of

silica with polyether based polymer chain. The rhoipgy of the network synthesized
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by the one-step base-catalysed simultaneous pabatien is the most heterogeneous
one and large siloxane aggregates can be detected.

The two step synthesis of a nanocomposite consispgehydrolysis of TEOS in
acid medium in the first stage, followed by polydensation of siloxanes to form silica
structures simultaneously with the build-up of @oxy network in the second stéy®
Therefore, the sol-gel is acid-base catalysed, usecthe amine is present in the reaction
mixture only in the second stage. Hydrolysis ist fander acidic conditions in the first
step, thus creating a large number of SIOH andangtinterphase interaction. At the
second, basic catalysed step, a fast and complaiggndensation is resulting in
formation of well-developed smaller silica nanostames homogeneously dispersed in
the epoxy matrix.

As it was mentioned before, the sol-gel procesalkbxysilanes results in the
formation of linear polysiloxanes §RiO), or branched and crosslinked silsequioxanes
(RSIGs/2)n from trialkoxysilanes as well as silica (S)from tetraalkoxysilanes. For the
strengthening the interphase interaction and ireror improve miscibility of the
organic-inorganic hybrids coupling agents are festly used’°* The coupling agent is
a type of precursors which contain both organic iaodganic functional group thus can
provide a chemical bond between organic and inacgg@mases. Organofunctional
trialkoxysilanes are the most typical coupling agen

But along with obvious advantages of the sol-gelcpss, it has often a problem
with loss of morphological and also structural cohtover the final oxide material,
thereby leading to a low reproducibility. Anotheisatlvantage of hydrolytic sol-gel
process is immiscibility. Water is immiscible witFEOS or with epoxy resin thus a
cosolvent application is required. Furthermore evafion of water and solvent leads to
sample shrinkage and formation of bubbles or crackise final product.

2.2.3 Nonaqueous sol-gel process and correspondimgnocomposites

Nonaqueous (or non-hydrolytic) sol-gel processe®rganic solvents, generally
under exclusion of water, are able to overcome sointlee major limitations of aqueous
systems and thus represent a powerful and versétieative’>

Nonaqueous processes can be divided into surfactamt solvent controlled
approache®® °® Surfactant-controlled synthesis routes involve tia@sformation of the
precursor species into the oxidic compound in tresgnce of stabilizing ligands in a

typical temperature range of 250 to 3®0 An alternative to surfactants is the use of
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common organic solvents (ethers, alcohdstones or aldehydes) or by the organic
constituent of the precursor (alkoxides or acestiacates) act as reactant as well as
control agent for particle growth, enabling thetsgsis of high-purity nanomateriafs.

The study, explanation and the conditions for thetlled structure development
under the solvent-free nonaqueous sol-gel prétesdarely described and explored.
Application of such a method in the synthesis aixgpsilica hanocomposite will be the
focus of the following chapter.

Nanocomposites by nonagueous sol-gel process

The non-aqueous solvent-free sol-gel techniqueigesvan improved control over
molecular level homogeneity leading to uniform nmialogies. The solvent-free sol-gel
process to prepare epoxy-silica nanocomposite wasently developed by
Phonthamachaf The one-pot synthesis comprises the simultanepasyecrosslinking
and the sol-gel process of alkoxysilanes in thesgree of ammonia solution. The very
high postcuring temperature, up to 270 °C, was $s0§ to prepare the nanocomposites
with uniform dispersion of silica and improved ttmamechanical properties.

Lee et af synthesized the nanosilica from TEOS by non-hydi®kol-gel process
in the epoxy matrix DGEBA-diaminodiphenylsulfone OB) catalysed by BMEA.
They suggested a catalytic mechanism ofNBIEA in the reaction with TEOS. The two-
step nanocomposite synthesis consisted of (i) patipa of nanosilica in the presence of
epoxy resin and the BMEA complex and (ii) formation of DGEBA-DDS-siliazetwork
by addition of the diamine. The studied nanocontpatdisplayed an increase Tg by 50
°C with respect to the reference epoxy network \addition 40% of TEOS in the initial
mixture. The solvent-free non-hydrolytic sol-gelopess supported by the BFEA
complex was used in order to improve homogeneitthefepoxy nanocomposite and to
eliminate problems with a solvent and excessiveewatmoval. And even despite all
advantages of the non-hydrolytic procedure, it basn very little studied so far with
respect to the synthesis of the epoxy-silica nampasites. Such a theme was

investigated and discussed in the first threelagic

2.2.4. lonic liquids

Another promising strategy for nanocomposite stmectand morphology control is
the application of ionic liquids. The ionic liquidéL) are organic salts with melting
temperature usually below 100 °C and are compofad organic cation and an organic

or inorganic anion. ILs possess low flammabilityghhthermal and chemical stability,
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good stability in air and moistur€” **Due to their low vapour pressure and volatilitygyth
are often used as “green” solvefits’*The possibility to choose between different counter
ions, allows having a wide range of ILs with ditfat intrinsic properties. Therefore also
ILs are widely used as electrolytes in battéffessurfactant®? % |ubricants in
polymers®, plasticizer® or as curing agents in epoxy systéths

Moreover, ILs can be applied as “molecular temgfate the sol-gel process due to
their special molecular arrangemetifs1%°Different ILs were used as a catalysts for the
sol—gel procedsd’ and silica structure controlléfd In addition, the ILs were found to act
like multifunctional agents in synthesis of epoxyca nanocomposites. They serve as
catalysts of the sol-gel process to form silicaitires and modify the epoxy-silica
interphase. As a result, they efficiently contrbke tnanocomposite morphology and

mechanical propertigd? 3

2.3 Shape-memory polymers

Shape-memory polymers (SMP) are an important dbssmart” polymers which,
after deformation, can recover their initial shapesler external stimuliRig.6).*** **
This external stimulus for triggering the shapeowery can be temperature change,
electric or magnetic field, light or pH of solutietc*®° SMP also cover a wide property-
range from stable to biodegradable from soft'® to hard'® and from elasti@® to
rigid*?!, depending on the structural units that constithee SMP. Thermal-responsive

SMPs are one of the most studied smart systemsvdnide the focus of the following

chapter.
| i
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permanent shape deformation temporary shape shape recovery

Fig. 6 Schematic representation of the shape-memory teffgbere Tians -
transformation temperature.

Polymers with a shape-memory effect show both dtgpermanent) form and a
current (temporary) forrt? The temporary form can be reached by processiraydh
heating, deformation, and finally, cooling to fbxd temporary shape. The polymer keeps
new, temporary, shape until the shape change het@érmanent form by triggering by a

predetermined external stimulus.
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In general, suitable shape-memory polymers congfsinet-points and
molecular switches, which are sensitive to an esllestimulus. The net-points of a
SMP network, which keep its dimensional stabilitguld be either covalently or
physically crosslinked® The switching phase allows a reversible transéwben
hard and soft/liquid states. The glassy and chys¢alstates serving to fix the
temporary shape of a polymer are the most tygféarhermally induced changes
of the switching phase, i.e. glass transition oltimgg then leads to recovery of the
original shape. The most common SMPs are reprasebye polyolefine¥?
polyetherestefd* polyurethane$® acrylate$®, epoxies*” **etc.

Generally, SMPs are classified into four main typased on the nature of net-
points and switching componett§***

1) chemically crosslinked net-points with amorphougaving components;
2) chemically crosslinked net-points with semicrystedlswitching components;
3) physically crosslinked net-points with amorphoustaing components;
4) physically crosslinked net-points with semicrystedlswitching components.

According to the polymer classification, the firsvo categories belong to
thermosetting polymers and the last two belong hHermoplastics. For the epoxy
thermoset, the net-points of network determine geamanent shape of a SMP while
fixing of temporary shape is allowed by the glassype of a sample deformed abdye

The temperature-responsive shape memory (SM) prepesf polymers are usually
evaluated by the thermal SM cycle. Fig. 7 illussathermal shape-memory test. It
consists of (1) heating the sample above transfiiomatemperature Tians),
corresponding tdy or T, up to deformation temperatufg, (2) deforming the sample
into a new temporary shape, (3) cooling the sanmelew Tians down to the setting
temperaturd’s while maintaining the deformation load; the tengvgrshape is quenched
by vitrification or crystallization, (4) the defoation stress is released, (5) re-heating the
sample abov@ians Up toTy. This step leads to a recovery to the initial pamemt shape
under nonconstrained conditions (5a) or to a stressvery at constrained (5b), i.e. the
sample is fixed at constant length. During the dandeformation, the elastic energy is
generated. At cooling, this energy is stored indhenched sample. During heating the

sample abov@ans the stored energy is recovered and manifestad@sovery stress.
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3. Cooling/Fixing
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Fig. 7 Representative 3-D plot of thermal shape-mematly te

The SM properties are evaluated by the followingapeeters, such as shape fixity,
shape recovery, rate of recovery and recoverysstresvhere shape fixity describes the
ability of the net-points and switching segmentdixoa mechanical deformation after
cooling and unloading. Shape recovery evaluatesiigy of the polymer to memorize
its initial shape and the recovery stregss defined as a force that a SMP exhibits during
a constrained recovely®

For the possible application, the SMPs are compavithl another shape
memory material which is shape memory alloy (SMR)e benefits of SMPs with
respect to SMA consist in their variability, eagmeocessability, lower costs, light
weight and larger deformabiliy? On the contrary, SMAs show higher
mechanical strength and faster response to extstimauli. Particularly, a quite
low mechanical strength and recovery stress in eoispn to shape-memory
alloys (SMAs) are the main problem restricting thgplications of SMPs with
respect to SMA3* 3 The mechanical strength is generally enhanced in
chemically crosslinked SMPs compared to physicalvoks. On the other side,
however, the physically crosslinked SMPs show aérigleformability which is an
important benefit of SMP with respect to SMA.

Incorporating of reinforcing fillers is a common wir improving the mechanical

performance and shape recovery stress of SMP2Three different groups of the filler
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material can be found, such as nanoparticles dsificetal,functionalized particles etc.),
layered materials (e.g. layered silicate or graphénd fibres (nanofibers, nanotubes
etc.)M®
In past 10 years a remarkable advances in stiragpansive SMPs with the
potential applications in medical, aerospace, @wijineering, energy, and bionics areas,
were achieved. Numerous possibilities of novel SMRse described such as multi-
SMP, photoactive SMP, and self-healing SkP*°

In the fourth paper, the goal was to synthesizetanstudy the high performance
epoxy-based SMP with the high recovery stress anigtadeformability, while keeping
an excellent shape fixity and recovery. Comprehenstudy of the shape-memory
nanocomposites properties and determination ofioekships 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, naeomposites with silica
generatedn situ by novel nonaqueous solvent-free sol-gel process.

In order to achieve this goal, several points wereessary to be analysed:

- understanding of the epoxy-silica hybrid/nanocontpo$ormation under non-
hydrolytic conditions;

- improvement of silica dispersion in the epoxy ma#md system homogenization;

- improvement of thermo-mechanical and tensile priogeer
This part focused on understanding the mechanisnth@fnonaqueous sol-gel

process and a corresponding formation of epoxgasiianocomposites. It describes the

effect of BEMEA complex, amine basicity, presence of the cogplagent, curing
temperature, the influence of steric restrictiohshe epoxy network affecting the silica
structure growth, the evolution of the structureimy polymerization, and function of
ionic liquids (IL). The nanocomposite hierarchisaucture and morphology, as well as
the thermomechanical properties were studied imildetThe determined relationships
between formation, structure and properties ofepexy-silica nanocomposites made it
possible to optimize the synthesis and to conth@ hanocomposite structure and
morphology in order to fit the desired goal.

B) Synthesis of potentially applicable thermo-respee shape-memory polymers
based on epoxy-silica hanocomposites.

In order to achieve this goal, the following poihts/e been studied:

- general understanding of the SM phenomenon;

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

- design of a polymer structure for the synthesisighh performance SMP.

In order to obtain such a polymer, several pararaatere necessary to tailor, such
as keepingly <100 °C (for easier triggering of the shape recoyeincrease storage
modulus and tensile properties which is reflectedhigh recovery stress, high extent of
deformation, good shape fixity etc.

The present Thesis consists of four published gaperinternational journals
(Appendices 1 — 4) with an extended introductiod 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 theotlen beam which travels
through the specimen. The electron microscope tggen the same basic principles as
the light microscope; however TEM is capable of gimg at significantly higher
resolutions due to the shorter wavelength of ebastr(0.02-0.05nm). This measurement
was chosen to study morphology assessments beadubé&her contrast between
polymer phase and nanosilica domains. TEM measuresmeere performed with the
microscope JEM 200CX (JEOL, Japan). TEM microphaphs were taken at the
acceleration voltage of 100 kV, recorded on a pipatehic film, and digitized with a PC-
controlled digital camera DXM1200 (Nikon, Japan)ltrathin sections for TEM,
approximately 50 nm thick, were cut with ultramittnme Leica Ultracut UCT, equipped
with cryo attachment.

Small-angle X-ray scattering (SAXS)

SAXS is a small-angle scattering technique wheeedlastic scattering of X-rays,
with a wavelength 0.1-0.2 nm, is detected. It orded at very low angles (typically 0.1
- 2°). This range contains information about thepghand size of nanoparticles, their
distribution, characteristic distances of partiatisdered materials, pore sizes etc. The
experiments were performed using a pinhole cambtalecular Metrology SAXS
System) attached to a microfocused X-ray beam gé&rer(Osmic MicroMax 002)
operating at 45 kV and 0.66 mA (30 W) The camera aguipped with a multiwire, gas-
filled area detector with an active area diameter20 cm (Gabriel design). Two
experimental setups were used to cover gheange of 0.004 - 1.1 Awhereq =
(4=/)\)sing (4 is the wavelength andd2s the scattering angle). The scattering interssitie
were put on an absolute scale using a glassy cathodard.

Nuclear magnetic resonance spectroscopy (NMR)

NMR is the type of technique that exploits the metge properties of certain
atomic nuclei by determination the physical and naical properties of atoms or
molecules in which they are contained. This mettebes on the phenomenon of nuclear
magnetic resonance and can provide detailed infi@mabout the structure, dynamics,
reaction state, and chemical environment of mokubolid-staté®si CP/MAS NMR
experiments were measured at 11.7 T using a Brékemce 500 WB/US NMR
spectrometer with double-resonance 4-mm and 7-mobgheads, respectively. To
compensate for frictional heating of the spinnimgnples, all NMR experiments were
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measured under active cooling. The sample temperatas maintained at 308 K. The
295i CP/MAS NMR spectra were acquired at 99.325 Méfmning frequency wasr/ 2z

= 5 kHz; the number of scans was 2048; spin locks4and recycle delay was 3s. The
spectra were referenced M8Q8 (-109.8 ppm). During detection, a high-power dgvol
decoupling (TPPI) was used to eliminate strongroetgclear dipolar coupling.

NMR was used for determination of conversion durihg sol-gel process. The
condensation conversiars; was determined asgs; = 2 1Q;/4 for TEOS andasj= 2'iTi/3
for GTMS. Q; andT, are the mole fractions of the &d T structure units with siloxane
bonds Si-O-Si attached to the central silicon. Télative amount of the structural units
was obtained from the deconvolution of #i8i CP/MAS NMR spectra. The assignment
of the NMR bands is as follows;o@om -71.7 to -81.9 ppm, rom -81.5 to -89.3 ppm,
Qzfrom -91.2 to -91.5 ppm, §rom -101.2 to -101.6 ppm,from -109.3 to -110.1 ppm,
Tofrom -42.7 to -43.2 ppm, 1from -47.9 to -49.6 ppm, zfrom -57.3 to -58.3 ppm, 3T
from -66.6 to -66.9 ppm.

1B MAS NMR spectra were measured in 4-mm double masoe probehead at
MAS frequency of 5 kHz. The spectra were calibratsihg a secondary reference
standard NaBH(3.2 ppm).

Dynamic Mechanical Thermal Analysis (DMTA)

DMA is most useful for studying the viscoelastic hbeiour and general
characterization of polymers and compositEse sinusoidal strain is applied and the
stress in the material is measured, allowing ongetermine the complex modulus. The
temperature of the sample or the frequency of thess are often varied, leading to
variations in the complex modulus; this approach t® used to locate the glass
transition temperature of the material, as weltaglentify transitions corresponding to
other molecular motions. Dynamic mechanical properof the nanocomposites were
tested using the ARES G2 apparatus (TA InstrumeAts)scillatory shear deformation
at the constant frequency of 1 Hz and at the hgatite of 3 °C/min was applied.

ARES G2 rheometer was used also for the chemorggagperiments to follow
molecular structure evolution and gelation duringlymerization. Oscillatory shear
deformation in parallel plates geometry at a freqyeof 1 Hz was used. The initial
applied maximum strain was 200 % and it was cowtiisly reducing during the reaction
in order to keep torque below 20 g*cm to preveetking of the formed gel.

Tensile testis one of fundamental test in which sample is stibpkto a controlled

tension until failure. Properties that are directigasured within a tensile test are tensile
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strength, elongation at break and the stress-stuaive provides an information about
toughness of the material. The experiments weréopeed at axial force with the
constant linear speed of 0.06 mm/minTat= 100 °C. Five rectangular specimens with
dimensions 25 x 5 x 1 mm were tested for each sanifle toughness was evaluated as
an area under the stress-strain curve.

Shape memory test

Shape fixity Ry was measured in bending mode. The sample wagtheeid
deformed to the angléy = 90° at theTly. Subsequently, the deformed sample was quickly
cooled to the setting temperature and kepisat 25 °C for 8 month. The change of the
angled in time was recorded. Shape fixity was calculatgdRa= 1-[(0;-04)/64] X100 %,
wheref: - the angle in the frozen state after 8 month.

Shape recovery ratewas evaluated in the bending mode by following the
angle change of the deformed specimen in time.

Recovery stresso; was measured on ARES G2 rheometer. The rectangular
sample 25 x 5 x 1 mm was heated up to deformadiorpératureTy and extended
up to 60% of the previously determined strain abakr(l,), Aq= 0.64,, at a rate of
0.06 mm/min. The sample was then cooled down tostténg temperaturés
while keeping the loaded force and kept for 10 rr@auo completely freeze and
store the stress within the sample. Only then #rmapde was unloaded. For the
constrained recovery the sample was fixed, thetlengas kept constant and
heated up tdy. The recovery stress induced by heating was record

Stress relaxationwas measured using the ARES G2 apparatus (TAulnsints)

by transient stress relaxation mode at a sttainl.07 afTy.

All characterization techniques have been usedaperation with research teams
of the Institute of Macromolecular Chemistry. Sowfethem are represented as co-
authors of the published papers. These people Bi2rRViiroslav Slouf, PhD. (TEM),
Ing. Josef Plestil CSc. and Mgr. Alexander ZhiguiduD. (SAXS), Ing. Libor Kobera
Ph.D. and Ing. Ji Brus Dr. (NMR), RNDr. Jana Koyava CSc. (TGA), Ing. Antonin
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 naqzeous sol-gel

process

In the first two papers we were studying epoxyeailnanocomposites prepared by
the nonaqueous solventless sol-gel process. The fo@is was dedicated to the analysis
of the mechanism of the nonaqueous sol-gel progedsr action of BEMEA. Further
evolution of the hybrid structure during polymetina, hybrids gelation, structure,
morphology and thermomechanical properties weré/sed as well.

In this chapter, the nanocomposites based on aygksoxy matrix filled within
situ generated nanosilica structures are describgbdndices 1. Four types of the
epoxy-amine networks were used as a matrix conmgrigie diepoxide DGEBA and the
following diamine hardeners — aliphatic diaminom&aDAB), cycloaliphatic Laromin
(3,3'-dimethyl-4,4'-diaminocyclohexylmethane), aaiim diaminodiphenylmethane
(DDM) and poly(oxypropylene)diamine Jeffamine D23be networks differ in the rate
of gel formation, crosslinking density, glass titina temperaturély and compatibility
with silica nanofiller. This system series thus emkt possible to study the structure-
properties relationships. The nonaqueous sol-gelcgss, promoted by BMEA
complex, was applied to generate in the matrix diiea structures from TEOS and
TMOS or silsesquioxanes (SSQO) from the couplingnagGTMS. The molecular
structure of the coupling agent GTMS enables tation as an intermediary in bonding
organic and inorganic materials, since it conténesfunctional groups reacting both with
the organic, epoxy, phase and inorganic, silicapha

Using the knowledge obtained from the first pap@monaqueous solventless sol-
gel process, the high-performance nanocomposites sythesized and studied in the
second paper. These materials have excellent tmeectwanical properties such as
indiscreteTy or high storage modulus (335 MPa) up to 300 °Chwaibly ~10 wt. %
loading ofin situ generated silica.

Third paper is focused on synthesis and charaet@iz of the epoxy-silica
nanocomposites by using the imidazolium based itigiads (IL) functionalized with
carboxylic groups. The ILs enable to control moiplgg of the nanocomposites and the
functional groups allovin situ covalent bonding of these ILs to the epoxy basaternals
and tune the filler-matrix interface interactiondrder to improve thermomechanical and

tensile propertiesin this work we describe an easy and quick procedarproduce
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imidazolium functionalized polymers which can opgrbroad range of possible new

materials.
4.1.1. Nanocomposite network formation

The epoxy-amine networks were prepared at a stmudiric ratio of functional
groups (GpoxyCnn = 1:1) and the epoxy-silica nanocomposites cairtgiin situ build
silica were synthesized by the two step synthesccequlure: (i) initiation of the
nonaqueous sol-gel process bys;BIEA complex and (i) the simultaneous amine
catalysed sol-gel polycondensation of TEOS (or TM@®&d the epoxy-amine network
formation.

Mechanism of non-aqueous sol-gel process

We determined the mechanism of the non-agueougetgbrocess initiated by
BFMEA. By using NMR spectroscopy it was proved th&G0S is protolyzed by amine
released from BfMEA complex. This step results in production of 8ieOH containing

siloxanes [Fig. 8].
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Fig. 8 Protolysis of TEOS under nonaqueous conditionBEEYMEA complex.

Moreover, it was proved that initiation is morei@ént in the presence of epoxy
resin as a result of additional protolysis by C-OHthe epoxy resin. Because of small
extent of ,hydrolysis” the further structure growdliring the second polycondensation
step proceeds by the monomer-cluster aggregatiochaméesm leading to compact
structures with fractal dimensiofg,~ 3.

Nanocomposite structure evolution

Structure evolution at formation of the epoxy-glicmnanocomposite under
nonaqueous conditions was followed by chemorheol&yyce the gelation of the two
step acid-base aqueous sol-gel procedure is eXirdast, the important benefit of the
nonaqueous sol-gel procedure consists in a slovastion. Lower reaction rates enable a
structure control and prevent phase separation.

The nanocomposites based on two epoxy-amine systismaying the fast
(DGEBA-DAB) and slow (DGEBA-D230) network formatiavere studied. Fig. 9 shows

the growth of the shear storage modulei$t) during build-up of the nanocomposite
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networks at constant temperature. The steep inereasmodulus in the figure

characterizes gelation of the system. The preataign time is listed in Tab. 2.
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Fig. 9 Shear storage moduluys’(t) of the studied systems as a function of time
during polymerization aff = 80 °C: 1 DGEBA-D230, 2 DGEBA-D230-TEOS, 3
DGEBA-D230-TEOS-BEMEA, 4 DGEBA-D230-TMOS-BEMEA, 5 DGEBA-DAB, 6

DGEBA-DAB-TEOS-BEMEA.

The simultaneous epoxy-amine network build-up amal gilica/SSQO structures
growth start with addition of a diamine to the md. In the epoxy network DGEBA-
D230 the gelation is delayed in the presence at€asiprecursor TEOS due to a
corresponding dilution effect (Fig.9 curves 1 andtowever, addition of the BMEA
complex in the DGEBA-D230-TEOS mixture accelerdtes gelation of the hybrid and
eliminates the dilution effect of TEOS. Furthermotiee figure displays the modulus
increase in the pregel stage in the hybrids inmgBRMEA complex (Fig.9curve 3).
This increase in modulus is due to the fast foromatiof oligosiloxane/silica
nanostructures by the polycondensation catalysdd thie added amine. Moreover,
according to the proposed mechanism of protoly§iBBsMEA, initiation of TMOS
hydrolysis should proceed faster and easier thatolysis of TEOS due to smaller steric
substituent Appendices 1, 2 This is resulting in the faster sol-gel processl higher
pregel stage modulus. The gelation time of TMOSaoing hybrids is decreased more

than 2 times with respect to hybrids with TEOS (Figurves 4 and 3).
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Table 2. Gelation times of the selected epoxy systems andeomposites.

System Gelation time, min
DGEBA-D230 34
DGEBA-D230-TEOS 52
DGEBA-D230-TEOS-BEMEA 33
DGEBA-D230-TMOS-BEMEA 15
DGEBA-DAB 5.5
DGEBA-DAB-TEOS-BREMEA 6.5

Very strong effect of basicity can be observedasecof substitution D230 by more
basic DAB. Both epoxy network formation and siligeneration are affected. The
DGEBA-DAB gelation is faster than that of DGEBA-D23Fig.9 curves 5 and 1).
Moreover, the storage modulus rises quickly in ss 2 min in the early pregel stage
within DGEBA-DAB mixture (Fig.9 curve 6). The molmasic DAB compared to D230
promotes the faster polycondensation and formatibsilica aggregates resulting in a

higher pregel stage modulus.
4.1.2. Structure and morphology

A homogeneous nanofiller dispersion in a matrix arstirong interphase interaction
are well known to be basic factors determining mangposite properties. Incorporation
of nanosilica in the glassy epoxy matrix DGEBA-L@&ia by the classical aqueous sol-
gel procedure results in the heterogeneous opaqupls, as shown in Fig.10a, due to the
fast polymerization induced phase separation. Tmaqueous sol-gel procedure initiated
by BRMEA enables preparation of the homogeneous traespananocomposites
containing up to 40 wt. % TEOS or 80 wt. % of TM@8rresponding to 12 and 32 wit.
% of silica, respectively (Fig.10.b,c). Moreoveo, lbubbles or cracks in the final product

were detected.
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Fig. 10Epoxy-silica nanocomposite prepared by: (a) agueoligel process,
nonaqueous sol-gel promoted bysBFEA from TEOS (b) and from TMOS (c).
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An insight into the silica structures on the supodaular level was obtained from
TEM images of nanocomposites without ;BFEA, with TEOS-BEMEA and GTMS-
BFsMEA. TEM micrographs of the epoxy-silica nanoconipess are shown in Fig.11.
The aggregates of the size ~300 nm are preseriteimanocomposites in case of the
synthesis without BfMEA (Fig.11). Application of the complex leads #o finer
morphology. The results disclose silica aggregaftethe size ~70 nm dispersed in the
epoxy matrix and composed of primary particles D® am in diameter (Fig.11b). After
the application of the coupling agent GTMS, theregponding silica/SSQO structures
are smaller and better dispersed (Fig.11c).

(a] g (J

300 nm

_300_nm

Fig. 11 TEM micrograph of the nanocomposites (a) DGEBA-OJEOS (18%),
(b) DGEBA-D230-TEOS(18)-BfMEA, (c) DGEBA-D230-GTMS-BEMEA.

The phase structure was evaluated also by the S&¥Bysis since this method
gives a geometrical description of the structunesnfthe point of view of fractal
dimensions” The mass and surface fractal dimensi@sandDs, determined from the
slope B of the log-log profile, measure the compactnessthef fractal objects and
roughness of their surface, respectively. The higiss fractal dimensiod,= 2.9, in the
case of the nanocomposite DGEBA-D230-TEOS prepatdtbut BRMEA and values
of surface fractal dimensior3s ~ 2 Os = 6 - 3) in Laromin and DDM containing
nanocomposites, disclose compact structures ohdglgeegates and even smooth surface,
respectively Appendices 1]. The synthesis of nanocomposites in presenceahef
BFsMEA complex leads to the less compact structureeagges with the corresponding
lower mass fractal dimensiof, = 2.3 - 2.8. (Fig.12). Moreover, the more opericail
aggregates are formed in the case of DGEBA-D2303 EOmpared to Laromin and
DDM based networks, due to interaction of the sl structures with the polyether
chain of D230 in the epoxy network. The knee on #XS profile atq = 0.1 A*
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originates from the small particles of a diametere © = 1.9 nm within the silica

aggregates (Fig.12 curve 3).
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Fig.12 SAXS profile of the epoxy-silica hanocomposites:DGEBA-D230, 2
DGEBA-D230-TEOS, 3 DGEBA-D230-TEOS-BHEA.

The important benefit of the non-aqueous sol-gecedure consists in a slower
reaction. This advantage enables better structoméral and prevents phase separation.
Acquired knowledge from the studied sol-gel proca&swns us to propose the course of
the hybrid formation. This evolution under both aqus and non-aqueous conditions is
schematically illustrated in Scheme 1 describirsg @he resulting morphology.

If we apply aqueous two-step, acid-base, sol-gatquture, the silica gel formation
will be extremely fast in the DGEBA-Laromin-TEOSxtire. The heterogeneous milky
bulk gel is formed within ~10 sec. The silica netkws built much faster than the epoxy-
amine (Scheme 1Aa) and the reaction induced seépaait organic and inorganic phases
takes place (Scheme 1Ab). This results in the opafijual material. Only strong
interfacial interactions can prevent a phase séparand the transparent interpenetrating

network with the bicontinuous phase structure aafobmed (Scheme 1A *4
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A) Aqueous sol-gel

B) Nonaqueous sol-gel
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Scheme 1. Schematic description of the formation of the epsiliga
hybrid/nanocomposite witim situ formed silica/SSQO. (The scheme does not correspon

to real proportions; the silica structures are brggpmpared to the network mesh).

Scheme 1B shows the formation of epoxy-silica hangmsites under nonaqueous
conditions but with the presence of SFEA. In contrast to the aqueous sol-gel process,
the silica gel build-up is slower than the epoxywaek formation in this case. Under the
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non-hydrolytic conditions, no bulk silica gel butlgp small nanostructures are formed.
The difference is given by the small content ofd5i-groups in the siloxanes preformed
in the initiating step. This fact leads to a munialler extent of polycondensation, which
is not sufficient for a silica gel formation. Théyee, the hybrid gelation sets in by

formation of the epoxy network (Scheme 1Bb). THeaistructures further grow and

moreover a covalent bonding to the epoxy matrixpieduced (Scheme 1Bc). The
interface grafting leads to the system compatiétiion and precludes the phase
separation. Crosslinking of the epoxy chains higaitlomains then follows as in Scheme
1Bd. Such a crosslinking can be responsible forotieerved acceleration of the hybrid
gelation by BEMEA.

With coupling agent addition, a fast incorporatiarepoxy-amine network can be
observed on Scheme 1Ca by the reaction of glyaugup of GTMS with an amine
crosslinker. The sol-gel reactions and formatibthe SSQO domains occurs only in the
presence of BJMEA (Scheme 1Ca,bf? The epoxy network is formed in Scheme 1Cb
and bridging the epoxy chains by the SSQO junctiacentributes to the
crosslinking'***** Finally this hybrid displays percolation of theoiganic SSQO
network to form co-continuous epoxy-SSQO phase haqgy as in Scheme 1Cc.

4.1.3. Thermomechanical properties

Thermomechanical properties are characterized éygkhss transition temperature
Ty, determined from the maximum of the tancurve, and by the shear modulus in
rubbery statés,. The reinforcing of epoxy networks is manifestgdreduced mobility
of the organic network chains. This is exhibitedabghift of Ty to higher values and drop
of the loss factor tald amplitudes due to lower fraction of the free retgxpolymer
chains’> 8 14°

In order to obtain the best thermomechanical ptagseapplying nonaqueous sol-
gel process, several parameters were modified, asatontent of BfMEA, postcuring
temperature, type and amount of silica precursarg] content of coupling agent.
Moreover different methylimidazolium based ioniquid were appliedAppendices 3,
4] in order to improve morphological homogeneitytloé studied nanocomposites.

All the studied nanocomposites show an increagebbery modulus with respect
to the corresponding neat epoxy networks, howédxah increase and decreaselgfvas

found (Fig.13).
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Fig. 13 Storage modulus (a) and loss factor &) as functions of temperature of
the DGEBA-D230 based nanocomposites prepared frdfereht alkoxysilanes: 1
DGEBA-D230, 2 DGEBA-D230-TEOS-(aqueous), 3 DGEBA3IDZTEOS-BEMEA, 4
DGEBA-D230-TMOS-BEMEA, 5 DGEBA-D230-TEOS-BEMEA-IL.

Although TMOS undergoes much faster sol-gel reastithan TEOS, the structure
evolution is under control and well homogeneousosamposites are produced. The
condensation conversion of TMQ4g; in the nanocomposites prepared under nonaqueous
conditions is much higher than those of TEOS undersame conditionsAppendices
2]. The conversion in the system DGEBA-D230-TEOS ewéh the BEMEA addition
is quite low, asi = 0.46, resulting in the plasticization of the oemmposites and
reduction ofTy with respect to the neat network (Fig.13, curvean@ 1). In contrast to
TEOS, the TMOS containing networks exhibit highenwersionasi = 0.72 due to
smaller steric substituenthus significant enhancement of bdthand rubbery modulus
was achieved by application of TMOS (Fig.13, cutye

The coupling agent GTMS was used in order to aeh&sgignificant improvement
of the thermomechanical properties due to stromgrphase interaction and enhanced
homogeneity. The content of GTMS was calculatedfrastion of epoxy groups of
DGEBA replaced by the coupling agemt:= [epoxy (GTMS)] / [epoxy (DGEBA) +
epoxy (GTMS)] while keeping the total epoxy growascentration constant. The SSQO
domains formed by the sol-gel reactions of GTMS eoealently grafted to epoxy
network chains and it is reflected By enhancement due to the limited chain mobility
and topological hindrance. At the certain GTMS fi@t the glass transition even
becomes indistinct in the case of DGEBA-Laromindohsetworks (Fig.14 curve 3).
These hybrids display percolation of the inorga®®QO network and formation of co-

continuous epoxy-SSQO phase morphology as sho@cheme 1Cc.
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Fig. 14 Storage modulus (a) and loss factor &) as functions of temperature of
the DGEBA-Laromin with different content of cougiragent: 1 DGEBA-Laromin, 2
DGEBA-Laromin-GTMSk=0.1)-BREMEA, 3 DGEBA-Laromin-GTMS%=0.3)-
BFMEA, where GTMS =0.1 and 0.3) corresponds to 2.2 and 6.6 wt. &gafvalent

silica, respectively.

Finally, based on the obtained results, we havegresl the high-performance
hybrids which maintain the mechanical propertiesaip00°C [Appendices 2. We took
advantage of the synergy combination of two alkdage TMOS and GTMS. Fig.15
illustrates a dramatic increase of rubbery modutushe high-temperature region and
thermal stability of the nanocomposites with respiec the neat network DGEBA-
Laromin. The nanocompsoites containing a low amadinbein situ generated silica (~
10 wt. %) and a small amount of the coupling agefiMS shows indistincTy and the
high rubbery modulus (335 MPa) up to 300 °C (cutyeProbably a percolation of the
inorganic structures through the epoxy network $aikace and the bicontinous epoxy-

silica/SSQO hybrid was formed.
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Fig. 15 Storage modulus (a) and loss factor &) as functions of temperature of
the DGEBA-Laromin based hybrids containing TMOS &MS: 1 DGEBA-Laromin,
2 DGEBA-Laromin-TMOS(14)-BEMEA, 3 DGEBA-Laromin-GTMSt = 0.3)-
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BFMEA, 4 DGEBA-Laromin-TMOS(14)-GTMS$( = 0.3)-BEMEA, where 14 % of

TMOS corresponds to 5.4 wt. % of equivalent silica.

Another promising strategy for nanocomposite stmectand morphology control
and enhancement of mechanical properties, is tipdicapon of methylimidazolium
based ionic liquidgAppendices 3, 4] In the third paper, ILs functionalized with
carboxylic groups were studied. These carboxyl gsoof the ILs were proved to react
with the epoxy groups and create covalent bonds thiZ epoxy network. The covalently
bound ILs are more efficient in control the epoXica interphase in nanocomposites.
Homogenization of the nanocomposite system and augal dispersion of the silica
nanodomains in the epoxy matrix were achieved. Blrengthened epoxy-silica
interphase by ILs resulted in significant stiffegniand toughening of the system. The
DMA shows lowTy in free-IL-nanocomposite (Fig.13 curve 3) withpest to the neat
epoxy matrix (Fig.13, curve 1). On the contrarye thcrease in botfig and modulus is
achieved in the nanocomposites prepared in thepcesof ILs. (Fig.13 curve 5). The IL
catalyses the sol-gel process thereby leading toe mompletely reacted hard silica
domains. Moreover, the glassy nanocomposites dxhiksignificant enhancement of
toughness by more than 100 #ppendices 3]

Fig. 13 shows also the effect of the sol-gel procedand enhancement of
thermomechanical properties in nanocomposites pedpay the non-aqueous compared
to the classical sol-gel process. As it was dissdidsefore, the lack of an interphase
interaction, phase separation and increase inviskeme by large silica aggregates due to
fast gelation are the main reasons of Theeduction in case of aqueous sol-gel process

(curve 2) with respect to the non-aqueous proce(loueve 3).

The acquired knowledge of epoxy-silica nanocompssitas used for the design

and synthesis of epoxy-based shape-memory nanoceRo

4.2. Thermo-responsive shape-memory nanocomposites

The aim of the fourth paper consists in the synshes high performance SMPs
showing improved mechanical properties while kegpine perfect shape fixity and
recovery. Particularly, the investigation is foaligg enhancement of recovery stress and
recoverable deformability of SMPs. The potential @jplication of these systems is
considered in the temperature regibms 25 - 100 °C with the setting temperatUie=
25°C, transition temperatufigans= Tg and deformation temperatufg= 100 °C.
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From the literature it is known that an increaserudfbery modulus of SMPs is
leading to an increase of recovery stress. Furtbexithe theory of rubber elasticity
predicts the stress generated in a deformed polger

O =Gr(Ag =Aa?),  (5)
whereG, andgy,, are modulus at rubbery state and stress underndafion at rubbery
state,A =I/ly is the deformation ratid, andlp are the deformed and initial length of the
sample, respectively. The recovery stregspresents the elastic energy stored in the
sample during the cooling step and one can expee¢t g, Whereg; is the recovery
stress in the fixed-strained material.

Therefore, the study is focused on design of atrecof the SMP which makes it
possible to control the thermomechanical properties rubbery modulus arify due to
application window Ty = 25 - 100 °C), as well as tensile properties riakeo to reach a
high deformabilityA. Thereby, one can optimize the SM behavior includiegovery
stress. Moreover, determination of relationshipsvben the nanocomposite structure,
thermomechanical and tensile properties and thgdact on SM properties can provide
better understanding of the SM behaviour.

We have studied the nanocomposite systems basegaxy networks reinforced
with silica nanofillerin situ generated by sol-gel process from TMOS. In addljtibs
were used to modify the nanocomposite morphologyegal parameters were taken into
account for the designing the epoxy matrix suctcessslinking density of the network,
flexibility of network’s chains and possible phyaicrosslinking. As to the nanofiller, the
parameters like content of silica, interphase axtgon and quality of the filler dispersion
in the polymer matrix, were considered. Moreovhe M procedure optimization was
performed in order to fully investigate a potenbBSMP materials.

Synthesis of bimodal networks, involving bimodaktdbution of crosslinking
density, with silica buildn situwas selected as another approach of the highrpeaface
SMP achievement. Combination of curing agents witferent length and flexibility of
the chains makes it possible to obtain high netwexkensibility and thus highly
deformable SMP with requiref,.

Fig.16 illustrates the temperature induced SM ¢ffe€ the epoxy-silica

nanocomposite with outstanding recovery.
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Fig. 16 SM effect of the epoxy-silica hanocomposite: agjioal shape, b) heated,

bended and cooled sample, c) reheating Ul to10s, 20s, 30s.

4.2.1 Design of structure

In order to optimize the SM behaviour, the desifthe nanocomposites structure
and precise tuning of properties is essential. €pexy-silica nanocomposites were
designed as promising high performance SMPs wihaghplicablely in the temperature
range ofTigom < Tg< 100 °C Along with tuning ofTy  thedesign of a polymer with a high
rubbery modulus allowing a high deformation at rettybstate is a way to synthesis of a
high performance SMP.

Rubbery modulus of polymer network depends mainlyhe crosslinking density.

Ge = VRTA + physical contribution, (6)
whereGeis equilibrium shear modulus at rubbery stétés front factor A = 1 for

affine networksA = (f - 2)/f for phantom networksf is functionality of a crosslinker).

We were investigating the epoxy-amine networksarfous crosslinking densities
and stiffness of the curing agents. The followirggworks were prepared by using four
types of amine curing agents with different moleculveightsM: Jeffamines D230
(M=230) and D400 M=400), Laromin M=238) and ATBN M=3600) (Fig. 17). The
crosslinking density is inversely proportional teetmolecular weight of the chain
between net-points which can be regulated by atsirel of amines:

Vv~ 1Mc (7

whereMc is molecular weight of the elastically active echbetween crosslinks.

The increase of crosslinking density or chaindrstgs of the crosslinked network,
however, leads to growth of both rubbery modulud @g. Due to that fact, there are
particular limits of network density increase inder to keepTy in the applicable
temperature range. Fig.17 shows that only the epm&yrices DGEBA-D230 and
DGEBA-D400 (showingTy at 90 °C and 51 °C, respectively) are fitting re tSM

application window.
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Fig.17 Storage modulus (a) and loss factorddb) of epoxy networks as functions
of temperature: 1 DGEBA-Laromin, 2 DGEBA-D230, 3 BBA-D400, 4 DGEBA-
ATBN.

The fundamental physical contribution to the moduiuEq.6 in case of the studied
nanocomposites is effected mainly by presence obfileer. From the previous study it
was found that the most pronounced reinforcemenh@fepoxy networks was achieved
by incorporation of silica nanofiller by nonaque@ad-gel process and by application of
ILs [Appendices 1 -

The effect of silica content and presence of ILsl@rmomechanical properties of
the nanocomposites DGEBA-D400-TMOS is illustrated Hig. 18. The Ty of the
nanocomposites containing 25% of TMOS raised byQ&nd the rubbery modulus is
three times higher compared to matrix. Due to ane@se ofly the application of silica
reinforcement is limited to the DGEBA-D400 matrirlp. As a result offy growth, the
DGEBA-D230 based nanocomposite does not fit inajyglication temperature window.
Moreover, broadening of the transition peak witker@asing content of silica in the

nanocomposite further increases temperature akttevery triggering.
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Fig. 18 Storage modulus (a) and loss factor dafb) of the DGEBA-D400 based
nanocomposites as functions of temperature: 1 DGBBBO, 2 DGEBA-D400-
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TMOS(14), 3 DGEBA-D400-TMOS(25), 4 DGEBA-D400-TMQZ|)-IL. Constant
content of BEMEA.

Application of ILs provides an interphase interanticontrol and improvement of
morphological homogeneity as well as mechanical pgriies of epoxy-silica
nanocompositesAppendices 3].Fig.18 (curve 4) shows a narrowing of glass traorsi
of the nanocomposite supported by the methylimitlazobased ILs which is beneficial
for SM properties. The optimized thermomechanicebpprties were achieved by
application of 14 - 25 wt. % of TMOS and with adialit of ILs.

In addition to thermomechanical properties also témesile behaviour of the
epoxy-silica nanocomposite at deformation tempeeaty = 100 °C in rubbery state is
crucial for SM phenomenon.

The tensile test results of DGEBA-D400 based nditwamd the corresponding
nanocomposites with and without ILs are shown ig.Fd. The DGEBA-D400 and
DGEBA-D230 based epoxy networks are known to belampng the toughest epoxy
thermosets. The reference network DGEBA-D400 shsinain elongation at break and
stress at break as 20 % and 2.3 MPd atespectively (Fig.19 curve 1). Dramatic
improvement of tensile properties with the additadnn situ build silica by nonaqueous
sol-gel process was succeeded. Stress at breaks gipwo g, = 4.5 MPa with the
addition of 14 wt. % of TMOS showing at the samadionly a slight reduction of
deformability. Even more pronounced improvementboth extensibility and tensile
strength, thus toughness, was achieved with théiaaddf IL (Fig.19 curve 3). The
material toughness is characterized by area under stress-strain curve and it

corresponds to the energy absorbed by a matef@doereak.
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Fig. 19 Stress—strain behaviour of the SM network and ocamposites affy: 1
DGEBA-D400, 2 DGEBA-D400-TMOS(14), 3 DGEBA-D400-TM8PL4)-IL, 4
DGEBA-D400-TMOS(25)-IL.

After evaluation of the obtained results, we fouhdt the polymer toughness is a
key materials property controlling SM performansedécussed below. The relationship
between toughness and recovery stress was interssetiied in the fourth paper
[Appendices 4] Finally, highly extensible tough nanocompositesrevsynthesized in
order to reach excellent SM performance, as follows

It is known, that strain at break, of a polymer network is related to the
crosslinking density, i.e. molecular weight betwesasslinks, asl, ~ Mc? and
the polymer deformability thus could be increasaty @t the expense of modulus,
asG ~ 1M..

The network prepared using high-molecular weightinaaterminated
butadiene-acrylonitrile crosslinker (ATBN witiM = 3600) shows a high
elongation at breals, = 280% at deformation temperatufe (Fig.21 curve 2).
However, the DGEBA-ATBN copolymer is rubbery at méemperature, and thus
the combination with higf hardener, is necessary (Fig.17). We used Laromin,
and the obtained copolymemnetwork of the molar composition, DGEBA-
ATBN(n=0.3)-Laromin(n=0.7), exhibits good extensilgi ~100% (Fig.21 curve
3), andTy is shifted into the application window (Fig.20 ¢er2). The ta®d curve
discloses presence of two phases at the low temuperdue to phase separation.
Including of ethylene diamine (EDA) as a compaidait in the formulation

removes a shoulder presented in tapeak and leads to a more homogeneous
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epoxy network with bimodal distribution of cros#ling density due to application
of long and short amines. Additionally, this modéiion leads to a slight decrease

and narrowing offy as well as to improvement of rubbery and glassgutho
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Fig. 20 Storage modulus (a) and loss factor &4b) of the bimodal systems:
1 DGEBA-Laromin, 2 DGEBA-ATBN(0.3)-Laromin(0.7), BGEBA-EDA(0.2)-
ATBN(0.3)-Laromin(0.5), 4  DGEBA-ATBN(0.3)-EDA(0.2)aromin(0.5)-
TMOS(14).

Significant improvement of mechanical propertiestiod bimodal network
was succeeded by the additionrositu build silica. Nanocomposite with 14 wt. %
of TMOS shows an increase of rubbery modulus aadsyl modulus by more than
10 times and 2 times respectively, while keepingeghigh extensibility for the

chemically crosslinked thermosets= 47% (Fig.21 curve 4).
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Fig. 21 Stress — strain behaviour of the of the SM nangusites afly: 1
DGEBA-Laromin, 2 DGEBA-ATBN, 3 DGEBA-ATBN(0.3)-Lamin(0.7), 4
DGEBA-ATBN(0.3)-EDA(0.2)-Laromin(0.5)-TMOS(14).
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The following parameters have to be taken into aotan order to obtain a
very tough epoxy-based material: (i) increasingnofecular weight of crosslinker,
(i) assimilation of silica nanofiller through situ approach, (iii) application of ILs
in synthesis procedure and (iv) formation of namoposites based on bimodal
networks.

4.2.2 Shape-memory properties of the nanocomposites

To study shape-memory properties, the following Siaracteristics were
evaluated: shape fixity, shape recovery, rate cbvery and recovery stress. SMPs
undergo a shape recovery triggered by heating atfevé&ansition temperature up Tg
(unconstrained recovery). In the case of the fisthin (constrained recovery) the
material shows a recovery of the stress.

Fig.22 demonstrates the unambiguous dependencéeofexperimentally
determined recovery stress of the studied systems on their toughness. The
toughest nanocomposites based on bimodal network$ prepared with
application of IL shows the highest recovery stredse obtained experimental
results of the thermomechanical, tensile and shmpmory properties and the
corresponding relationships reveal that the premhaly ~ G does not match very
well. In contrast to the literature data, it wasrd that the crucial SM parameter,
recovery stress, depends on the material toughragbsr than on the rubbery

modulus Appendices 4.
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Fig. 22 The recovery stress in SMPs as a function of tteighness for: 1 —
DGEBA-D400 and 2 — DGEBA-D230 based systems, 3 -EB&Laromin-ATBN
based copolymers.
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Moreover, it was proved that SM behavior is govdrbg viscoelastic properties
and materials morphology. Viscoelasticity effectswstudied to relate the relaxation
phenomenon to the shape memory performance of #teri@. The polymer relaxation
and viscoelasticity effect result in loss of thestic energy stored in the quenched
sample. By controlling the viscoelasticity effetisi possible to increase SM properties of
the studied systems. Our results unveil that Ilssmmting a fine morphology reduce the
viscoelasticity effect and enhance efficiency ad 8M performance. So minimizing the
stress relaxation is another possibility how tor@ase the SM efficiency and to reduce
the loss of the stored energy.

Majority of the studied systems show the perfeetpshfixity Rr = 100 % after 8
months, depending on the glassy modulu3sat Toom Only, in the case of bimodal
network showing a low modulus at setting tempertd¢ < 500 MPa (Fig.20) the
reduced shape fixity is observdfl,= 86 - 95 %.

The shape recovery corresponds to typical epoxgsysexhibiting excellent
recovery as discussed in details in &mpendices 4 Recovery rate was measured
in the bending mode as a function of angle charigheo deformed specimen in
time. All the nanocomposites indicate the compkdtape recovery in 15 to 30 s
depending on silica content. An increase of recpuane was observed in the
silica containing nhanocomposites due to lower hoenegty of nanocomposites.

Additionally to the structure design, the SM experntal procedure,
including rate and extent of deformation, rate @blong, was optimized in order to
improve SM properties. Rate of cooling the polyrrenporary deformed shape is
an important parameter for the recovery stresaak found that fast cooling can
decrease stress relaxation and thus to increaseff@liéncy and recovery stress.

Finally after procedure optimization, the tougheahocomposites based on bimodal
networks showed the highest value of recovery staesl extensibility; = 3.9 MPa and

&= 47 % respectively.

48



5. CONCLUSIONS

» The mechanism of nonaqueous sol-gel process urmdicaion of BERMEA
complex as initiator was determined.

» Phase and molecular structure evolution duringnétion of epoxy-silica
nanocomposites under nonaqueous conditions wasrdeezl and the conditions for the
controlled structure development were optimized.

» The relationships formation — structure — thermamaeacal properties of epoxy-
silica nanocomposites prepared by nonagueous spkgeess were clarified.

> The highdy, heat resistant and transparent epoxy-silica Hgbfhave been
prepared by the nonaqueous sol-gel technique.

» Application of ionic liquids in synthesis of nanagposites allowed tuning the
interface interactions of nanocomposites by praayia sequence of physical or chemical
interactions.

» Enhancement of toughness of glassy epoxy systemsidrg than 100% was
achieved by application of IL.

» Strategy of achieving SMP nanocomposites with hailored thermomechanical
and tensile properties enabling high recovery stvess proposed.

» The high-performance SMPs displaying the high recpvstress and high
recoverable deformation were prepared.

» Recovery stress was determined to depend on therialabughness 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 sol—gel process and the in situ gen-
eration of nanosilica from tetraethoxysilane was initiated with borontrifluoride monoethylamine
(BFsMEA). 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 sol—gel process under BFsMEA 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.

© 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 flamma-
bility [1,2]. Nanosilica has gained the reputation of the most suit-
able 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 sol—gel
process is often used. The sol—gel process involves mostly hydro-
lysis and polycondensation of alkoxysilane precursors [3], tetrae-
thoxysilane (TEOS) being the most typical one.

The epoxy-silica hybrids show enhanced thermomechanical
properties compared to the neat epoxy networks [4—7] 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 organic-
inorganic mixture by a covalent bonding between phases. In
addition, also physical interphase interactions are used to compa-
tibilize an immiscible system. This is the case of the in situ formed
silica by the sol—gel process [8,9]. We have used the two-step acid-
base sol—gel procedure to generate silica from TEOS in the epoxy

* Corresponding author. +420 296809281.
E-mail address: matejka@imc.cas.cz (L. Matéjka).

0032-3861/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.polymer.2013.09.034

based network from diglycidyl ether of Bisphenol A (DGEBA) and
polyether diamine (Jeffamine D2000, amine terminated polyether
with M~ 2000) [5,10,11]. The acid catalysed step promotes hydro-
lysis 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 nano-
structures 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 3-
aminopropyltriethoxysilane. They form covalent interphase links
thus preventing a phase separation [7,12—16]. 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 sol—gel products results in drop in Tg [12,13].

The classical sol—gel 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 re-
sidual 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 sol—gel process is a method to
overcome some of the limitations of the “aqueous procedure”. It is a
powerful and versatile alternative of the traditional sol—gel process
[18,19]. Generally, the fast “aqueous” sol—gel reactions result in a
loss of structure control and reproducibility in a hybrid synthesis. In
contrast, the non-aqueous sol—gel technique provides an improved
control over molecular level homogeneity leading to uniform
morphologies. Lee and Ma [20] synthesized the nanosilica from
TEOS by nonaqueous sol—gel process in the epoxy matrix DGEBA-
diaminodiphenylsulfone (DDS) catalysed by borontrifluoride
monoethylamine (BFsMEA). They proposed the catalytic mecha-
nism of BFsMEA in the reaction. The two-step nanocomposite
synthesis involved (i) preparation of nanosilica in the presence of
epoxy resin and the BFsMEA complex and (ii) formation of DGEBA-
DDS-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 sol—gel pro-
cess promoted by the BFsMEA 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 epoxy-
silica hybrid formation under nonaqueous conditions in compari-
son 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 BFsMEA complex, amine basicity, content of
the coupling agent GTMS, curing temperature or the steric re-
strictions 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 — aliphatic 1,4-diaminobutan,
cycloaliphatic Laromin, aromatic diaminodiphenylmethane (DDM)
and amino-terminated polyether Jeffamine D230. The nonaqueous
sol—gel process, promoted by BFsMEA complex, was applied to
generate in the matrix the silica structures from TEOS or silses-
quioxanes (SSQO) from the coupling agent GTMS. The two-step
synthesis was performed: (i) the nonaqueous “protolysis” of TEOS
in the presence of BFsMEA complex and (ii) the simultaneous
amine catalysed sol—gel polycondensation and the epoxy-amine
network formation.

2.1. Materials

The epoxides diglycidyl ether of Bisphenol A (DGEBA, n = 0.17)
based resin, Epilox A 19-03 (Leuna—Harze Gmbh) with the

equivalent weight of the epoxy groups Eg = 187 g/mol epoxy groups
and phenylglycidyl ether (PGE) (Fluka) were used. The following
amines were applied as curing agents; poly(oxypropylene)
diamine—Jeffamine® D230 (M~230), 4,4'-diaminodiphenyl-
methane (DDM) (Sigma Aldrich), 1,4-diaminobutan (DAB) (Fluka),
butylamine (Fluka) and 3,3’-dimethyl-4,4’-diaminocyclohexyl-
methane (Laromin® C 260) was received from BASF. Inorganic
components: tetraethoxysilane (TEOS) and 3-glycidyloxypropyl
trimethoxysilane (GTMS) were purchased from Fluka. Borontri-
fluoride monoethylamine (BFsMEA) 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:Cnu = 1:1) and the hybrids were
synthesized by the modified two step Lee’s synthesis procedure
[20]. (i) 2 wt. % of BF3sMEA 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-BFsMEA mixture and
speedily mixed for 1 h. This composition corresponds to ~5 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 pre-
pared 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 = [epoxy (GTMS)]/[epoxy (DGEBA) + 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 sol—gel synthesis of the nanocomposite
was performed according to the two-step acid—base 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 cam-
era DXM1200 (Nikon, Japan). Ultrathin sections for TEM, approxi-
mately 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 X-
ray beam generator (Osmic MicroMax 002) operating at 45 kV and
0.66 mA (30 W) The camera was equipped with a multiwire, gas-
filled area detector with an active area diameter of 20 cm
(Gabriel design). Two experimental setups were used to cover the q
range of 0.004—1.1 A~ where q = (47/A)sin 8 (A is the wavelength
and 26 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 2Si 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 2°Si CP/MAS NMR
spectra were acquired at 99.325 MHz; spinning frequency was wr/
21 = 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 as; was determined as asj = ZiQ;/4
for TEOS and «asj = =iT;/3 for GTMS. Q; and T; are the mole fractions
of the Q; and T; 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 2°Si CP/MAS NMR
spectra. The assignment of the NMR bands is as follows; Qg
from —-71.7 to —81.9 ppm, Q; from —-81.5 to —89.3 ppm, Q,
from —-91.2 to —91.5 ppm, Qs from —101.2 to —101.6 ppm, Q4
from —-109.3 to —110.1 ppm, Tg from —42.7 to —43.2 ppm, T;
from —479 to —49.6 ppm, T, from —57.3 to —58.3 ppm, T3
from —66.6 to —66.9 ppm.

1B MAS NMR spectra were measured in 4-mm double reso-
nance probehead at MAS frequency of 5 kHz. The spectra were
calibrated using a secondary reference standard NaBH4 (3.2 ppm).

13C MAS NMR spectra were recorded at Larmor frequencies »
13C = 125.783 MHz. High power decoupling pulse sequences with
a /2 (3.4 pus) excitation pulse were applied. The number of scans
for the accumulation of *C MAS NMR spectra was 512 with
repetition delay 10 s at 5 kHz magic angle spinning (MAS) fre-
quency of the sample. The isotropic chemical shift of 1*C 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 oscilla-
tory 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 ex-
periments 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,
G'(w) ~ G"(w) ~ w" [21]. The loss factor tan 6 is independent of
measurement frequency at the gel point and therefore, the gelation
was evaluated as a crossover of the tan ¢ for different experimental
frequencies during the polymerization.

Fig. 1. DGEBA-Laromin-TEOS nanocomposite prepared by (a) aqueous sol—gel process,
(b) nonaqueous sol—gel promoted by BFsMEA.

3. Results

We have studied the epoxy-silica hybrids based on epoxy net-
works 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 sol—gel process using BFsMEA
complex.

3.1. Structure and morphology of hybrids

Incorporation of nanosilica in the epoxy matrix DGEBA-Laromin
by the classical aqueous sol—gel procedure results in the hetero-
geneous opaque sample due to the polymerization induced phase
separation as shown in Fig. 1a. The nonaqueous sol—gel 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 BFsMEA.

The TEM micrographs of fractured surfaces in Fig. 2 indicate the
effect of BFsMEA on dispersion of silica nanostructures in the
network DGEBA-D230. The compact aggregates of the size
~300 nm are present in the hybrid in case of the synthesis without
BFsMEA (Fig. 2a). The application of the complex leads to a fine
morphology consisting of the branched structure of interconnected
silica nanostructures of the size ~20 nm dispersed in the matrix
(Fig. 2b). Another improvement of the nanocomposite homogene-
ity was achieved by using the coupling agent GTMS. The corre-
sponding samples are transparent and the formed SSQO structures
are well ramified to create a large interphase in an epoxy medium
(see Fig. 2c).
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Fig. 2. TEM micrograph of the hybrids: (a) DGEBA-D230-TEOS, (b) DGEBA-D230-TEOS-BFsMEA, (c) DGEBA-D230-GTMS-BF;MEA.
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Fig. 3. SAXS profile of the hybrids prepared with or without BFsMEA: (a) 1 DGEBA-D230, 2 DGEBA-D230-TEOS, 3 DGEBA-D230-TEOS-BFsMEA; (b) 1 DGEBA-Laromin-TEOS, 2

DGEBA-Laromin-TEOS-BFsMEA, 3 DGEBA-Laromin-GTMS-BF;sMEA.

An insight into the structure down to the nanoscale was pro-
vided 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 g values in the case of the hybrid
DGEBA-D230-TEOS prepared without BFsMEA 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 Dy, determined from
the slope of the log—log profile (see Table 1) implies that the ag-
gregates are quite compact. The smaller slope corresponding to the
lower Dy, in the case of the synthesis in presence of the BFsMEA
complex characterizes the more open structure aggregates. The
knee on the profile at ¢ = 0.1 A~! originates from the small particles
of a diameter size D = 2 nm within the silica aggregates. The pri-
mary particles size was determined from Guinier analysis after
subtracting background of the neat epoxy matrix and of the large
aggregates curve; Rf = 0.75 nm. For the geometrical diameter it
holds D = 2R;*(5/3) 12 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 § of the SAXS profile, § > 3, reveals a surface fractal
structure with the surface fractal dimension Ds = 6—(. The fractal
dimension Ds = 2 characterizes the structure with a smooth sur-
face. 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

Table 1

Fractal dimension of the silica/SSQO nanostructures.
System D, (Ds)?
DGEBA-D230-TEOS 29
DGEBA-D230-TEOS-BF;sMEA 22-24
DGEBA-Laromin-TEOS 2.1°
DGEBA-Laromin-TEOS-BFsMEA 2.8
DGEBA-DDM-TEOS 2.0°
DGEBA-DDM-TEOS-BFsMEA 2.6
DGEBA-Laromin-GTMS-BFsMEA 2.8

D,,—mass fractal dimension.
2 Ds—surface fractal dimension.

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, BFsMEA makes the
silica structure more open with lower fractal dimensions. The pri-
mary particles size in the network DGEBA-Laromin is D = 7.5 nm
and D = 1.5—2 nm without and with BF3sMEA, 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 sol—gel 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 2?Si NMR
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Fig. 4. 2°Si NMR spectrum of the reaction mixture TEOS-BFsMEA complex under
nonaqueous conditions.
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Table 2
Distribution of er units, fraction of SiOH and condensation conversion after TEOS
protolysis under non-aqueous conditions.

System Q@ Qf Q] Q? Q  fsion asi
TEOS-BFsMEA 090 0.018 0.027 0055 O 0.063 0.025
TEOS-DGEBA-BFsMEA 0.81 0.06 0.02 0.02 0.09 0.11 0.05

spectroscopy. Fig. 4 shows the spectrum of the reacted mixture
TEOS-BFsMEA. Assignment of the chemical shifts of the structural
units QY in ppm is as follows [3]: Qo = 81.9, Q) = 89.3, Q] = 87.3,
Q? = 83.0, Qf = 81.5. The units Q) correspond to Si atom with y
SiOH groups and i siloxane bridges (Si—0—Si).

The distribution of Qiy units, sol—gel conversions as; and the
content of silanol groups are given in Table 2. The fraction of sila-
nols ¢sioy is defined as ¢sioy = EyQiy/(4fi). The results disclose a
very small extent of the sol—gel reactions taking place in the
presence of 2 wt. % of BFsMEA complex heated at 70 °C for 1 h
corresponding to the applied conditions of the first step. Only 10%
of TEOS has reacted as Qg = 0.90. The conversion, however, is higher
in the presence of the epoxy resin in addition to BFsMEA 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 sol—gel process by protolysis of TEOS with BFsMEA
(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 Qp and Qi units were
detected. At a high BFsMEA 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 = 80 °C for 4 h) and
found the production of small nanoparticles at a low BFsMEA
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

c‘:H3 CH,
~
H,C— O BF,MEA . DGEBA 0
7 o-sio 2 2 HO-SiQ
50 .
o) CHs, (0] CH,
r 4
CH3 CHS

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 sol—gel 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 G'(t) during build-up of the hybrid
networks at T = 80 °C. The hybrids based on two epoxy-amine
systems displaying the fast and the relatively slow network for-
mations 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 gela-
tion 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 BFsMEA 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 BFsMEA 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 BFsMEA leads to the
acceleration alike in the case of TEOS.

3.4. Structure of silica/SSQO domains in the hybrids

The nonaqueous sol—gel 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 sol—gel conversion in
four hybrid networks containing the amines with increasing ba-
sicity: DDM < D230 < Laromin < DAB. The results are given in
Table 4.

Local hybrid structure comprising the structure of silica/SSQO
domains was determined by 2°Si CP/MAS NMR analysis. The
condensation conversion «s; in the hybrids prepared under
nonaqueous conditions is lower compared to those in the aqueous
sol—gel process. While asi = 0.79—0.85 and 0.85—0.91 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 0.09—0.65. The results in Table 4
reveal that the conversions «s; increase by (i) catalysis with
BFsMEA 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 non-
crosslinked epoxy system containing the monoepoxide phenyl-
glycidyl ether (PGE) instead of DGEBA. Only the low molecular
weight product is formed by the reaction of PGE with DAB under

H,0

Scheme 2. Sol—gel polycondensation.
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Fig. 5. 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-BFsMEA, 4 DGEBA-DAB, 5 DGEBA-DAB-TEOS-BFsMEA, 6 GTMS-D230-BF;MEA.

the stoichiometric composition at a low temperature. The
condensation conversion in the model system PGE-DAB-TEOS is
high, asi = 0.81, in contrast to asj = 0.60 in the network DGEBA-
DAB-TEOS. No fully condensed sterically demanding Q4 units
were found in the network contrary to a relatively high amount,
Q4 = 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 devel-
opment 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 G'(T) and the loss factor tan
¢ as functions of temperature. The properties are characterized by
the glass transition temperature Tg, determined from the
maximum of the tan ¢ curve, and by the modulus in rubbery state
G;. 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 34
DGEBA-D230-TEOS 52
DGEBA-D230-TEOS-BFsMEA 33
DGEBA-D230-GTMS (x = 0.2) 46
DGEBA-D230-GTMS (x = 0.2)-BFsMEA 34
D230-GTMS-BF3sMEA 97
DGEBA-DAB 5.5
DGEBA-DAB-TEOS-BFsMEA 6.5
DAB-GTMS-BF;sMEA 13
TEOS-DAB-BF;MEA ~240

Table 4
Conversion of the sol—gel process in the silica/SSQO domains and the thermo-
mechanical properties of the hybrids.

Sample s Tg, °C G, MPa”
DGEBA-D230 90 9.6
DGEBA-D230-TEOS 0.19 67 11.7
DGEBA-D230-TEOS-BFsMEA 0.46 82 12.2
DGEBA-D230-TEOS* 58 8.1
DGEBA-D230-TEOS-BF;MEA*® 76 10.1
DGEBA-D230-GTMS (x = 0.3) 65 14.7
DGEBA-D230-GTMS (x = 0.3)-BFsMEA 96 46
DGEBA-Laromin 159 22
DGEBA-Laromin-TEOS 0.63 109 222
DGEBA-Laromin-TEOS-BFsMEA 0.65 160 50
DGEBA-Laromin-TEQS, “aqueous* 145 123
DGEBA-Laromin-GTMS (x = 0.3) 0.29 150 34
DGEBA-Laromin-GTMS (x = 0.3)-BFsMEA 0.52 >200
DGEBA-DDM 159 134
DGEBA-DDM-TEOS 0.09 109 13.7
DGEBA-DDM-TEOS-BFsMEA 0.25 139 87.6
DGEBA-DAB-TEOS 0.54
DGEBA-DAB-TEOS-BFsMEA 0.60
PGE-DAB-TEOS-BF;MEA 0.81

2 Final curing temperature T¢ = 120 °C.
b Rubbery modulus G, (T,) determined at temperature Tr = Tg + 40 °C.

Fig. 6a demonstrates the effect of GTMS content and presence of
BF3sMEA 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 BFsMEA however, the hy-
brids prepared under BFsMEA action exhibit the broad loss factor
peak tan ¢ and the remarkable increase in Tg. At the GTMS fraction
x = 0.3 the glass transition even becomes indistinct (curve 5).

The replacement of the diepoxide DGEBA with the monofunc-
tional 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 sol—gel
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 Ty; 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 domi-
nates 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 BFsMEA complex is illustrated in Fig. 7b. The
increasing content of the complex up to 2 wt.% in the DGEBA-DDM-
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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 BFsMEA content. However, the complex
concentration ~2 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 T, on the hybrid
DGEBA-D230-TEOS. The neat epoxy network is completely cured by
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Fig. 8. "B MAS NMR spectra of BF3.NH,CH,CH;3 a) in crystalline state; b) melted at
90 °C; and "B MAS NMR spectra of BF;.NH,CH,CH3/TEOS mixture recorded during the
reaction of TEOS with BFsMEA after ¢) 10 min, d) 20 min; e) 180 min.

heating at 120 °C for 3 h. This temperature, however, is not suffi-
cient for the nonaqueous sol—gel condensation within a dense
epoxy matrix. The hybrid cured at 120 °C shows a low glass tran-
sition temperature, Tg = 76 °C (curve 5), compared to the neat
network, Tg = 90 °C (curve 1). The increasing curing temperature T
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 T.. For the DGEBA-D230 based hybrid, however, the

&) _

Tc = 190 °C is optimal because at a higher temperature the thermal
degradation of the polyether chain containing epoxy network oc-
curs and modulus decreases. The curing temperature effect of the
nonaqueous procedure is even more pronounced in the hybrid
synthesis without BFsMEA as it is obvious from the curves 4 and 2.
The application of BFsMEA significantly decreases the necessary
curing temperature.

4. Discussion
4.1. Mechanism of nonaqueous sol—gel process

The non-aqueous sol—gel process is initiated by BFsMEA. The
corresponding mechanism was studied by NMR spectroscopy. The
B NMR analysis displays that structure of BFsMEA has been
changed during the interaction with TEOS (see Fig. 8). Boron
compounds usually occupy tetrahedral (B") and trigonal (B") co-
ordination. The "B NMR chemical shift ranges of the two boron
coordinations are sufficiently well resolved, especially at high
magnetic fields. The range of tetrahedral configuration is approxi-
mately from ca. 5 to —5 ppm, while trigonal configuration induces
chemical shifts ranging from ca. 10 to 20 ppm [23].

The "B MAS NMR spectrum of crystalline BF3.NH,CH,CH3 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 quad-
rupole interaction combined with dipole coupling between ''B and
nearest neighbour '°F 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 molec-
ular motion (Fig. 8b). The doubling of the signal is, however, still
clearly apparent indicating that certain clusters of BFsMEA mole-
cules 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
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Scheme 3. Protolysis of TEOS under nonaqueous conditions by (a) BFsMEA complex and by (b) C—OH of the epoxy resin at BFsMEA activation.
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Fig. 9. 3C MAS NMR spectra (a) TEOS, (b) DGEBA, (c) TEOS-DGEBA, T = 70 °C, t = 1 h,
(d) TEOS-DGEBA-BFsMEA, T = 70 °C, t = 1 h.

boron species in trigonal (B™) 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.NH,CH,CH3 from tetrahedral coordination (BIV)
to trigonal (B") coordination is finished within 20 min. No other
changes in the "B MAS NMR spectra were detected during the rest
of the reaction.

The results thus reveal that the BFsMEA complex is splitted and
amine released. This structure change implies that BFsMEA acts like
an initiator rather than as a catalyst. Therefore, the amount of the
“hydrolysed” TEOS is very small, ¢sjoy = 0.06. Based on the ''B and
29si 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 C—OH group of
the epoxy resin and promotes protolysis of TEOS by the reaction
with C—OH according to the proposed Scheme 3b. This reaction
proceeds only in presence of BFsMEA thus highlighting the acti-
vation effect of the complex. The experimental evidence of the
reaction was obtained by >C 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 BFsMEA (d) or
absence of the complex (c). No reaction occurs in the mixture
TEOS + 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 inte-
grated intensities do not change. On the contrary, in the presence of
BF3MEA, the spectrum in Fig. 9d displays changes in the area of
signals —CH,—0O— 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 CH3—CH,—0-Si of TEOS, proves formation of new
functional groups. In accord with semiempirical predictions of >C
NMR chemical shifts (ACD/Labs program package) and the experi-
mental data obtained for model compounds the signal at 59.5 ppm

was assigned to CH3—CH>—0—CH< group formed by the reaction in
Scheme 3b. The peak at 57.3 ppm corresponds to CH3—CH,—OH
from ethanol produced by transesterification reaction of TEOS with
COH of DGEBA.

SiOH groups formed by TEOS protolysis initiate poly-
condensation and development of siloxane/silica structures in the
epoxy matrix (see Scheme 2). The 2%Si NMR analysis of the pre-
formed 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 Dy, ~3 [3]. The protolysis of TEOS is even smaller in the
absence of BFsMEA. 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

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, sol—gel 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 sol—gel conversion of the hybrids prepared under non-
aqueous conditions. The slower rate of the sol—gel process, how-
ever, facilitates control of a hybrid morphology. The BFsMEA com-
plex stimulates the sol—gel process, while relatively slow, even at
the complete water elimination. The hybrid network evolution
under the nonaqueous conditions and presence of BF3sMEA 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 G'(t) in Fig. 5 rises quickly
within 2 min or even less in the early stage in DGEBA-D230-TEOS-
BFsMEA (curve 3) and DGEBA-DAB-TEOS-BFsMEA (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
a low frequency scales with the nanofiller content (vy), Gj~v%,
where © = 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 poly-
condensation 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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A) Aqueous sol-gel

B) Nonaqueous sol-gel
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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 forma-
tion of the branched polyepoxy chains and siloxane/silica nano-
structures. 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 sol—gel
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, how-
ever, no bulk gel but only small nanostructures are formed. The
reason consists in the low amount of SiOH. The initial small fraction
of silanols, ¢siog = 0.11, formed in the first step, is quickly consumed
during the fast early polycondensation. As a result, the poly-
condensation and the structure growth as well as modulus evolu-
tion slow down in the later pregel stage (see Fig. 5). The new SiOH

are only gradually produced by the reaction of TEOS with C—OH 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 gela-
tion sets in by formation of the epoxy network (Scheme 4BDb).
However, why does BFsMEA accelerate the hybrid gelation as
shown in Fig. 5? BFsMEA is known to catalyse cationic homo-
polymerization of epoxies [25—29]. In our case, the dynamic DSC
scan shows an additional small exotherm shoulder in the curing of
hybrids in presence of BFsMEA. This exotherm, possibly related to
the homopolymerization, however, appears only at a late reaction
stage. The homopolymerization thus is operative only in the post-
gel stage under our reaction conditions and does not affect a rate
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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 BFsMEA
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 BF3sMEA 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 C—OH formed by the reaction of an epoxy
with amines or being present in the initial epoxy resin. This reac-
tion 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 C—OH 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 C—OH + 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 homoge-
neous 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 Kerner—Nielsen model [32], and (b)
interphase additional crosslinking of the epoxy network by the
silica nanodomains.

Both effects depend on sol—gel conversion as;j in silica struc-
tures. 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 BFsMEA catalyst
(i), basicity of the curing amine (ii) and the curing temperature (iii)
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are the most important factors governing as; 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 BFsMEA, however, promotes the
noticeable nanocomposite heterogeneity due to formation of large
silica aggregates as described above (Section 3.2). The large ag-
gregates show a smaller volume fraction and a smaller interfacial
surface area resulting in a lower extent of the interphase cross-
linking and diminishing of modulus (Fig. 7b, curve 6). (ii) Due to a
low DDM basicity the sol—gel conversion is rather small (see
Table 4) and the NMR analysis discloses a high fraction of the
unreacted TEOS, Qg = 0.40, even at a high BFsMEA concentration.
As a result, the corresponding hybrid shows a low Tg due to plas-
ticization 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
sol—gel process requires a much higher reaction temperature than
the epoxy-amine network in order to sufficiently cure silica struc-
tures within the hybrid. It was shown that neither 190 °C is suffi-
cient 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
sol—gel reactions to form the SSQO domains [33] taking place only
in the presence of BFsMEA (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
BFsMEA (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 BFsMEA by the sol—gel
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 sol—gel 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 BFsMEA 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 BFsMEA (Fig. 6a curve 2, Table 4)
or cured at a low curing temperature (Fig. 6¢), however, decreases
due to a low sol—gel conversion (Table 4) and plasticization by
flexible undercured siloxane/SSQO structures. The BFsMEA

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 = 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. 6¢, 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 temper-
ature 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 sol—
gel products while Benes et al. [7] reported an increase in Tg in the
corresponding hybrids prepared by the solvent-free technique us-
ing 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 BFsMEA amount, of an amine basicity and the curing
temperature on the sol—gel conversions as well as the effect of an
epoxy matrix and its thermal stability. Consequently, the hybrid
optimization comprises composition and structure of both inor-
ganic and epoxy phases, the reaction conditions as well as presence
of the initiator BFsMEA.

5. Conclusions

The nonaqueous synthesis results in formation of the epoxy-
silica hybrids of improved homogeneity and enhanced thermo-
mechanical properties compared to the systems prepared under
the classical “aqueous” sol—gel procedure. Mechanism of TEOS
protolysis initiating the nonaqueous sol—gel 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 sol—gel reactions of TEOS by BFsMEA
complex and by C—OH 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 cross-
linking 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 inter-
phase bonding, proved by the model system, prevent phase sepa-
ration 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 sol—gel
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
BF3sMEA 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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ABSTRACT: The epoxy-silica hybrids showing high T, 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 trime-
thoxysilane as a coupling agent to strengthen the interphase interaction with an epoxy matrix. The basic factors governing the nona-
queous 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 proper-
ties 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 T, 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 mechani-
cal properties and thermal stability. As to the inorganic filler,
silica tends to be the most suitable for epoxy resins. The epoxy-
silica nanocomposites are often applied systems and their curing
behavior, morphology, mechanical and thermal properties are
well investigated.'™ Homogeneous dispersion of silica nanopar-
ticles in an epoxy medium, however, brings about crucial syn-
thetic problems. Therefore, silica generated in sifu by a sol-gel
technique has gained a reputation to be a convenient and cost-
effective method.” The sol-gel process is used for the prepara-
tion of epoxy-silica nanocomposites of good homogeneity and
improved properties.®"? 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.'*

© 2014 Wiley Periodicals, Inc.

M&‘«\;F%U’B WWW.MATERIALSVIEWS.COM
]

40899 (1 of 10)

Epoxy-silica nanocomposites show high thermal stability and
good mechanical properties at high temperatures, which is an
important property for a high performance application, elec-
tronic packaging industry, coatings etc. Moreover, the coupling
agents are often used to strengthen an interfacial interaction
and enhance the properties.'>™'® Wang et al.'®?® 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 prop-
erties was achieved by using the coupling agent glycidyloxy-
propyl trimethoxysilane (GTMS). The glass transition
temperatures T, 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
T, became indistinct. Moreover, the hybrid thermostability
determined by TGA was improved. Also Ochi et al.”*' 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 Fraction of Theoretical
Designation TMOS/TEOS (%) GTMS, x equivalent of silica (%)
DGEBA-Laromin-TMOS(7), BFsMEA 7 = 2.6
DGEBA-Laromin-TMOS(14), BFsMEA 14 - 5.4
DGEBA-Laromin-TMOS(25), BFsMEA 25 = 9.6
DGEBA-Laromin-TMOS(40), BFsMEA 40 - 15.2
DGEBA-Laromin-TMOS(60), BFsMEA 60 = 23.2
DGEBA-Laromin-GTMS(0.1), BFsMEA - 0.1 2.2
DGEBA-Laromin-GTMS(0.2), BFsMEA = 0.2 4.4
DGEBA-Laromin-GTMS(0.3), BFsMEA - 0.3 6.6
DGEBA-Laromin-TMOS(14)-GTMS(0.2), BFsMEA 14 0.2 9.8
DGEBA-Laromin-TEOS(18), BFsMEA 18 - 5.4

glass transition at a silica content ~10 wt %. It should be men-
tioned 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 alkox-
ysilanes 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 Ma**
synthesized the nanosilica from tetraethoxysilane (TEOS) by
nonaqueous sol-gel process in the epoxy matrix DGEBA-DDS
catalyzed with borontrifluoride monoethylamine (BF;MEA).
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 proce-
dure.”” The silica was generated in situ from the most com-
mon alkoxysilane precursor, TEOS, by using BFsMEA as an
initiator. The initiation mechanism of the non-aqueous pro-
cess was proposed to involve protolysis of TEOS with
BF;MEA and/or OH groups which are present in the epoxy
resin. The sol-gel reactions are relatively slow under nonaqu-
eous 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 pro-
cess. As a result, homogeneous transparent hybrids were pre-
pared. 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 nona-
queous conditions leading to an incomplete curing and for-
mation of undercured silica/siloxane domains in the hybrids.
This fact resulted in poor mechanical properties in the sys-
tems 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 addi-
tion, 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 opti-
mization of the hybrid synthesis. The coupling agent GTMS was
used to strengthen an interphase interaction by covalent bond-
ing with an epoxy matrix. The epoxy network DGEBA—cycloa-
liphatic diamine (Laromin) was employed as a matrix for
synthesis of transparent high-T, epoxy-silica hybrids showing a
high thermal stability.

EXPERIMENTAL

Materials

The diglycidyl ether of Bisphenol A (DGEBA) based resin, Epi-
lox A 19-03 (Aldrich) with the equivalent weight of the epoxy
groups E; =187 g mol™" epoxy groups was used. The following
amines were applied as curing agents; 3,3'-dimethyl-4,4’-diami-
nocyclohexylmethane (Laromin® C 260) was received from
BASE and  poly(oxypropylene)diamine—Jeffamine® D230
(M~230) (Aldrich). Inorganic components: tetramethoxysilane
(TMOS) and 3-glycidyloxypropyl trimethoxysilane (GTMS)
were purchased from Fluka. Borontrifluoride monoethylamine
(BFsMEA) was obtained from the Aldrich. All chemicals were
used without a further purification.

Synthesis of the Hybrid

The epoxy-amine networks were prepared at a stoichiometric
ratio of functional groups (Cepoxy:Cny =1 : 1) and the hybrids
were synthesized by the modified two step Lee’s synthesis proce-
dure.?? (i) 2 wt % of BFsMEA with respect to TMOS was mixed
with the epoxy resin for 30 min at 70°C. After that, the speci-
fied amount of TMOS, e.g., 14 wt % (with respect to DGEBA)
was added to the epoxy-BF;MEA mixture and speedily mixed
for 1 h. All the systems were mixed under weak inert condi-
tions. (ii) Stoichiometric equivalent weight of amine was added
to the prereacted mixture of TMOS in the epoxy resin and
mixed for 20 min.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40899
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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 pre-
pared 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 con-
tent of GTMS (x) in the nanocomposite synthesis was charac-
terized by fraction of epoxy groups of DGEBA replaced by the
coupling agent GTMS: x= [epoxy (GTMS)]/[epoxy (DGE-
BA) + epoxy (GTMS)] and was varying from 0.1 up to 0.3.

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 atmos-
phere the sample was prereacted in the air at 25°C for 2 h.

The hybrids designation indicates the type of epoxy network,
content of alkoxysilanes used and alternatively presence of the
initiator BF;MEA during synthesis, e.g. DGEBA-Laromin-
TEOS(14)-GTMS(0.1), BFsMEA shown in Table 1.

The schematic structural description of the epoxy network and
nanocomposites formation is shown in Scheme 1.

METHODS

Nuclear Magnetic Resonance Spectroscopy (NMR)

Solid-state *°Si CP/MAS NMR experiments were measured at
11.7 T using a Bruker Avance 500 WB/US NMR spectrometer
with  double-resonance and 7-mm probeheads,
respectively. To compensate for frictional heating of the

4-mm
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spinning samples, all NMR experiments were measured under
active cooling. The sample temperature was maintained at 308
K. The *’Si CP/MAS NMR spectra were acquired at 99.325
MHz; spinning frequency was r/2n =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 detec-
tion, a high-power dipolar decoupling (TPPI) was used to elim-
inate strong heteronuclear dipolar coupling.

The condensation conversion og; was determined as og = XiQ,/
4. Q; is the mole fraction of the Q; structure units with i silox-
ane bonds Si—O—Si attached to the central silicon. The relative
amount of the structural units was obtained from the deconvo-
lution of the *Si CP/MAS NMR spectra. The assignment of the
NMR bands is as follows: Q, from —80.6 to —84.7 ppm, Q,
from —84.9 to —87.28 ppm, Q, from —89.7 to —91.6 ppm, Q;
from —100.0 to —101.5 ppm, Q, from —105.9 to —110.0 ppm.

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 gela-
tion 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.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40899
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Figure 1. Shear storage modulus G () of the studied systems as a func-
tion of time during polymerization at T=80°C: 1 DGEBA-D230, 2
DGEBA-D230-TMOS,BFsMEA, 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 s~' and applying
a power-law rheological behavior at the critical state,
G (0)~G'(w)~ @"** The loss factor tan J is independent of
measurement frequency at the gel point and therefore, the gela-
tion was evaluated as a crossover of the tan ¢ for different
experimental frequencies during the polymerization.

Thermogravimetric Analysis (TGA)

TGA measurements were performed on Perkin Elmer Thermog-
ravimetric Analyzer Pyris 1 in air atmosphere. The temperature
interval of measurements was 30-880°C, with gradual tempera-
ture rise of 10°C min~ ' and gas flow 50 mL min~' on samples
of ~10 mg.

RESULTS AND DISCUSSION

We have studied the epoxy-silica hybrids prepared by the nona-
queous sol-gel procedure initiated by BFsMEA. The alkoxysi-
lanes 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 pre-
viously” is included in order to highlight the TMOS benefits.
Two types of epoxy-amine systems were used as hybrid matri-
ces. The DGEBA-Laromin network, involving cycloaliphatic
diamine, was used as a high-T, matrix for the synthesis of high-
performance hybrids. In addition, the model low-T, DGEBA-
Jeffamine 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 sta-
bility 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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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 net-
work. Moreover, the hybrid network formation is faster if the
sol-gel process is initiated with BFsMEA (curve 2). It was
proved® 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.”*® The results reveal a
higher reactivity and shorter gel times in case of the TMOS
hybrids with respect to the TEOS system.

Table IT characterizes the formation—structure—property relation-
ships in the DGEBA-D230-silica hybrids. It shows t, featuring
rate of a hybrid network formation, the sol-gel conversion as
characteristics of a silica structure in the hybrid and glass transi-
tion temperature T, of the hybrids describing thermomechanical
properties.

The mechanism of the nonaqueous sol—gel process involves pro-
tolysis of the alkoxysilane agent, TMOS or TEOS, initiated by
BF;MEA and/or by OH groups in the DGEBA molecule.” This
initiation occurs in the first synthesis step (see Experimental).
The sol-gel conversions and distribution of Q; structural units
after protolysis under different initiation conditions were deter-
mined by *’Si NMR. The results are given in Table III showing
a comparison between TMOS and TEOS as well as the effect of
BF;MEA 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 (Q, = 0.87), in the
case of TMOS it was more than 50% (Q, = 0.48). Moreover,
Q, 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
Q, units, were formed in the TEOS mixture. The results dis-
close that TMOS conversion during protolysis is higher even in
the absence of BFsMEA. The sol-gel reaction is initiated in this
case by OH groups of DGEBA.>

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, (ts;) nyprid> in
both “TEOS and TMOS hybrids” is given in Table II. The com-
parison of the results in Tables II and III shows that conversions
in the hybrids well correlate with the conversions of the pre-
reacted mixtures in the first synthesis step, (dsi) protolysis> reveal-
ing 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 BF;MEA. The conversion
os; =0.72 in the network DGEBA-D230-TMOS, BF;MEA is
close to that in the classic “aqueous hybrids” DGEBA-D2000-
TEOS, which is in the range 0.79-0.85.%° 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 Conver-
sion and T, Values

tge/a Tgrb
System (min) (orsi) hybric Q)
DGEBA-D230 34 = 91
DGEBA-D230-TEQS 52 0.19 68
DGEBA-D230-TEQS, air = = 62, 75
DGEBA-D230-TEQS, 33 0.46 82
BFsMEA
DGEBA-D230-TMOS 20 0.51 71,95
DGEBA-D230-TMQOS, air - 0.54 101
DGEBA-D230-TMOS, 15 0.72 107
BFsMEA
DGEBA-D230-TMOS, - - 120
BFsMEA, air

?For tge determination see Experimental.
BT, determined from position of the tan & curve maximum, two T, values
correspond to the two-phase system.

raises the “TMOS hybrid” sol-gel conversion as well as the
hybrids T, 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.”> Although TMOS is a much
faster silica precursor than TEQOS, the structure evolution is
under control and well homogeneous hybrids are produced. Fig-
ure 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 contain-
ing 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 “TEQS hybrids”** 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 C—OH 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 T, 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 “ITMOS 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 nona-
queous conditions.
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Table III. Distribution of Q; Units and Condensation Conversion After
the TEOS and TMOS Protolysis Under Nonaqueous Conditions

System Qo? Q1 Q2 (i) protolysis
DGEBA-TEOS, 0.87 0.13 0 0.05
BFsMEA (ref. 23)

DGEBA-TMOS 0.54 0.39 0.07 0.13
DGEBA-TMOS, 0.48 0.41 0.11 0175
BFsMEA

2Q; is the mole fraction of the Q; 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 G' and loss
factor tan 0 (=G"'/G) as functions of temperature. The synthe-
sis of hybrids was initiated with BF;MEA 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 T is not changed (curve 2). In contrast,
by using TMOS a significant enhancement of thermomechanical
properties was achieved. The T, 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 T¢
because of a high curing conditions sensitivity of the nonaqu-
eous 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=210°C. Figure 4 presents a sub-
stantial drop of T, by 30-40°C as well as moduli of the hybrids
prepared at a lower temperature T =190°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%), BF;MEA.
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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T TR

Figure 3. TEM micrographs of (a) epoxy network DGEBA-D230 and (b, c) DGEBA-D230-TMOS (14)-GTMS (0.3), BFsMEA nanocomposite.

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

The silica-epoxy grafting leads to a restriction of the epoxy net-
work chains mobility. This is manifested by a shift of T, to
higher values and drop of the loss factor tan ¢ 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 T, and a very high modulus up to 260°C (curve 5)
revealing a strong immobilization of the epoxy chains. More-
over, 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 alkoxy-
silane content due to severe sterical hindrances for the sol-gel
reactions within a densely crosslinked epoxy matrix.”>***” 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 T, 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; T, 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 synthe-
sis. 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 DGEBA-
D230-silica hybrids prepared under different conditions with
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respect to initiation of the sol-gel process. The effect of
BF;MEA and an influence of the air humidity on hybrid prop-
erties are shown. Both “TEOS and TMOS hybrids” were studied
and T, values of the corresponding systems are given in Table I.

Storage modulus, Pa
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e
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0,0 ~Tr 7 1T rT~r-r-rr-r-~r-rr-r
20 40 60 80 100 120 140 160 180 200 220 240
Temperature, °C

Figure 4. Storage modulus (a) and loss factor tan 6 (b) of the DGEBA-
Laromin based hybrids as functions of temperature: 1 DGEBA-Laromin, 2
DGEBA-Laromin-TEOS (18) T = 210°C, 3 DGEBA-Laromin-TMOS (14)
Te=210°C, 4 DGEBA-Laromin-TEOS (18) T= 190°C, 5 DGEBA-Laromin-
TMOS (14) Tc=190°C. Constant BFsMEA amount. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Storage modulus (a) and loss factor tan ¢ (b) of the DGEBA-

Laromin hybrids containing different amount of TMOS, curing temperature

Te=210°C: 1 0%, 2 7%, 3 14%, 4 25%, 5 40%, 6 60%, 7 60%—postcur-

ing at Tc=250°C. Constant BFsMEA 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 BFEsMEA
(curve 2) exhibits a significant improvement both in T, and
modulus with respect to the epoxy network (curve 1), the
TEOS based system shows a drop of T, (curve 3) due to a low
sol-gel conversion (see Table II). The poor properties of the
“TMOS hybrid” prepared in the absence of BFsMEA reveal the
importance of the BFsMEA 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
T, which is plasticized by the unreacted TMOS and undercured
siloxanes, there is a polymer fraction partly immobilized by bet-
ter cured silica structures.

The reaction under air atmosphere presents a limiting case of a
transition between the aqueous and nonaqueous sol-gel proce-
dures. The figure discloses that the “TMOS hybrid” prepared
under air humidity without BFsMEA (curve 5) exhibits proper-
ties which are close to those of the hybrid initiated with
BEsMEA. 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
BF;sMEA. The corresponding hybrid shows the T, rise by 30°C
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and the high modulus (curve 6). Consequently, in the inert
atmosphere the BFsMEA 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 BF;MEA to form hybrids of improved properties
unlike TEOS which is unreactive under the air humidity.

The hybrids thermomechanical properties and T, values well
correlate with the rate of hybrids formation featured by t, 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 T, of the hybrid.

A homogeneous nanofiller dispersion in a matrix and a strong
interphase interaction are known to be principal factors deter-
mining nanocomposite properties. As mentioned above, an
interphase bonding exits in the TMOS containing epoxy hybrid
due to SiOH + 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

10°
@
o
%)
=]
g 10°4
(]
£
)
g
&
1074
T T T T T T 1
20 40 60 80 100 120 140 160
Temperature, °C
B
ﬂ A
0,8 o
-
o 067 H
5 P
& 04 : R
= 3 %

20 40 60 80 l 160 120 140 160
Temperature, C

Figure 6. Storage modulus (a) and loss factor tan ¢ (b) as functions of
temperature of the DGEBA-D230 based hybrids prepared under different
initiation conditions 1 DGEBA-D230, 2 DGEBA-D230-TMOS,BF;MEA; 3
DGEBA-D230-TEOS,BFsMEA; 4 DGEBA-D230-TMOS, inert; 5 DGEBA-
D230-TMOS,Air; 6 DGEBA-D230-TMOS,BF;MEA,Air. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Storage modulus (a) and loss factor tan ¢ (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-D230-
GTMS(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.'>*%%

Figure 7 compares the reinforcing effect of TMOS (curve 2) and
GTMS (curves 3, 4) in the hybrid network based on DGEBA-
D230. 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 cross-
linking via inorganic domains, which is more efficient by using
the coupling agent. However, T, values are lower in the “GTMS
hybrids.” GTMS undergoes slow sol-gel reactions under nona-
queous conditions and the formed SSQO structures are severely
undercured when reacted at 190°C.*> Mainly at a high GTMS
content (x=0.3) T, drops due to incomplete curing and the
network plasticization (curve 4). In contrast, T, 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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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), BEsMEA (curve 5).

On the basis of the results of the model system we have pre-
pared the high-T,, heat resistant hybrid by using DGEBA-
Laromin 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; G’ =335 MPa at 300°C (curve 5).
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Figure 8. Storage modulus (a) and loss factor tan 6 (b) of the DGEBA-
Laromin based high-T, hybrids as functions of temperature 1 DGEBA-
Laromin, 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 BF;sMEA 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),BFsMEA; 3 -----
DGEBA-Laromin-TMOS(14),Air; 4 ---- DGEBA-Laromin-TMQOS(14),i-
nert; 5 --- DGEBA-Laromin-TEOS(18),BFsMEA; 6 -—— DGEBA-Laro-
min-TMOS(14)-GTMS(0.2),BFsMEA. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

The increasing GTMS content in the hybrid DGEBA-Laromin-
TMOS(14)-GTMS(0.3) leads to a vanishing of the glass transi-
tion 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 Fig-
ure 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 alkoxysi-
lanes revealing a synergy of their combination in the hybrid.
Reinforcement of the epoxy network with TMOS (14), corre-
sponding to 5.4% silica, provides a limited grafting resulting in
T, rise by 35°C (curve 3). However, a severe decline of mechan-
ical properties occurs above 200°C disclosing a lack of the suffi-
ciently 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-Laromin-
GTMS(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= 0.3,
ie. 6.6 wt % equivalent silica. The interphase interaction and

Table IV. Thermal Stability of the Epoxy Network and the Hybrids
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crosslinking are more efficient and the modulus is higher com-
pared to the TMOS containing hybrid. However, also in this
case a drop of the modulus sets in above 200°C. Only the com-
bination 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. Obvi-
ously, 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 for-
mation 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 graft-
ing with well cured structures because of cocondensation of
silica and SSQO domains. Very likely a percolation of the inor-
ganic 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 ther-
mal stability. Figure 9 and Table IV present the results of ther-
mal gravimetric analysis (TGA) of the DGEBA-Laromin based
hybrids. The thermal stability was characterized by the tempera-
ture Ts, 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 net-
work, 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 decomposi-
tion step corresponding to the high temperature thermal oxida-
tive 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 inor-
ganic phase (see Table IV) indicating a considerable char forma-
tion. 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 forma-
tion of a silica layer on a polymer surface.

The hybrid prepared without BFsMEA shows a pronounced
drop of decomposition temperature T5 by 50-60°C compared

Experimental residue (%) Calculated residue (%)

System Ts?

DGEBA-Laromin 362
DGEBA-Laromin-TEOS(18), BFsMEA 341
DGEBA-Laromin-TMOS(14) 335
DGEBA-Laromin-TMOS(14), air 384
DGEBA-Laromin-TMOS(14), BFsMEA 392
DGEBA-Laromin-TMOS(14),BFsMEA, Tc =190°C 379
DGEBA-Laromin-TM0S(14),GTMS(0.2), BFsMEA 393

0.52 0

4.4 5.4
2.8 5.4
6.1 54
4.9 5.4
4.8 5.4
13.6 9.8

2Ts — 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 sys-
tems cured at a low temperature, Tc = 190°C. In contrast, a rel-
atively high thermal stability was achieved in the hybrids
reacting partially under air atmosphere (see Experimental) even
without BFsMEA. 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-T,, 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 T, and the high modulus (335 MPa) up to 300°C.
The thermal stability of the hybrids characterized by Ts value
(temperature of 5% mass loss) increased by ~30°C with respect
to the epoxy network and the high temperature thermal-
oxidative degradation was delayed by ~100°C. The outstanding
thermo-mechanical properties result from a very strong inter-
phase 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—struc-
ture—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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Carboxylic-functionalized task-specific imidazolium ionic liquids (carboxylic-ILs) presented selective high
reactivities with epoxy-functionalized compounds, even in highly complex epoxy-silica hanocomposite
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-3-
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1. Introduction

Tailoring materials’ properties is a desirable but difficult task,
especially due to the need for specific and selective reactions.
The application of silica nanofillers 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-filler
interphase interactions and bonding.

The network reinforcement by in situ formed silica is
generally defined as a simultaneous increase in stiffness
(modulus), tensile strength and toughness.>® The rubbery
modulus enhancement is given by the hydrodynamic effect of
hard filler particles in a soft matrix.* This refers to strain
amplification due to the presence of inextensible particles and
by interphase filler-matrix interactions. As a consequence, the
interfacial polymer layer is immobilized, thus increasing the
effective filler volume.>® The modulus increase by hard fillers is
often 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
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a broad range of new conductive, responsive, smart and tunable reinforced materials.

and toughness. Reinforcing glassy-epoxy networks is an even
more complex task, as they are much more sensitive to the filler
aspect ratio effect due to their much smaller internal volume
compared to rubbery networks.” Thus, the need for an effective
method for producing highly dispersed filler, forming strong
interphase bonding, is critical. Recently, significant advances
were reported by our group concerning the epoxy matrices
reinforcement with silica fillers, within which the application of
ionic liquids (ILs) has been shown as a promising strategy for
nanocomposite structure and morphology control.®®

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: insignificant flam-
mability and volatility, high thermal and chemical stability,
high ionic mobility and stability in the presence of air and
moisture.'®** Initially, ILs were applied for replacing conven-
tional volatile solvents and transforming hazardous processes
into recyclable environmentally friendly ones.” Later on, the
application scope was broadly expanded with, e.g., their use as
electrolytes in batteries and in the preparation of nano-
materials. 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.*>**

Various imidazolium-based ILs have been used as catalysts
for the sol-gel process,>” silica morphology controllers®'*>°
and epoxy-silica compatibilizers.*® 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.'>*
Thus, the use of different ILs leads to not only different filler
sizes, morphologies and dispersions but also to a completely
different matrix-filler interphase behavior.®**¢

For instance, ILs with long aliphatic chains attached to their
cations produce nanocomposites with very well dispersed silica
nanodomains and significantly increased stiffness, due to
physical crosslinking by the ordered domains of decyl-
substituents. However, the associated high brittleness makes
them lack toughness.?

On the other hand, ether-functionalized ILs (ether-ILs)
promoted a fine nanocomposite morphology with well
dispersed silica nanodomains, presenting good matrix-filler
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-bonds'***** allowed tuning of the
interphase bonding and the production of tough nano-
composites without considerable stiffness loss, which is
a frequent drawback associated with the application of covalent
coupling agents.’

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).®® 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 functional-
ized 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-filler interphase. Thus, a model reaction, i.e. phenyl-
glycidylether (PGE) reaction with the carboxylic-ILs, was used to

CH,CO,HMIMCl  C3HgCO,HMIMCI

\N,/.\\N \N'/_\‘N
o "\t OH © "\(+)
Ci \_-_//zf o\ OH
C;03;MImMeS
\N//-\‘,N
O @,(\"_'l /\/O\/\

—5e 0\_o0
le} N

Fig.1 Carboxylic and ether-ILs used in this study.
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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 influence in the final nanocomposite properties,
which allowed evaluation of the ideal interphase flexibility 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 nano-
composites 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.®®
This type of IL holds the functionalities to form covalent-
physical interphase coupling, different from the GTMS cova-
lent-covalent interphase coupling. This could contribute to
higher nanocomposite toughness, making these ILs potential
multifunctional agents for tuning nanocomposite morphology,
filler dispersion and interphase bonding.

2. Experimental
2.1 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 = 1970) and Jeffamine® D230 (M = 230)
were purchased from Huntsman Inc. Borontrifluoride mono-
ethylamine (BF;-MEA) and phenylglycidylether (PGE) were ob-
tained 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 1L synthesis

The carboxylic** and ether-ILs*® were synthesized as described
in the literature: 1-carboxymethyl-3-methylimidazolium chlo-
ride (CH,CO,HMImClI), 1-carboxy propyl-3-methylimidazolium
chloride (C3H¢CO,HMImCI) and 1-triethyleneglycol mono-
methyl ether-3-methylimidazolium methanesulfonate (C,O;-
MImMeS) (Fig. 1). The purities of the synthesized ILs were
checked by 'H- and "*C-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 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 Ez = 187 g mol ™, and the equiv-
alent weights of the NH group in the diamines were; Exy = 492
g mol " NH groups for D2000 and Eyy = 60 g mol ' NH groups
for D230.

RSC Adv., 2015, 5, 91330-91339 | 91331
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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 Cny : Cepoxy = 1: 1) and the inorganic
phase components, TEOS and H,O. IL was used as the catalyst/
additive where indicated. The hybrids were synthesized at the
ratios of functionalities DGEBA : diamine : TEOS = 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.*®® In the first step, TEOS was pre-hydrolyzed in the
presence of HCI, 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 Teflon 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 final
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.”®
First, BF;-MEA was mixed with DGEBA for 30 min at 70 °C
followed by TEOS addition to the epoxy-BF;-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 final mixtures were
transferred to a Teflon 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 final 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 defined spectra,
without peak overlaps at the epoxy range. Aliquots were
collected to follow the reaction evolution after 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 ultrami-
crotome; 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 evapo-
ration device JEE-4C; JEOL) in order to eliminate sample
damage under the electron beam. The specimens were observed
in the TEM microscope in bright field 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, gasfilled area
detector with an active area diameter of 20 cm (Gabriel design).
Two experimental setups were used to cover the g range of
0.004-1.1 A~*, where g = (47/A)sin 6 (2 is the wavelength and 26
is the scattering angle). The scattering intensities were adjusted
to an absolute scale using a glassy carbon standard. The
nanocomposites were measured as thin films.

2.6.3 Dynamic mechanical analysis (DMA). A rheometer
ARES (Rheometric Scientific) was used to follow the dynamic
mechanical behavior of the networks. The temperature depen-
dence 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 min~". Also tensile mode
experiments were carried out at 22 °C at a crosshead speed of 1
mm min ', as a manner of checking the tensile tests repro-
ducibility. At least five 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
min~". At least five 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, o}, and
elongation to break, ¢, 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 reflectance) accessory
with a diamond crystal. In all cases, the resolution was 4 cm ™"
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 cm ™,
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
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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 final silica morphology due to their different acidity
profiles.*” We also observed that the reaction kinetics are
dependent on the IL anion, and in the presence of meth-
anesulfonate (MeS) a slow gelation is promoted with a homo-
geneous transparent gel build-up. The IL C,O;MImMeS
generates acidic species in the presence of water,"*” thus acting
as an acid catalyst.

For this reason, together with its multiple H-bond capac-
ities,'®'? C,0;MImMeS was selected as a reference IL to form
a nanocomposite with fine morphology but presenting only
physical interactions at the filler-matrix interphase.® The
carboxyl-ILs also present acidic character, but with an avail-
able functional group that can easily react with the substrates.
The similar character of the two types of IL allowed the evalu-
ation of their action over silica formation excluding pronounced
catalytic differences during the first 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 non-
hydrolytic 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,“®*® 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 nano-
composites 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 heteroge-
neous films with very brittle character. It is known"®® that the
two-step acid-base polymerization promotes an extremely fast
epoxy-silica gelation in the second step, after the acidic pre-
hydrolysis of TEOS. Therefore, the extremely quick condensa-
tion was a consequence of the IL’s presence in the first 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 films was not possible. This
also confirmed the strong IL catalytic effect on the sol-gel
process.

This journal is © The Royal Society of Chemistry 2015
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3.1.1 Structure and morphology. The dynamic-mechanical
and tensile properties of these epoxy-silica elastomer nano-
composites 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.?
Carboxylic-ILs also follow this rule, as they have a strong
influence 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-modified nanocomposites is displayed in Fig. 2. Both
carboxylic-ILs produce nanocomposites with open structures of
aggregates (fractal dimension D = 1.7). This value coincides
exactly with the one for the two-step acid-catalyzed epoxy-silica
synthesis,* or for the nanocomposite applying the ether-IL C,-
O;MImMeS.® This implies a cluster-cluster diffusion-limited
aggregation mechanism, which is opposite to the monomer-
cluster aggregation characteristic for basic catalysis or applica-
tion of IL C;,MImBF, (presenting D ~ 3).®

Compared to the IL-free and C,0;MImMeS systems (Fig. 2a
and b), both nanocomposites with carboxylic-ILs presented
a plateau in the low g region, suggesting the formation of very
small silica structures with d ~ 50-90 nm, where d = 27/q and ¢q
corresponds to the beginning of the plateau (Fig. 2c and d).

For confirming the SAXS predictions, TEM images were
taken from the nanocomposites without and with carboxylic-ILs
(CH,CO,HMImCI and C3;H{CO,HMImCI, 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 carboxylic-
ILs 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 CH,CO,HMImCl displayed small

100 -
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sl
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”0,01 l 0|1 ' 1
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Fig. 2 SAXS profiles of the nanocomposites; (a) IL-free reference, and
with ILs  (b) C;0sMImMeS, (c) CHCOHMImMCL and (d)
C3H6COZHMImCl
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Fig. 3 TEM images of nanocomposites; (a) reference IL-free, and with
ILs (b) CsHgCOLHMIMCL and (c) CH,CO,HMIMCL In the insets are
shown magnified negative images of the highlighted particles.

spherical particles (D ~ 13 nm), presenting few loose aggre-
gates, well distributed through the network (Fig. 3c). Interest-
ingly, the nanocomposite with C;HsCO,HMImCI 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 G’ and the loss
factor tan 6 as functions of the temperature.
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Fig. 4 Shear storage modulus (1) and loss factor tan ¢ (2) as functions
of temperature of the; (a) reference neat epoxy network, epoxy—silica
nanocomposites (b) without IL, and with (c) C;OsMImMeS, (d) CH,-
CO,HMIMCL and (e) CzsHgCO,HMIMCL

The glass transition temperature (7,,) was determined from
the tan 6 curve maximum, while the G’ by the modulus at the
beginning of the rubbery plateau (50 °C). The systems’ dynamic-
mechanical properties were compared with both the neat epoxy-
D2000 matrix (Fig. 4(1a)) and IL-free epoxy-D2000-silica nano-
composite (Fig. 4(1b)). The systems with C,O;MImMeS
(Fig. 4(1c)) and CH,CO,HMImCI (Fig. 4(1d)) showed good
moduli improvements, but the nanocomposite with C3HsCO,-
HMImCI (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 T, decrease (Fig. 4(2),
Table 1), suggesting no plasticization or considerable cross-
linking density decrease in the final network. Despite present-
ing worse modulus reinforcement performance, only the
systems with CH,CO,HMImCI and without IL showed some
increase in T, (Fig. 4(2b) and (c)).

Nevertheless, the system with C3;HsCO,HMImCI 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 C;H¢CO,HMImCI system. This, most probably, is a conse-
quence 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
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Table 1 Mechanical properties of the rubbery DGEBA-D2000 epoxy—silica nanocomposites obtained via the hydrolytic sol-gel approach

Tensile strength Elongation at

Entry IL T, (°C) E (MPa) (MPa) break (%) Toughness (MJ m™*)
14 — -36 43402 0.8 + 0.1 2242 0.10 + 0.02

2P — —28 21.9 + 1.8 43404 24 +2 0.6 + 0.1

3¢ C,0;MImMes -28 44.4 + 0.8 8.0 + 0.5 20+ 1 0.9+ 0.1

44 CH,CO,HMImCI -30 37.5 + 4.7 7.6 +2.2 50 + 18 31+1.6

5¢ C3HCO,HMImCI —37 71.5 + 4.4 8.5+ 1.8 58 +9 4.5+ 0.9

“ Neat epoxy.  IL free epoxy-silica. © Epoxy-silica with C,O,MImMeS. ¢ Epoxy-silica with CH,CO,HMImCI. ¢ Epoxy-silica with C;HsCO,HMImCI.

The nanocomposites’ tensile properties confirmed the
morphological contributions in reinforcement, where all the
nanocomposites with ILs presented significant 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 inter-
phase bonding has only a secondary role.** Differently, the
tensile modulus and toughness suffered significant effects
depending on the IL applied.

Both C,0;MImMeS and CH,CO,HMImCI caused significant
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 CH,CO,HMImCIl 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 IL-
free nanocomposite).

The best mechanical performances were achieved with Cs-
H¢CO,HMImCI, 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

Tensile stress (MPa)

0 T T T T T T
0 10 20 30 40 50 60 70

Tensile strain (%)

Fig. 5 Stress—strain curves of (a) reference neat epoxy network,
hybrids (b) without IL, (c) with C;OsMImMesS, (d) with CH,CO,HMImCL
and (e) with CzHgCO,HMIMCL.
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higher extensibility presented (almost 200% higher than the
neat matrix and IL-free nanocomposite) (Table 1 and Fig. 5).
In summary, both CH,CO,HMImCI and C3;H¢CO,HMImCl
produced very strong polymer-filler 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 significant influence on the nano-
composite’s final properties. The IL with longer propyl chain
reinforced, but still allowed some interphase flexibility 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
BF;-MEA complex, was applied in order to improve the epoxy
nanocomposite homogeneity, avoiding problems with excessive
solvent and water removal. An important benefit 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, C;HsCO,HMImCI
(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 IL-
free epoxy-silica system presented non-uniform partially
condensed particles, forming large aggregates (~500 nm,
Fig. 6a). The system with C3;H¢CO,HMImCI 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 prop-
erties. Only a weak enhancement of G’ and a decrease by
~10 °C in the T, was observed when TEOS was applied to the
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Fig. 6 TEM images of (a) reference IL-free nanocomposite and (b)
nanocomposite with CsHgCO,HMIMCL obtained by the non-hydro-
lytic sol-gel approach.

IL-free system, when compared to the neat DGEBA-D230
network. This indicates an incomplete condensation, result-
ing in plasticization of the system (Fig. 7, Table 2). Differently,
all systems with ILs presented a G’ increased by at least 150%,
followed by the T, increase. The highest T, was observed for
the CH,CO,HMImCI 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 (E') decrease, keeping
the tensile strength practically the same. As a probable reflex of
the previously observed plasticization, the increase in elonga-
tion at break (~50%) caused a consequent increase in tough-
ness by about 30%.
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Fig. 7 Shear storage modulus (1) and loss factor tan é (2) as functions
of the temperature of the; (a) reference neat epoxy network, hybrids
(b) without IL, and with IL (c) C;OzMImMeS, (d) CH,CO,HMIMCI and
(e) CsHeCOLHMIMCL.

A much more significant reinforcement was observed for the
C,0;MImMeS system, where both tensile strength (~10%) and
elongation (~120%) increased, consequently producing a signif-
icant increase in toughness (more than twice in comparison with
the neat DGEBA-D230 network). On the other hand, the IL
CH,CO,HMImCI 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 C;H¢CO,HMImCI,
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 defined yielding could be observed for the C,O;-
MImMeS and C3;HgCO,HMImCI systems, possibly due to
interphase gradual breakage. This showed that both ILs
strongly reinforce the nanocomposite’s interphase, although
the C;HsCO,HMImCI application allows it under a much higher
stress.

The absence of yielding for the CH;CO,HMImCI system
clearly demonstrates the IL side chain’s importance for inter-
phase 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


http://dx.doi.org/10.1039/c5ra18387a

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

Paper

View Article Online

RSC Advances

Table 2 Mechanical properties of the glassy DGEBA-D230 epoxy-silica nanocomposites obtained via the non-hydrolytic sol-gel approach

Tensile strength Elongation at

Entry IL T, (°C) E (GPa) (MPa) break (%) Toughness (MJ m™*)
1° — 90 2.1+0.2 5243 5.5+ 0.6 2.1+0.5
2P — 82 1.9+ 0.1 53+ 7 81+20 2.7 405
3¢ C,0,MImMeS 94 2.1+ 0.2 58+ 6 12.0 + 3.2 4.4 +06
49 CH,CO,HMImCl 101 2.0 £0.2 64+ 3 7.3+0.8 31+06
5¢ C;HCO,HMImCI 93 2.4+ 0.3 75+6 111+ 1.7 4.9 +0.7

“ Neat epoxy.  IL free epoxy-silica. © Epoxy-silica with C,O,MImMeS. ¢ Epoxy-silica with CH,CO,HMImCI. ¢ Epoxy-silica with C;HsCO,HMImCI.

Tensile stress (MPa)

Ol L T * T L) T £ T ¥ T L T
0 2 4 6 8 10 12

Tensile strain (%)

Fig. 8 Stress—strain curves of (a) reference neat DGEBA-D230
network, hybrids (b) without IL, (c) with C;OsMImMeS, (d) with CH5-
CO,HMIMCL and (e) with CzsHgCO,HMIMCL

The hydrolytic sol-gel approach in the presence of the
selected ILs (Fig. 1) produces a quick and efficient TEOS
hydrolysis in the first 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 first (protolysis) step
without significantly affecting its efficiency. In this manner,
systems that previously could only be obtained for rubbery
epoxy networks,® could now also form glassy network-based
nanocomposites. Thus, the already tough DGEBA-D230
network could be further reinforced by well-tuned filler
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 precur-
sors, like tetramethoxysilane (TMOS), producing an even higher
silica condensation degree. As these systems are more sensitive
to the reaction conditions,** demanding a more detailed study,
their synergistic action with ILs will be presented in a forth-
coming paper.

This journal is © The Royal Society of Chemistry 2015

3.4 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 C3HsCO,HMImCI, the rein-
forcement seemed to surpass the effect based on the fine silica
morphology, since C,O;MImMeS was also able to in situ
produce very small silica particles in epoxy systems.®® 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 iden-
tical epoxy group reactivity to DGEBA, it could give an insight
into the filler-matrix interphase during the nanocomposite in
situ formation. The main evaluation criterion was the ~915
em~ ' peak consumption, corresponding to the oxirane group
C-O stretching.*” As a manner of excluding dilution and back-
ground effects, the ~750 cm ™" peak integration, relative to the
PGE aromatic C-H bending,*> was used as a correction
reference.

The C;H,CO,HMImCI was reacted in a stoichiometric ratio
with PGE. At room temperature, the IL presented high reactivity
with PGE, since after 5 h of reaction approximately 50% of epoxy
groups were already consumed. After 24 h of reaction, practi-
cally no epoxy groups were observed in the FTIR spectrum
(Fig. 9).

When the same procedure was carried out replacing C;He-
CO,HMImCI] with acetic acid, no peak consumption was
observed even after 48 h. This indicates an imidazolium ring
catalytic effect for opening the PGE epoxy groups. The carbox-
ylic-ILs’ reactivity with the epoxy matrix justifies the drastic
differences in mechanical properties among the systems, ie.
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 defined brittleness,
which was due to the confined interphase with plenty of H-
bonds with the silica Si-OH groups. The C,O;MImMeS
contributed in reinforcing the network by van der Waals inter-
actions throughout the interphase, causing toughness
improvement. On the other hand, the carboxylic-ILs caused
drastic changes by covalently bonding to the network. This
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Scheme 1 Summary of characteristics of the epoxy-silica formed via hydrolytic and non-hydrolytic sol-gel processes in the presence of ILs.
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Fig.9 Time dependent FTIR spectra of the reaction between PGE and

C3HgCO,HMIMCL. Curves represent measurements at 30 min, 1 h, 5 h,
24 h and 48 h.

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

key for balancing the interphase properties. Thus, the incor-
poration of C3H¢CO,HMImCI strongly affected both flexibility
and strength of the final nanocomposite, enabling the forma-
tion of the stiffest and toughest materials.

The strong mechanical properties contribution with such
a small additive content makes these ILs very promising multi-
task coupling agents for epoxy based nanocomposites.

4. Conclusions

Task-specific 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 cross-
linker). Nevertheless, the use of non-hydrolytic sol-gel (cata-
lyzed by BF;-MEA) allowed this drawback to be surpassed and
also formed glassy epoxy-silica nanocomposites (using Jeff-
amine D230 as cross-linker), without application of water or co-
solvents. 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

, » -
/\\f>\f\° POLYMER NETWORK R héf\~/, 2=
e et o

\[\0/’\] \—\ﬂ\/\J >\/7‘\cova;ent bond o= ”

o=
O
A
i\j | ] Coulomb forces [
" HO Qo g
& } H-bond ] H-bond
OH

CH,CO,HMImCl

C;H,CO,HMImCl

:] Coulomb

> @® forces
7]

] H-bond
OH

HepIOImmHAZ~

Scheme 2 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 significant 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 C;HsCO,HMImCI pre-
sented the overall best results. The strong but ductile inter-
phase, constituted by physical and chemical crosslinking,
seemed to be the reason for the high nanocomposite rein-
forcement. When compared to the identical IL-free rubbery
nanocomposite, the C;H¢CO,HMImCI 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,
C3HsCO,HMImCI 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,®® even
when using 3 times smaller IL contents and without the addi-
tion of water or co-solvents, broadening the systems’ possibili-
ties for casting and molding applications without formation of
residues.
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High performance shape memory (SM) epoxy-silica nanocomposites have been synthesized. The struc-
ture 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 prop-
erty 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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cussed. Based on the knowledge of the corresponding relationships and structural effects the SM nano-
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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 stimu-
lation.™ 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 stimu-
lus. The permanent phase, maintaining the dimensional stabi-
lity, 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. Ther-
mally induced transformation of the switching phase, i.e. glass
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composite was synthesized showing the high recovery stress 6, = 3.9 MPa or high deformability ¢, =
103%. The study contributed to the better understanding of the SM behaviour of polymers.

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 (Tyans), corres-
ponding to T, or Tp,, up to deformation temperature Ty, (ii)
deforming the sample into a temporary shape, (iii) cooling the
sample below Ti.ns down to the setting temperature T while
maintaining the deformation load; the temporary shape is
quenched by vitrification or crystallization, (iv) the defor-
mation load is released, (v) re-heating the sample above Tirans
up to T4. 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 Ry, shape recovery R, rate of
recovery V; and recovery stress o,. The first one indicates the
ability of a polymer to fix the temporary shape after cooling
and unloading, R, and V; describe the capacity of the material
to recover the original shape and o, is a stress generated at the
constrained recovery.®> Generally, the high shape fixity requires
a high modulus at the setting temperature, G, and scales with
the expression (1 — G,/Gs), while the recovery is related mainly
to the rubbery modulus G,. The recovery stress increases with
increasing G,, and the nonconstrained recovery is faster at low
G,. 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.

Polym. Chem.
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The typical SMPs are based on polyurethanes,* polyolefins,’
acrylates,® polystyrene-based polymers’ or epoxies.® With
respect to another common shape memory material, shape
memory alloys (SMA),”'® 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.® However, the
physical networks are prone to creep and irreversible plastic
deformation resulting in a low shape fixity and recovery.'!
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 o, <
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, ver-
satile chemistry of curing and easy adjustable thermomechani-
cal properties make the epoxy based glassy thermosets
prospective SM materials, displaying excellent shape fixity and
recovery, reaching 95-100%.'> Despite their beneficial pro-
perties, however, not too many teams deal with the epoxy
based SMPs due to a low deformability and high T, of the
corresponding systems.">® Rousseau and Xie*® studied the
effect of the epoxy network structure on shape memory pro-
perties 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,
Ty and the rubbery modulus of networks were tuned in a wide
range. However, the SM behaviour was found to be indepen-
dent of a network structure, composition, crosslink density
and viscoelasticity. All systems showed excellent SM perform-
ance 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 deform-
ability: elongation at break ¢, < 30%, which limits their poten-
tial application. Several ways of increasing their deformability
were reported. Gall et al. used the procedure of deformation at
T close to T, instead in the rubbery state.”’ This strategy
makes it possible to increase e, from 30% to ca. 60%.>°
However, shape fixity was noticeably reduced. Williams et al.**
described an SMP epoxy system with pendant alkyl chains
undergoing self-assembly by tail-to-tail association thus
forming physical crosslinks. This partially physically cross-
linked SMP showed deformability ¢, as high as 75%. Highly
deformable epoxy-based SMP has been recently investigated by
Xie et al.?® 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 cross-
linking density. The networks of a low crosslinking density, at
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a high amine excess, were extended up to &, = 111 and 212%,
in the rubbery state and at T ~ Ty, respectively. Despite the low
crosslink density, the systems showed the perfect shape fixity,
R¢ > 99% and recovery ratio, R, = 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 o,.

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 recov-
ery stress of SMPs**™” and consequently the polymer compo-
sites/nanocomposites are prospective materials for SM
systems.*® ! Different types of reinforcing agents were used,
such as exfoliated nanoclay,** microfibers,*®* carbon nano-
tubes,*® and functionalized SiO, particles®® enhancing mech-
anical and SM properties. Beloshenko et al*® revealed the
importance of strength of a polymer-filler interphase. The
composites with the strong polymer-silica and weak polymer-
expanded graphite interactions displayed recovery stress o, =
1.1 and 0.6 MPa, respectively. Gall et al.*” described the fabri-
cation and characterization of the epoxy-based SMP compo-
sites 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 appli-
cation of composites/nanocomposites as a SM material.

In this work we aim to prepare and study the high perform-
ance 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 struc-
ture and SM properties of the investigated systems. The struc-
tural design makes it possible to control the thermo-
mechanical, 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-nano-
filler 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 struc-
ture and morphology to be most suitable for the SMP system.
The different types of epoxy-amine networks based on diglyci-
dyl ether of bisphenol A (DGEBA) were used as polymer
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matrices. The nanocomposites were prepared by in situ gen-
eration 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 pro-
cedure enables a better control of the nanocomposite mor-
phology and a more efficient enhancement of mechanical
properties compared to the classical aqueous sol-gel pro-
cedure.*®?*° In addition, the absence of water makes the syn-
thesis easier. Moreover, the ionic liquids (ILs) were applied
during synthesis making possible modification of the mor-
phology and further homogenization by improvement of
polymer-nanosilica interaction, as well as reinforcement of the
nanocomposite.***!

The novelty of this paper consists of the design and syn-
thesis 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 relation-
ships 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 Ep = 187 ¢
mol ™" epoxy groups was obtained from Aldrich.

Crosslinking  agents:  poly(oxypropylene)diamines -
Jeffamine® D230 and D400 were received from BASF, ethylene-
diamine (EDA) and 4,4"-methylenebis(3-methylcyclohexylamine)
(Laromin) were obtained from Aldrich, the polyether mono-
amines Jeffamine® M600 and M1000 were purchased from
Huntsman, and amine-terminated butadiene-acrylonitrile co-
polymer (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 tetrafluoro-
borate (C;¢BF,), 1-butyl-3-methylimidazolium tetrafluoroborate
(C4BF,) and 1-butyl-3-methylimidazolium chloride (C,Cl) were
obtained from Prof. Schrekker (Universidade Federal do Rio
Grande do Sul, Porto Alegre-RS, Brazil).**

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 stoi-
chiometric ratio of functional groups (Cepoxy: Cnur = 1:1). The
content of monoamines in the networks is characterized by
molar fraction of amino groups x in the amine mixture belong-
ing to monoamines; x = [NH,]|mono/((NHz]mono + [NHy]ai) (see
Scheme 1B).

2.2.2 Nanocomposites. A two step synthesis was applied.>®
(i) 2 wt% of BF;MEA 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-BF;MEA 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 equi-
valent 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 (abbrevi-
ation). For example DGEBA-D230-M600(0.05)-T(14)-C,Cl or
the bimodal network DGEBA-A(0.3)-E(0.2)-L(0.5)-T(7)-C1oBF,.

2.2.3 Dual SM nanocomposites. Two different amines
D230 and D400 were used to prepare the dual SM nanocompo-
site according to the procedure discussed above. Both nano-
composite 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 tempera-
ture 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™".
The glass transition temperature T, was evaluated as a
maximum of the loss factor tan §. The rubbery modulus was
determined at temperature T = T, + 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~"
(unless stated otherwise) at T4 = 100 °C or at T4 = 120 °C in the
case of bimodal networks. 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.

2.3.3 Stress relaxation. Stress relaxation was measured by
the transient stress relaxation mode at a strain 4 = 1.07 at Tq =
100 °C.

2.4. Shape-memory properties

SM behaviour was followed in the temperature region 7' =
25-100 °C, with the setting temperature Ts = 25 °C, transition
temperature Tians = Ty and deformation temperature Ty =
100 °C or T4 = 120 °C in the case of bimodal networks. The fol-
lowing parameters were determined to evaluate the shape-
memory 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 /; or to the angle &4 = 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 Ry = 1 — [(Iq - If)/l4] * 100%,
where /4 and [; are the lengths in the deformed state at defor-
mation 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 T4 was evaluated in the linear mode as R, = [1 — (I, — )/
lo] x 100%, where [, is the initial non-deformed length and [, 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 (c;). The recov-
ery stress o, was measured on an ARES G2 equipped with a
thermal chamber and a liquid nitrogen tank. The rectangular
sample 25 x 5 x 1 mm was heated up to deformation tempera-
ture T4 and extended up to 60% of the previously determined
strain at break, Aq = 0.6, at a rate of 0.06 mm min™", unless
stated otherwise. In all experiments 14 > 1.07, which corres-
ponds to the thermoelastic inversion point of epoxy
systems.'*** The sample was subsequently cooled at a rate of
10 °C min™" (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 con-
strained 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 prom-
ising high performance SMPs applicable in the temperature
range between T;yom and 7'= 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 den-
sities were prepared by crosslinking DGEBA with diamines of
different lengths, including poly(oxypropylene)diamines, Jeffa-
mines 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 pre-
pared by crosslinking DGEBA with two diamines of different
lengths, ATBN (M = 3600) and 4,4"-methylenebis(3-methylcyclo-
hexylamine) (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).

HN = H,N—-R3“—NH, ATBN
2 i § ‘ * Tpbsosa
i q=0.16
N
= H,N—R4=-NH, Laromin
HN NH,
H2N/\/NH2 = H,N—-R5-—NH, EDA

>70H R p OH >—OH >70H >70H
2; 2:{ Ra ™ 27 [R4 < 27 R5+2N7/\

Scheme 2 Structure of the bimodal network.
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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 wusing BF;MEA
(Scheme 3A).>**° During the nanocomposite formation the
interphase  epoxy-silica  covalent  grafting  occurs®®
(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, surfac-
tant 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.*"

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 struc-
ture and morphology of the nanocomposites as well as to
enhance their mechanical properties.**™*"

The applied synthesis leads to the formation of well homo-
geneous epoxy-silica nanocomposites. The TEM micrographs
in Fig. 1 show a comparison of the morphology of the nano-
composites prepared by the classical aqueous sol-gel process,
by the non-aqueous procedure and that prepared in the pres-
ence 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.

or ~ 64 = Gr(da — 2a) 1)

where o, is the recovery stress, G, and o4 are the modulus and
stress under deformation in the rubbery state, respectively,
A(= I/l) is the deformation ratio, [ and [, are the deformed and
initial length of the sample, respectively. The stress at recovery
thus depends on the rubbery modulus and deformation 1. Gall
et al. observed that the recovery stress directly scales with the
rubbery modulus and the network stress at the initial defor-
mation.” 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 Tyoom is the setting tem-

Polym. Chem.


http://dx.doi.org/10.1039/c5py01450f

Published on 20 November 2015. Downloaded by Institute of Macromolecular Chemistry on 20/11/2015 11:20:35.

Paper

perature Ti. Consequently, adjustment of T, is necessary as
well.

3.2.1 Control of the thermomechanical properties

Crosslinking density and chain flexibility. The thermomech-
anical properties of a prospective SMP are tuned in such a way
to reach a high rubbery modulus while to keep T, in the appli-
cation window of a polymer.

The rubbery modulus of elasticity of polymer networks is
determined mainly by the crosslinking density v:

G. = VRTA + physical contribution (2)

G. is the equilibrium shear modulus in the rubbery state, A
is the front factor (A = 1 for affine networks, 4 = (f — 2)/f for
phantom networks, fis the functionality of a crosslinker).

Physical contribution to a modulus involves physical cross-
linking 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 inter-
action 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 T, as well.
Therefore, there are certain limits of crosslinking density in
order to keep T, in the application window of a SMP. In
addition to the crosslinking density the chain stiffness or flexi-
bility also affects the modulus by modifying the front factor A
in eqn (2).*® Stiff chains in a network lead to a higher modulus
and higher T, with respect to the network containing flexible
chains.?® Due to the simultaneous effect of a network structure
on both the modulus and T, a careful tuning of the polymer
structure is necessary in order to optimize the thermomech-
anical 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 v ~ 1/Mc, where Mg 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 T, of the epoxy networks.
The modulus increases in the series DGEBA-ATBN < DGEBA-
D400 < DGEBA-D230 in accordance with increasing cross-
linking 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 § (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 T, in the suitable application
window, at T, = 50 °C and T, = 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 self-
assembling 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 T 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 T, simultaneously diminishes. This approach is bene-
ficial for our SMP by enhancing the rubbery modulus while
keeping T, 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 T,
decreases from 91 °C to 73 °C.

Nanofiller effect. The most pronounced reinforcement of the
epoxy networks was achieved by incorporation of silica nano-
fillers. The thermomechanical behaviour of the nanocompo-
sites 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 tanés (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 G, = 20 MPa and 30 MPa,
respectively. At the same time the T, of the nanocomposites is
raised due to immobilization of the network chains by inter-
action 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 Ty rise limits the application of silica
reinforcement to the DGEBA-D400 matrix only because the
DGEBA-D230 based nanocomposite does not fit in the appli-
cation temperature window due to a very high T,. The high
content of silica is moreover manifested by broadening of glass
transition. This is a result of a system inhomogeneity. The nano-
composite 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.*® 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. G; 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 T, and an excessive widening of the glass transition.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Storage modulus (a) and loss factor tans (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)-C,Cl, 7 DGEBA-
D400-T(40)-C,CL

Ionic liquids’ effect. The IL increases both the rubbery
modulus and T, 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 inter-
phase interaction (see Scheme 4b) is reflected in thermomech-
anical 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 T, 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; C,Cl, C,BF,
and C,(BF,. However, no difference in their effect on mor-
phology 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 reinforce-
ment with nanosilica generated under IL assisted catalysis (see
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Fig. 5 Storage modulus (a) and loss factor tané (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 T, lowering by plasticizing pendant
chains also the higher-T, network DGEBA-D230 could be used
as a matrix for the epoxy-silica nanocomposite. The T, of
the corresponding DGEBA-D230-monoamine-nanosilica-IL
system is kept in the application window. This complex nano-
composite profits as SMP from the following thermomechani-
cal properties; (i) high modulus due to silica reinforcement
and physical crosslinking, (ii) T, in the application window
due to a plasticizing effect of flexible pendant chains, (iii)
narrow glass transition because of nanocomposite homogeni-
zation by the action of ILs.

The thermomechanical properties of the studied SM poly-
mers are characterized in Table S1 (in the ESIf.)

3.2.2 Tensile stress-strain behaviour. The suitable thermo-
mechanical properties of a material, including T,, broadness
of the transition, rubbery and setting moduli G,, G, are pre-
requisite 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 Ty = 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 thermo-
sets. The DGEBA-D400 network (curve 1) shows an elongation
at break e, = 20% in the rubbery state and tensile strength oy, =
2.3 MPa. Fig. 6 reveals that the epoxy network modification
leads to a dramatic improvement of tensile properties. Incor-
poration of nanosilica into the network (curve 2) brings about
a significant enhancement of modulus and strength, while
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Fig. 6 Stress—strain behaviour of the SM network and nanocomposites
at T4: 1 DGEBA-D400, 2 DGEBA-D400-T(14), 3 DGEBA-D400-T(14)-
C4Cl, 4 DGEBA-D400-T(25)-C4CL

only a slight reduction of deformability (ep,). Another improve-
ment 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-for-
mation 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 deci-
sive 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 ESIY).

Highly deformable SM epoxy polymers — bimodal networks.
The extensibility, i.e. strain at break A,, of a polymer network
based material is related to the crosslinking density and gener-
ally it is expressed as A, ~ M."2 The polymer deformability
thus could be increased at the expense of the modulus only, as
G ~ 1/M..

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 Ty =
120 °C revealing the high elongation at break ¢, = 280%
(curve 2). The DGEBA-ATBN elastomer is rubbery at room
temperature and hence the combination with the high-T,, but
a less ductile, DGEBA-Laromin network (Fig. 7 curve 1 and
Fig. 8 curve 1) was applied in order to increase T, of the corres-
ponding 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; e, = 100%
(Fig. 7, curve 3) and T, occurs in the application window, Ty =
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 (T, = 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 T4 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).

Storage modulus, Pa

10° T T T T T T T
40 80 80 100 120 140 180 180

Temperature, C
0.8

0.6

Tan delta

T T T T T
40 60 80 100 120 140 160 180
Temperature, C

Fig. 8 Storage modulus (a) and loss factor tans (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 (T, = —45 °C, not shown in Fig. 8). The low temperature
shoulder in addition to the maximum in the tané curve in
Fig. 8b, however, reveals a partial phase separation and incom-
patibility 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, G5 =
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
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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 T, and narrowing of glass tran-
sition as well as to increase both G, and Gg. However, G; is still
low (= 240 MPa) and the tensile properties are not significantly
changed, ¢, = 103% (Fig. 7, curve 4). The substantial improve-
ment of mechanical properties was achieved by using a nano-
filler. The nanocomposite containing 5 wt% silica (T14)
(Fig. 7, curve 5) displays enhancement of strength by 200%
and G; by more than an order of the magnitude up to 76 MPa.
The extensibility is relatively high, ¢, = 47% and G increases.
Even this nanocomposite involves a small fraction of the dis-
persed 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 cross-
linker, (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 charac-
teristics 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 o, ~ G, is not well satisfied. For instance,
the nanocomposites DGEBA-D400-T(14) and DGEBA-D400-
T(14)-C,Cl show the same rubbery modulus G,, 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 o, of the
studied systems as a function of their toughness. The toughest
nanocomposites based on bimodal networks and those pre-

T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
Toughness, a.u

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. Particu-
larly, the highest value was achieved in the bimodal nanocom-
posite network DGEBA-A(0.3)-E(0.2)-L(0.5)-T(14) showing o, =
3.7 MPa. Moreover, in contrast to an irregular scatter of experi-
mental data in the case of the dependence o, vs. G,, the plot o,
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 recov-
ery 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
Tq4 for all systems, excluding bimodal networks, disregarding
T, and the temperature difference AT (= Tq — Ty) in the par-
ticular system.

The limit of an achievable recovery stress is given by the
stress at 14 (= 0.64p, see the Experimental section) at defor-
mation temperature (T4). 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
oylog (~orlop). 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 contain-
ing ATBN. Ry depends on the modulus at the setting tempera-
ture Gs. A decrease in shape fixity occurs in polymers showing
Gs < 500 MPa, which is the case of the bimodal networks (see
Table S17). The reduced fixity, Ry = 86%, was determined in
the DGEBA-A(0.3)-E(0.2)-L(0.5) bimodal network displaying a
low modulus, G5 = 240 MPa, as well as in the corresponding

Table 1 Shape fixity Rf and recovery R, of epoxy SMPs

SMP system R¢, % R, %
DGEBA-D400 100 99.95
DGEBA-D400-T(14) 100 99.5
DGEBA-D400-T(40) 100 98.2
DGEBA-D400-T(14)-C,BF, 100 99.7
DGEBA-D230-M600(0.1) 100 98.9
DGEBA-D230-M1000(0.1) 100 98.7
DGEBA-A(0.3)-E(0.2)-L(0.5) 86 99.9
DGEBA-A(0.3)-E(0.2)-L(0.5)-T(14) 95 97.9
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nanocomposite involving 5 wt% of nanosilica (T14), R¢ = 95%,
G, = 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 net-
works 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 homo-
geneous systems.

3.2.4 Viscoelasticity effect. The loss of the stored energy
during the SM cycle consists of an irreversible plastic defor-
mation as well as in viscoelastic properties and time depen-
dent behaviour of polymers. It is reflected by a reduced shape
fixity, incomplete shape recovery and a lower recovery stress,
o, < oq4. 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 visco-
elastic polymer includes the elastic, equilibrium part and the
viscoelastic one,

o(t) = e + 0o exp(—t/7)" (3)

where ¢, and o, are the initial (at ¢ = 0) and equilibrium stress
at deformation, respectively, 7 is the relaxation time.

The stress relaxation in the studied systems at the defor-
mation temperature Ty is displayed in Fig. 10. The almost
“ideal elastic” network DGEBA-D230 shows a very small visco-
elastic effect. Due to a high chemical crosslinking density the
stress relaxes quickly and levels off at the equilibrium value o,
in 15 s (curve 1). The behaviour of a structurally heterogeneous
bimodal network of a lower crosslinking density involves more
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Fig. 10 Stress relaxation at T4: 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 signifi-
cant viscoelastic effect (curve 2 and 4) because of strong physi-
cal interactions and phase inhomogeneity. It is manifested by
a pronounced and a relatively slow stress relaxation reaching
the equilibrium value in ¢ > 10 min. This is in agreement with
literature data reporting an increased relaxation time with the
incorporation of nanoparticles.*®

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 Aoy = (6o —
oc)loo. 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 vis-
coelasticity 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 G, 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 redu-
cing 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 deform-
ability, being thus promising systems for high performance

Table 2 Relaxation of SMPs at T4 = 100 °C

System Aoy trelax, MIN
DGEBA-D230 0.02 0.25
DGEBA-D230-M600(0.1) 0.12 2
DGEBA-D230-T(14) 0.30 >15
DGEBA-D400 0.18 7
DGEBA-D400-T(14) 0.23 >10
DGEBA-D400-T(14)-C1(BF4 0.15 9
DGEBA-A(0.3)-E(0.2)-L(0.5) 0.59 5
DGEBA-A(0.3)-E(0.2)-L(0.5)-T(14) 0.75 >10

Aoy — viscoelasticity effect, ¢.j.x — time of relaxation up to equilibrium
of stress.
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SMPs, (iv) physical crosslinking by long pendant chains
increases G, without an enhancement of T,.

3.3. Optimization of the experimental SM procedure

In addition to material structural characteristics the experi-
mental 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)-
C,BF, is shown in Table 3. The stress relaxation of this nano-
composite 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 sig-
nificantly 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~ . 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 recov-
ery. 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 o, of the nanocomposite DGEBA-D400-T(14)-C4BF,4

Rate of deformation, Rate of cooling, or,

mm s’ °C min™* MPa

0.06 10 2.58 Reference
conditions

0.06 50 2.64

1 50 2.70 Effect of
deformation rate

10 50 2.92

10 10 2.77 Effect of
cooling rate

10 30 2.78

10 50 2.92

Polym. Chem.


http://dx.doi.org/10.1039/c5py01450f

Published on 20 November 2015. Downloaded by Institute of Macromolecular Chemistry on 20/11/2015 11:20:35.

Paper

the oven from 100 °C to the glassy state of the sample and
freeze it (in this case T, = 62 °C). The quick cooling leads to
earlier quenching and increase in o,. 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 o, = 3.9 MPa was
determined in the case of the bimodal network based nano-
composite DGEBA-A(0.3)-E(0.2)-L(0.5)—T(14). The effect of
the cooling rate is dependent on heat transfer, thermal con-
ductivity 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, ie., containing the networks of
different T,s 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 T; = 60 °C and to T, =
110 °C, respectively (cf. Fig. 12). Fig. 11 discloses that both
temperatures T, = 25 °C and Ty, = 60 °C are applicable as the
setting temperatures. However, the storage modulus at 60 °C is
low, G0 oc) = 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)-C,0BF4: (a) initial shape, (b) heating up to 110 °C,
deformed and cooled down to T, (c) heating up to 60 °C and (d)
heating up to 110 °C.

169 Ty
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Storage modulus, Pa
Tan delta
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Fig. 12 Storage modulus and loss factor tané of the shape memory
nanocomposite with the dual SM effect DGEBA-D230/D400-T(14)—
C10BF4 as a function of temperature.
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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 relation-
ships 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 mor-
phology 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 thermomechani-
cal properties such as moduli at deformation and setting tem-
peratures, G, G;, the T, 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 ther-
momechanical properties were tuned and the T, of SMPs was
adjusted by optimization of the crosslinking density of the
epoxy matrix and the flexibility of polymer chains, by introdu-
cing physical crosslinks and silica nanofillers to increase the
rubbery modulus G; and by application of the IL in the syn-
thesis 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 viscoelasti-
city 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 G, 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 inter-
action and improving the homogeneity of nanocomposite mor-
phology. As a result, the toughness is increased and the
viscoelasticity reduced, thereby enhancing the SM perform-
ance. 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 ¢, = 3.9 MPa or
high deformability e, = 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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