Univerzita Karlova v Praze, Firodovédecka fakulta
Katedra fyzikalni a makromolekularni chemie

Charles University in Prague, Faculty of Science
Department of Physical and Macromolecular Chemistry

Doktorsky studijni program: Makromolekularni chemie
Ph.D. study program: Macromolecular Chemistry

Autoreferat diserini prace
Summary of the Ph.D. Thesis

Organicko-anorganické polymerni nanokompozity

Organic-Inorganic Polymer Nanocomposites

MSc. Sergii Ponyrko

Ustav makromolekularni chemie AVCR, v.v.i.
Oddsleni nanostrukturovanych polymeru a kompozitu

Institute of Macromolecular Chemistry, AS CR
Department of Nanostructured Polymers and Composite

Skolitel/Supervisor: RNDr. Libor Majka DSc.

Praha, 2015



Abstract

The epoxy based polymer is one of the very comnmynpers, which was
used as a host to create new better materials ecoamposites. This thesis
focused on the improvement of the thermomechapicaerties of the epoxy
thermosets without deteriorating their existing défége and on further
potential application of this knowledge in “smasystems. The largest part of
this work is dedicated to the reinforcement of gptixermosets byn situ
generated silica and synthesis of organic-inorgam@nocomposites.
Borontrifluoride monoethylamine (BMEA) was chosen as effective catalyst
for the formation of nanosilica in epoxy-amine netw matrix under
nonaqueous (non-hydrolytic) sol-gel process. We@sed the mechanism of
the nonaqueous sol-gel procedure, studied thetsteuevolution during the
nanocomposite formation, and also determined tetsire, morphology and
thermomechanical properties of the obtained epdigasnanocomposites.
Significant attention in this work was given to thpplication of coupling
agent and ionic liquids to improve compatibilizatiof the organic matrix and
the inorganic part. As a result of the nonaquealigsl process optimization
by combination of the tetramethoxysilane (TMOS) ahd coupling agent
glycidyloxypropyltrimethoxysilane (GTMS), the highy- and heat resistant
nanocomposites were synthesized. Application oicitiquids allows tuning
the interface interactions in nanocomposites bydpeag a sequence of
physical or chemical interactions. The epoxy-basadocomposites were
applied in the second part of the thesis for thelystand preparation of
temperature responsive shape memory polymers (SWHR.investigation
was focused on general study of shape memory (Skhawour and
enhancement of mechanical strength of SMP in a@elesign and prepare
the high performance SMP nanocomposite. The tuairtpermomechanical,
tensile and viscoelastic properties enabled tonopé the SM behaviour. The
synthesized nanocomposite-based SMP shows impr®hegroperties such
as perfect shape fixity and recovery, including émhanced high recovery
stress and recoverable deformability.

Keywords: organic-inorganic nanocomposite,situ build silica, nonaqueous
sol-gel process, interphase interaction, ionic ilgu toughness, shape-
memory polymer, recovery stress.
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Abstrakt

Polymery na bazi epoxidovych prysigjsou velmi Eznymi polymery, které
jsou vhodné pro ffpravu novych lepSich materiat nanokompozit. Tato
prace se zadfila na zlepSeni termomechanickych vlastnosti epnaich
termosel, pri sowkasném zachovani jejich stavajicich vhodnych viasine
dale na potencialni aplikaci ziskanych pozfatkzv. "chytrych" systémech.
Hlavni ¢ast této prace jeémovana ztuzeni epoxidovych termdsén situ
pfipravenym oxidem i#emiitym a syntéze organicko-anorganickych
nanokompozit. Fluorid bority monoethylamine (BMEA) byl pouZzit jako
Gcinny katalyzator pro tvorbu naséstic siliky (oxidu kemiitého) v epoxy-
aminové matrici bezvodym sol-gel procesem (viftepnosti vody). Navrhli
jsme mechanismus bezvodého sol-gel procesu a stlidowoj struktury
béhem tvorby nanokompozit Poté jsme wili strukturu, morfologii a
termomechanické vlastnostiipravenych epoxydemiitych nanokompozit.
Znana pozornost byla &ovéana pouziti koputaiho cinidla a iontovych
kapalin pro zlepSeni kompatibility mezi organickmatrici a pisluSnymi
anorganickymicasticemi. Diky optimalizaci bezvodého sol-gel pmacea
kombinaci  tetramethoxysilanu (TMOS) s  kopwiam cinidlem
glycidyloxypropyltrimethoxysilanem (GTMS), byly stgtizovany tepel&
odoIné nanokompozity s vysokou hodnoty PouZiti iontovych kapalin
vede ke vzniku novych fyzikdlnich a chemickych iatei, které umahuji
regulaci mezifazovych interakci v nanokompozitectzlepSeni vlastnosti.
Druhd ¢ést této prace bylaémovana studiu aifpraw teplotrg citlivych
polymerlfi s tvarovou pa#ti (SMP-shape memory polymer), za pouZziti vySe
popsanych epoxidovych nanokompézitvyzkum byl zandten na obecné
studium chovéani polymars tvarovou pasiti a zvySeni mechanické pevnosti
téchto polymed, s cilem navrhnout afipravit vysoce vykonny SMP
nanokompozit. Regulace a vykld tahovych, viskoelastickych a
termomechanickych vlastnosti nanokompibzitumoznila optimalizaci
tvarow-panttového chovéani. iipravené SMP na béazi nanokompézit
vykazuji zlepSené vlastnosti, tykajici se tvarov@mii. Polymery maji
vysokou vratnou deformabilitu afipnavratu do fivodniho stavu generuji
vysoké vratné nagpi. Zarovei vykazuji dokonalou stabilitu deformovaného
tvaru a rychly a Uplny navrat ddéyodniho tvaru.

Kli¢ova slova: organicko-anorganicky nanokompozity situ pripravena
silika, bezvody sol-gel proces, mezifazova inteegkéontové kapaliny,
houZevnatost, polymer s tvarovou pgiimvratné nagti.
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4. Zavkry

Byl stanoven mechanismus bezvodého sol-gel proaesivoj struktury
pii tvorbé epoxy-kemicitych nanokompozit.

Byla objasgny vztahy mezi tvorbou, strukturou a termomechajriuk
vlastnostmi epoxy4demiitych nanokompozit pripravenych pomoci
bezvodého sol-gel postupu.

Pomoci bezvodé sol-gel techniky bylyigzaveny transparentni, vysoce
tepelrgé odolné nanokompozity s vysokyTy.

Byl navrZzen postup proffpravu SMP nanokompoaits regulovatelnymi
termomechanickymi, tahovymi a viskoelastickymi  Westmi
umozujicimi vysoké vratné nagi.

Bylo zjist&no, Ze vratné napi nezavisi na modulu pruznosti, nybrZz na
houZevnatosti materialu.

Byly pfipraveny vysoce vykonné SMP vykazujici vysoké Eatagti a
vratnou deformabilitu.
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1. Introduction

The epoxy thermosets are kind of organic matexidls excellent heat,
and chemical resistance and with good adhesioreptiep. However, despite
having good thermo-mechanical properties and hight tresistance, the
epoxy systems cannot meet all the requirement®cedfy for the structural
and electrical applications. Therefore, compositesolving various
combinations of epoxy networks and inorganic materhave been very
useful for the exploration of new materialthe amines are the most typical
curing agents of epoxy resins and the corresponejraxy-amine networks
are the most common epoxy thermosets used as ematiic composite
systems.

Organic-inorganic polymer nanocomposites are nancsired systems
containing both organic part and inorganic nanafilThese systems combine
advantages of polymers and inorganic componentwsisbca synergy effect.
Application of inorganic nanoparticles can be mattirly interesting thanks
to their easy applicability to the common procegsiachniques used for
epoxy-based conventional composites. The final gm@s of the
nanocomposite material are affected by severalofsctsuch as intrinsic
characteristics of each component, the contentshia@e and the dimension
of fillers, and the nature of the interphase.

The silica nanoparticles are the most typical imaaig nanofiller of
polymer systems. They are generally introduced ipoymer directly by
blending or silica precursors are used in the sblpgocess to generate silica
nanostructuregn situ within the organic matrix. Simultaneous formatioh
the inorganic nanostructures and organic polymers result in the most
homogeneous type of the organic-inorganic nanocsitgzo

The sol-gel reaction proceeds by two fundamentaldrdiytic
polycondensation stages: the hydrolysis of the al&itane precursors to
introduce a reactive hydroxyl group on the metal #meir condensation to
form siloxane Si-O-Si bonds under acidic or basieditions. But along with
obvious advantages of the sol-gel process, it laskedem of control over the
reaction rates, often resulting in loss of morpgaal and also structural
control over the final silica material, therebyda®y to a low reproducibility.
Another disadvantage of hydrolytic sol-gel procéssimmiscibility of a
reaction mixture. Water is immiscible with tetra@tiisilane (TEOS) or with
epoxy resin thus a cosolvent application is regliFeirthermore evaporation
of water and solvent leads to sample shrinkagefanmation of bubbles or
cracks in the final product.

Nonaqueous (non-hydrolytic) sol-geprocessin organic solvents, under
exclusion of water, is able to overcome some of rirggor limitations of

aqueous systems and thus represents a powerfuessatile alternative. The
4



nonaqueous solvent-free sol-gel technique provtesnproved control over
molecular level homogeneity leading to uniform nfwlogies. But despite
the advantages of the non-hydrolytic solvent-fremcedure, it has been very
little studied so far with respect to the synthesis the epoxy-silica

nanocomposites.

Shape-memory polymers(SMP) are an important class of “smart”
polymers which, after deformation, can recover rtheitial shapes under
external stimuli (Fig.1.). This external stimuluer ftriggering the shape
recovery can be temperature change, electric onetexfield, light or pH of
solution etc.Thermal-responsive SMPs are ones of the most stustigart
systems.

1 1
1 1
— (... ...} — = : —)
] 1
T< Ttrans T> Ttrans T< TNu"S T> Ttrans
permanent shape deformation temporary shape shape recovery

Fig. 1 Schematic representation of the shape-memory tefigg,s —
transformation temperature

The temperature-responsive shape memory (SM) piepesf polymers
are usually evaluated by the thermal SM cycle. Rigllustrates thermal
shape-memory test. It consists of (1) heating #mepde above transformation
temperatureT;a,s), corresponding tdg or Ty, up to deformation temperature
T4, and (2) deforming the sample into a new temposagpe, (3) cooling the
sample belowly s down to the setting temperatuFgwhile maintaining the
deformation load; the temporary shape is quenchgdvitrification or
crystallization, (4) the deformation stress is askd, (5) re-heating the sample
aboveT; s up toTy. This step leads to a recovery to the initial ghapder
nonconstrained conditions (5a) or to a stress mgowat constrained
conditions (5b), i.e. the sample is fixed at constangth. During the sample
deformation, the elastic energy is generated. Aticg, this energy is stored
in the quenched sample. During heating the samipbeeaT, s, the stored
energy is recovered and manifested as a recouwessst

The SM properties are evaluated by the followingapeeters, such as
shape fixity, shape recovery, rate of recovery ewbvery stresgi, where
shape fixity describes the ability of the switchisggments to fix a
mechanical deformation after cooling and unloadif@hape recovery
evaluates the ability of the polymer to memorizepiermanent shape and the
recovery stressg; is defined as a force that a SMP exhibits during a
constrained recovery.

o, MPa

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

Obr. 9 Vratné nafii v SMP bimodalni sétjako funkce houzevnatosti pro:
1 — DGEBA-D400 a 2 — DGEBA-D230 systémy, 3 — DGEB#romin-
Aminem-korteny kopolymer butadienu z 18% acrylonitrilu (ATBN).

Mimo jiné bylo prokdzano, Ze tvar&pamstové chovani je ovlivéno
viskoelastickymi vlastnostmi a morfologii materidWiskoelasticky efekt byl
sledovan v souvislosti se vztahem relaxace polyrkemarow-panttovéemu
chovani materidll. Polymerni relaxace a viskoelasticky efekt méa asladek
Ubytek elastické energie konzervované v ochlazengbdku. Diky kontrole
viskoelastického efektu je mozné zlepSit tvarpanttove vlastnosti
studovanych systéim NaSe vysledky odhalily, Ze pouziti IL snizuje
viskoelasticky efekt, a zaroie zvySuje @innost tvaro¥-pamstového
chovani. Minimalizace relaxace riipje dalSi moznosti jak zvysSit tvardv
panttovu innost a redukovat ztratu ulozené energie.
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mezi strukturou nanokompoijt termomechanickymi, tahovymi a
viskoelastickymi vlastnostmi a jejich vliv na tvagepanmétove chovani, coz
umoziuje lepSi pochopeni tvar&panttoveho jevu.

77—

— (v} (P Sd —

bhc

Obr.8 Tvaro¥-pamstovy efekt epoxy-kemicitych nanokompozit a)
pavodni tvar, b) ofev, ohyb a zchlazeni vzorku, c) znovu i#&haz naly —
10s, 20s, 30s.

3.2.1 Design struktury

Jak struktura epoxidové matrice, tak faktory soejit$ se syntézou
nanokompozit byly upraveny tak, aby doSlo k optimalizaci fini&im tvarow-
pangtovych vlastnosti. Mezi parametry owuliwjici navrhovanou strukturu
pati — stova hustota, flexibilitatettzch v siti a mozné fyzikalni gbvani.
Naproti tomu mezi nejdezitgjSi parametry ovlifujici  strukturu
nanokompozit pati — obsah siliky, mezifadzovéa interakce a kvalitapdirze
nanoplniva v matrici. Syntéza bimodalni¢s# bimodalni distribuci sbvé
hustoty byla vybrana jako dal$i moZzno&ppavy vysoce vykonnych SMP.

Typ struktury ovliviuje termomechanické, tazné a viskoelastické
vlastnosti, jakymi jsouT,, Sika skelného f@chodu, modul pruznosts,
skelny modulG,, nagti a tlak zlomu, relaxani chovani polymeru. Nejen
UpravaTy (v rozmezi od 25 — 100 °C) a motluble také vyzkum tazného
napiti-tlaku za deforméni teploty v pruzném stavu, je kritickym faktorem
pro ovlivreni vysledné struktury epoxysmicitych nanokompozit.

3.2.2 Tvarok-pamét’ové vlastnosti nanokompozik

Pro studii tvarog-panttovych vlastnosti byly vyhodnocovany néasledujici
parametry — tvarové stabilita, obnoveni tvaru, lgshnévratu do fpvzodniho
tvaru a vratné napi o,. Ziskana experimentalni data termomechanickych,
tahovych a tvara¥panttovych vlastnosti odhalila, Ze v literé¢uuvaéna
korelace vztahu mez, ~ G, plati pouze v omezené tai Bylo zjiStno, ze
zdsadni parametr tvar@panttovych vlastnosti— vratné nép zavisi nikoliv
na modulu pruznosti, ale na houzevnatosti materialu

Obr. 9. znazatuje jednozn&nou zavislost mezi experimentalgjiSttnym
vratnym  naptim studovaného systtmu a jeho houZevnatosti.
NejhouZevnagsi nanokompozity na bazi bimodalniésit systémy fipravené
s pouzitim IL vykazuji nejvyssi vratné riip NejvySsi hodnoty, = 3.9 MPa
a taznosti, = 47 % bylo dosazeno u bimodalnich nanokompatitsiti.
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Fig. 2 Representative 3-D plot of thermal shape-mematy te

The poor mechanical strength and the corresporidingecovery stress
are the main drawbacks of the SMPs. Incorporatingiaforcing fillers is a
common way for enhancement the mechanical perfazenaand shape
recovery stress of SMPs. However, still the genguade for improvement of
shape memory properties is missing.

Comprehensive study of the synthesis of nanocortgsby nonaqueous
solvent-free sol-gel process and shape-memory oampasites properties as
well as determination of relationships between fation - structure -
properties is discussed in the following chapters.



2. Aims of the study

The Thesis has two main objectives of the study:

»  Synthesis of organic-inorganic epoxy-silica nanoposites with
silica generateth situ by novel nonaqueous solvent-free sol-gel procHss.
part focused on understanding the mechanism ofntireaqueous sol-gel
process and a corresponding formation of epoxgasiianocomposites. It
describes the effect of Bfnonoethylamine (BFMEA) complex, amine
basicity, presence of the coupling agent, curimgperature, the influence of
steric restrictions of the epoxy network affectihg silica structure growth,
the evolution of the structure during polymerizati@nd function of ionic
liquids (IL). The nanocomposite hierarchical sturet and morphology, as
well as the thermomechanical properties were studie details. The
determined relationships between formation, stmecnd properties of the
epoxy-silica nanocomposites made it possible torope the synthesis and to
control the nanocomposite structure and morphologyder to fit the desired
goals.

»  Synthesis of potentially applicable thermo-respemsishape-
memory polymers based on epoxy-silica nanocompositeorder to obtain
such a polymer, several parameters were necessaajdr, such as keeping
Ty < 100 °C (for easier triggering of the shape recoyeincrease storage
modulus and tensile properties, which is reflearechigh recovery stress,
high extent of recoverable deformation, good sHiqity etc.

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

Na zéklad ziskanych vysledk jsme gipravili vysoce vykonné
nanokompozity, které si zachovavaji dobré mecha&nidkstnosti az do 300
°C. Vyuzili jsme vyhody synergické kombinace dvdkoaysilani TMOS a
GTMS (Obr.7). Nanokompozity, které obsahovaly mem$ioZstvi in situ
vzniklé siliky ~ 10 vah. %) a menSi mnoZstvi kopuidno ¢inidla GTMS,
vykazuji netetelnéTy a vysoky modul pruznosti (335 MPa) az do tepld9 3
°C (Obr. 7, Kvka 4). Pravdpodobré doSlo k perkolaci anorganickych
struktur v epoxidové siti, a tim ke vzniku bi-kentélniho hybridu epoxy-
silika/SSQO.

Tardelty
—. "
I ——

Sheage modAs, Pa

Obr.7. Modul (a) a ztratovy faktor taf (b) jako funkce teploty
nanokompozit na bazi DGEBA- 3,3-dimethyl-4,4'-
diaminocyclohexylmethane (Laromin) obsahujicich O™ a GTMS: 1
DGEMA-Laromin, 2 DGEBA-Laromin-TMOS(14)-BMMEA, 3 DGEBA-
Laromin-GTMSk = 0,3)-BRMEA, 4 DGEBA-Laromin-TMOS(14)-GTM(
=0,3)-BRMEA, kde 14% TMOS odpovida 5,4% siliky.

Karboxylo-imidazolova iontova kapalina byla pouzifmo zlepSeni
mezifaze epoxy-siliky, tedy pro lepSi dispergaderkicitych domén v
epoxidové matrici. Bylo dosazeno vyrazného ztuzevice nez 100% zvySeni
houZevnatosti.

3.2 Teplotre citlivé nanokompozity s tvarovou pangti

Hlavnim cilem tohoto vyzkumu bylaiprava vysoce vykonych polymer
s tvarovou pasii (SMP), pouzitelné v teplotnim rozsafiu= 25 — 100 °C
(Obr. 8). Epoxy-kemicité nanokompozity byly vybrany jako slibné mateyiél
pro pipravu tchto SMP. Byla nalezena dobrd korelace mezi tvarov
pangtovym chovanim a termomechanickymi, tahovymi a wvidastickymi
vlastnostmi SMP. Studium bylo zaena pedevsim na design struktury
SMP, coZz umoZznilo kontrolovat tyto vlastnosti. Tipadem mZeme
optimalizovat tvaro¥-panttove chovani #etrg dilezitych paramett, jakymi
jsou vratné nafii a vratnd deformabilita. Krointoho byl stanoven vztah
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pouziti kopul&niho ¢inidla vznikaji SSQO domény, které se rychleji
zabudovavaji do epoxidové matrice (Schema 1Ca)\éfiyse epoxidova sia
epoxidovérettzce jsou propojeny SSQO strukturami, caisgiva k sfovani
(Schema 1Cb). V posledni fazi tento hybridni systéykazuje perkolaci
anorganické SSQO 8&ita vytv&i ko-kontinualni epoxy-SSQO fazovou
morfologii (Schema 1Cc).

3.1.3. Termomechanické vlastnosti

Abychom docilili nejlepSich termomechanickych westti za pouziti
bezvodého sol-gel procesu, bylo nutné optimalizowiteré parametry, tj.
mnozstvi BEMEA, vytvrzovaci teplota, typ flemicitého prekurzoru a
mnozstvi kopuléniho ¢inidla. Kromg toho byly pouzity #zné typy
methylimidazolovych iontovych kapalin, pro zdokaerad morfologické
homogenity. VSechny studované nanokompozity vykaanjSeni elastického
modulu ve srovnani s epoxidovou siti, nicghégly nalezeny jak nizsi, tak
vySSi hodnotyT, (Obr.6). Konverze kondenai reakce TEOSuipsol-gel
procesuag byla nizSi u v fpac® bezvodého sol-gel systému neZi p
klasickém sol-gel procesu. Tento fakt vede k nedel® zreagovanym
doménam siliky/SSQO a niz$j (Obr.6, Kivka 2). Ri pouZziti reaktivijSiho
prekurzoru TMOS doslo k vyznamnému zlepSeni Jgk tak i modulu
pruznosti v katukovém stavu (vka 3).

ol Pa
Tandelty

Obr. 6. Modul (a) a ztratovy faktor tad (b) jako funkce teploty u
nanokompozit na bazi DGEBA- poly(oxypropylene)diamine (Jeffamin
D230) gipravenych z iznych alkoxysilaf: 1 DGEBA-D230, 2 DGEBA-
D230-TEOS-BREMEA, 3 DGEBA-D230-TMOS-BRMEA.

Kopul&ni ¢inidlo GTMS bylo pouZito za delem vyrazného zlepSeni

termomechanickych vlastnosti, diky silnym mezifdzavinterakcim a lepsi
homogenit.
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3. Results & Discussion

The nanocomposites based on a glassy epoxy mdted Wwith in situ
generated nanosilica structures are describeder®iif types of the epoxy-
amine networks were used as a matrix for the nanposite. The networks
differ in the rate of gel formation, crosslinkingertsity, glass transition
temperatureT; and compatibility with silica nanofillerThe nonaqueous
solvent-free sol-gel process, promoted byMBEA complex, was applied to
generate in the matrix the silica structures frdfOB and tetramethoxysilane
(TMOS) or silsesquioxanes (SSQO) from the couplinagent
glycidyloxypropyltrimethoxysilane (GTMS). Furthermeothe effect of ILs
functionalized with carboxylic groups was studied.

The aim of the second chapter consists in the egighof high
performance SMPs with improved mechanical propentbile keeping the
perfect shape fixity and recovery. Particularlye thvestigation is focused on
enhancement of recovery stress and recoverablendatbdity of SMPs.

3.1. Epoxy-silica nanocomposites synthesized by raqueous sol-gel
process

We were studying epoxy-silica nanocomposites pegpaby the
nonaqueous solventless sol-gel process. The meirs fwas dedicated to the
analysis of the mechanism of the nonaqueous sghgeless under action of
BFsMEA. Further evolution of the nanocomposite stroetuduring
polymerization, formation of  nanocomposites network and
thermomechanical properties were studied as well.

3.1.1 Nanocomposite network formation

The epoxy-silica nanocomposites containimgsitu build silica were
synthesized by the two step synthesis proceduje:inftiation of the
nonaqueous sol-gel process bysBEA complex and (ii) the simultaneous
amine catalysed sol-gel polycondensation of TEOS8 #ie epoxy-amine
network formation.

We determined the mechanism of the non-aqueougetoprocess
initiated by BRMEA. By using NMR spectroscopy it was proved th&0S
is protolyzed by amine released fromBFEA complex. This step results in
production of the Si-OH containing siloxanes (Fjg.3

CH; CH CH, CHs CH, H C,H,

2 77's 1< 7 | i<~ | {°- CH
cH, b 4 FB.N--H-—O0_ 0 o 0 >
—h+ s o si] 'si 4+ BF,+N—CH

FB.N—H + Si — H N Sl By + =Ll
Y 0" "o ¢ Q o 9 H
N I i ! . I !
CH, CH; CHg CH CHg CHs

Fig. 3 Protolysis of TEOS under nonaqueous conditionsBBYMEA

complex.
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The simultaneous epoxy-amine network build-up amel gilica/SSQO
structures growth start with addition of a diamite the mixture. The
structure evolution including gelation of the systewas followed by
chemorheolgy, i.e. following change of rheology (¢halus) during the
chemical reaction. The gelation of the nanocomposit accelerated by
increasing basicity of the amine crosslinker duefaster epoxy network
formation and a more efficient catalysis of thécailstructures growth in the
sol-gel process. In addition, BREA complex accelerates formation of

siloxane structures in the pregel state, manifebtednodulus increase, and
the gel build-up.

3.1.2 Structure and morphology

The important benefit of the nonaqueous sol-getgdare consists in a
slower reaction compared to the classical agueolges process. The lower
reaction rates enable a structure control and pteplease separation. Fig. 4
shows a significant improvement of the nanocompdsitmogeneity reflected
by enhancement of the material transparency.
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: nnae obat
Fig. 4 Epoxy-silica nanocomposite prepared from TEOS(@yaqueous

sol-gel process, (b) nonagueous sol-gel promoteBFaMEA.

An insight into the silica structures on the supsleoular level was
obtained from TEM images of nanocomposites withBESMEA (a), with
TEOS-BRMEA (b) and GTMS-BEMEA(c). TEM micrographs of the
epoxy-silica nanocomposites are shown in Fig.5. dpylication of BEMEA

and GTMS leads to smaller silica aggregates and libeter dispersion in the
matrix.
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A) Aqueous sol-gel

| & ) — Silica/ssQOsstructure

A~~~ — Epoxy chain

Schema 1. Schematicky popis tvorby epokgriicitého nanokompozitu
sin situ vznikajicimi silika/SSQO strukturami.

Pri pouziti dvoukrokové, acido-bazické sol-gel sygtébude tvorba
kiemiitého gelu velmi rychla @hem 10 s). Kemkitd st je vytvaena
mnohem rychleji nez neztsépoxidova (Schema 1Aa) a dochazi k separaci
organické a anorganické faze (Schema 1Ab). Vysiedieevznik zakaleného
materidlu. Naproti tomu vifpac® ,bezvodého systému®, je tvorba
kiemkitého gelu pomalejSi nez vznik epoxidovéésiProto nevznika
kremkity gel, ale pouze malé nanostruktrury (Schema 1B&)ace hybridu
nastava tvorbou epoxidové &i{Schema 1Bb). Zarovierostou kemkité
struktury a dochazi ke vzniku kovalentni vazby exégovou matrici,éimz
dojde ke zrychleni gelace nanokompbzi(Schema 1Bc,d). Roubovani

mezipovrchu vede ke kompatibditsystému a zamezuje separaci fazi. P
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Soutasny vznik epoxy-aminové &it st kemiité/SSQO struktrury je
zahajen pfdanim diaminu do swsi. Vyvoj struktury, zahrnujici gelaci
systému, byl sledovan chemoreologii, tj. studiuniagickych zngn (modul)
béhem chemické reakce. Gelace nanokompopit urychlena vdrstajici
bazicitou aminového ®&bvadla, diky rychlejSi tvokb epoxidové si a
ucinngj§i katalyze iistu Kemigitych struktur. Dale, BEMEA komplex
urychluje tvorbu siloxanovych temigitych) struktur v pedgelové fazi, ktera
se projevuje zvySenim modulu a naslednou tvorbdw ge

3.1.2. Struktura a morfologie
Dulezitym pinosem tohoto bezvodého systému je pomalejdbépr
reakce v porovnani s klasickym vodnym sol-gel psece Diky tomu jsme

schopni kontrolovat vznik struktur areaejit tak fazové separaci. Obr. 4.

ukazuje vyznamné zlepSeni homogenity nanokomjpokiera se odrazi v
lepsi piihlednosti materiélu.
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Obr.4. Epoxy-kemkiité nanokompozity fipravené z TEOS pomoci: (a)
vodného sol-gel procesu, (b) bezvodého sol-gel gmociniciovaného
BF;MEA.

Pro objastni kiemicitych struktur na supramolekularni Grovni byly
pouzity obrazky z TEM mikroskopu — bez BFEA (a), s TEOS-BEMEA
(b) a GMTS-BRMEA (c). Vysledky z TEM jsou vi& na obrazku 5. Pouziti
BF;MEA a GMTS vedlo ke vzniku menSicltdmicitych agregét, a tim i k
jejich lepSi disperzi v matrici.
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Obr. 5. TEM nanokompod4it

Tvorbu hybridu za podminek klasického i nevodnébbgsl procesu
znézotiuje Schema 1.
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The hybrid formation under both aqueous and noreags conditions is
schematically illustrated in Scheme 1.

A) Aqueous sol-gel

B) Nonaqueous sol-gel

4 Y4 )

PN T O N e e e A

KAN~T~'VN~\ (i )
TN &
“\\ |\
\ oM\ ~ N5/

C) Coupling agents (partial substitution of monomer)
~N’\r\,\$ N—sg

-Ai’\(: MW

) -

| & ) — silica/ssQOstructure

A~~~ — Epoxy chain

Scheme 1 Schematic description of the formation of the »gpsilica
hybrid/nanocomposite witim situ formed silica/SSQO.

If we apply aqueous two-step, acid-base, sol-getgdure, the silica gel
formation will be extremely fast (within ~10 se@he silica network is built
much faster than the organic epoxy-amine one (Sehka) and the reaction
induced separation of organic and inorganic phdakss place (Scheme
1Ab). This results in the opaque final materialctmtrast, under nonaqueous
conditions, the silica gel build-up is slower tithe epoxy network formation.
No bulk silica gel but only small nanostructures &rmed (Scheme 1Ba).
The hybrid gelation sets in by formation of the xepaetwork (Scheme 1Bb)

while the silica structures grow and produce a ntabonding to the epoxy
10



matrix, thereby accelerating gelation of the nangoosite (Scheme 1Bc,d).
The interface grafting leads to the system compitition and precludes the
phase separation. With the coupling agent additioa,fast incorporation in
the epoxy matrix and formation of the SSQO domaicsur (Scheme 1Ca).
The epoxy network is formed and bridging the epokgins by the SSQO
junctions contributes to the crosslinking (Schen@b)l Finally, this hybrid

displays percolation of the inorganic SSQO netwwrorm co-continuous
epoxy-SSQO phase morphology (Scheme 1Cc).

3.1.3. Thermomechanical properties

In order to obtain the best thermomechanical ptogserapplying
nonaqueous sol-gel process, several parameters ommmized, such as
content of BEMEA, postcuring temperature, type of silica preouss and
content of coupling agent. Moreover different méthidazolium based ionic
liquid were applied in order to improve morpholaditlomogeneity of the
studied nanocomposites. As a result, all the studa@nocomposites show an
increase in rubbery modulus with respect to theesponding neat epoxy
networks, however, both increase and decreadg whs found (Fig.6). The
condensation conversiong of the sol-gel reactions of TEOS in the
nanocomposites, prepared under nonaqueous corgliitomuch lower than
those prepared in the classical sol-gel process.faht leads to incompletely
reacted silica/SSQO domains and IByv(Fig.6, curve 2). The application of
the more reactive precursor TMOS results in sigaift enhancement of both
Ty and rubbery modulus (curve 3).

amavet

modan, Pa
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Fig. 6 Storage modulus (a) and loss factor far{b) as functions of
temperature of the DGEBA-poly(oxypropylene)diamir®230) based
nanocomposites prepared from different alkoxys#arie DGEBA-D230, 2
DGEBA-D230-TEOS-BEMEA, 3 DGEBA-D230-TMOS-BRMEA.

The coupling agent GTMS was used in order to aehi@vsignificant
improvement of the thermomechanical properties tustrong interphase

interaction and enhanced homogeneity.
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3. Vysledky a diskuse

Byly piipraveny a popsany nanokompozity na bézi epoxidovy
systénti, ztuZzenychin situ pfipravenou nanosilikou. Jako matrice byly
pouzity 1izné typy epoxy-aminovych siti, liSicich se rychildsbrby gelu,
sitovou hustotou, teplotou skelnéhorephodu Ty a kompatibilitou s
kfemiitym nanoplnivem. V bezvodém sol-gel postupu bylfib BRMEA
komplex, ktery katalyzuje vznikikmicitych struktur v matrici, které vznikly
z TEOS a tetramethoxysilanu (TMOS) nebo silsesqiaxéSSQO) spolu s
kopulatnim ¢inidlem glycidyloxypropyltrimethoxysilanem (GTMSRéle byl
studovéan dinek iontovych kapalin s furgkimi karboxylovymi skupinami.

Hlavnim cilem druhécésti byla syntéza vysoce vykonnych SMP s
vylepSenymi mechanickymi vlastnostmii ppachovani vyborné stélosti a
obnovitelnosti tvaru. Zejména byl vyzkum z&en na zlepSeni vratného
napiti a vratné deformability.

3.1. Epoxy-Kemi¢ité nanokompozity = syntetizované pomoci
bezvodého sol-gel postupu

Pii studiu jsme se zadili zejména na analyzu mechanismu reakce
iniciované BRMEA. Déale byl studovan vyvoj struktury nanokompdzit
béhem polymerace, tvorba nanokompozitnich siti, jefcuktura, morfologie
a termomechanické vlastnosti.

3.1.1. Tvorba nanokompozitni si

Syntéza byla provedena ve dvou krocich: (i) inieibezvodého sol-gel
procesu pomoci BMEA komplexu, (ii) sodasna aminem katalyzovana
polykondenzace TEOSu a vznik epoxy-aminové sit

Mechanismus iniciace pomoci BREA byl stanoven pomoci NMR, kde
bylo prokadzéano, ze TEOS je protolyzovan aminem/fyktse odSipil z
BFsMEA komplexu. V tomto kroku vznikaji SiOH skupinyarsiloxanech
(Obr.3).

CH. CH C,H, CHs CH. H C,H,
GG e SR L gEe CH
CHe o &b FB.N--H--O 0O o 0 74s
\—H+ 57— | ¥ si, ‘s’ + BF,+N—CH
FBN-H+ _si_ H o ]\o o’ |\O + BF,+ N—CH,
i 9 9 I ! ] | H
EH. CH. CH, CH. CH, CH

Obr.3. Protolyza TEOSu BMEA komplexem za neftomnosti vody.
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2. Cile prace

Tato prace ma dva hlavni cile:

»  Syntéza organicko-anorganickych epoxerkicitych
nanokompozit s oxidem kemi¢itym vzniklymin situ pomoci bezvodého sol-
gel procesu bez rozpoudta. Tato ¢ast je zamfena na pochopeni
mechanismu bezvodého procesu sol-gel a odpovidayiaibe epoxy-
kfemiitych nanokompozit. Popisuje tinek BR-monoethylamin (BE
MEA) komplexu, zasaditosti aminu, fifpmnosti kopuléniho ¢inidla,
vytvrzovaci teploty, vlivu sterickych omezeni en¥é si¢ ovliviiujici rast
struktury oxidu kemkiitého, a funkce iontovych kapalin (IL) na vyvoj
struktury hem polymerace . Detaiibyla studovéana struktura a morfologie
nanokompozit, stejré jako jejich termomechanické vlastnosti. Zjig
vztahy mezi tvorbou, strukturou a vlastnostmi epkigmicitych
nanokompozit umoznily optimalizovat syntézu a kontrolovat jljistrukturu
a morfologii tak, aby odpovidaly poZadovanyniueil

»  Syntéza teploth citlivych polymeii s tvarovou pagti na bazi
epoxidovych-kemititych nanokompozit. Aby bylo mozné ziskat polymer s
témito vlastnostmi, bylo nutnéfizpisobit rekteré parametry — zachovéany
< 100 ° C (pro snadysi stimulaci navratu dotwodniho stavu, zvySeni
modulu a zlepSeni tahovych mechanickych vlastnasi¥ se odrazi ve
vysokém vratném nafi, vysoké vratné deformabilit dobré tvarové
stabilit, atd.

Na zaklad tohoto wvyzkumu byly publikovanyétyti ¢clanky v
impaktovanych polymernictasopisech.
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Based on the obtained results, we have preparedigieperformance
nanocomposites which maintain the good mechanrogegties up to 300 °C.
We took advantage of the synergy combination of alk@xysilane TMOS
and GTMS (Fig.7). The nanocomposite, containingwa amount of then
situ generated silica (~ 10 wt. %) and a small amodirihe coupling agent
GTMS, shows indistincTy and the high rubbery modulus (335 MPa) up to
300 °C (Fig.7 curve 4). Probably a percolation lvé fnorganic structures
through the epoxy network takes place and the Hkivons epoxy-
silica/SSQO hybrid was formed.

Tardetta
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Sheage modAn, Pa

Fig. 7 Storage modulus (a) and loss factor tarfb) as functions of
temperature of the DGEBA- 3,3-dimethyl-4,4'-diaogégclohexylmethane
(Laromin) based nanocomposites containing TMOS @GMWMS: 1 DGEBA-
Laromin, 2 DGEBA-Laromin-TMOS(14)-BMEA, 3 DGEBA-Laromin-
GTMS(x = 0.3)-BRMEA, 4 DGEBA-Laromin-TMOS(14)-GTMS( = 0.3)-
BF;MEA, where 14 % of TMOS corresponds to 5.4 wt. %equivalent
silica.

Carboxylic imidazolium ionic liquids were used tohance epoxy-silica
interphase and thus to improve dispersion of theashanodomains in the
epoxy matrix. The significant stiffening of the m@omposite and
enhancement of toughness by more than 100 % wasvach

3.2 Thermo-responsive shape-memory nanocomposites

The synthesis of the high performance shape mermolymer (SMP)
applicable in the temperature ranige 25 - 100 °C, is the main goal of this
investigation (see Fig. 8). The epoxy-based nanposites were chosen as
the most promising system for such SMPs. The ctoseelation was found
between SM behaviour and thermomechanical, teasilwell as viscoelastic
properties of the SMP. Therefore, the study wasufed on design of
structure of the SMP which makes it possible totdrthese properties.
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Thereby, one can optimize the SM behaviour inclgdihe important
parameters such as the recovery stress and thgerabte deformability.
Moreover, determination of relationships betweere thanocomposite
structure, thermomechanical, tensile and viscdelgstoperties, and their
impact on SM properties can provide better undedstey of the SM
phenomenon.

— I
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Fig. 8 SM effect of the epoxy-silica nanocomposite: ayioal shape, b)
heated, bended and cooled sample, c) reheatingTyp tL0s, 20s, 30s.

3.2.1 Design of structure

Both structure of epoxy matrix and factors relatedhe nanocomposite
synthesis were tuned in order to optimize the fi8®M properties. Several
parameters were taken into account for the degigthia epoxy matrix such
as, crosslinking density of the network, flexilyiliof network’s chains and
possible physical crosslinking. Concerning the glesif the nanocomposites,
the silica content, interphase interaction andityuaf the filler dispersion in
the polymer matrix are the most important paranset8ynthesis of bimodal
networks with bimodal distribution of crosslinkirdgensity was selected as
another approach to prepare the high performande.SM

The structure design has to take into account tberachanical, tensile
and viscoelastic properties, suchTgsbroadness of the glass transition, both
rubbery G, and glassy moduliG,, stress and strain at break as well as
relaxation behaviour of polymerSo in addition to tuningy (due to SMP
application window,T; = 25 - 100 °C) and moduli, the investigation of the
tensile stress-strain behaviour of the epoxy-siliobanocomposite at
deformation temperature in rubbery state and tiynper relaxation is crucial
as well.

3.2.2 Shape-memory properties of the nanocomposites

To study shape-memory properties, the following GMracteristics were
evaluated: shape fixity, shape recovery, rate obvery and recovery stress
.

The obtained experimental results of the thermomueical, tensile and
shape memory properties and the correspondingamedtips reveal that in
literature predicted correlatiom; ~ G, does not match very well. In contrast
to the literature data, it was found that the @au&@M parameter, recovery

stress, depends on the material toughness ratireoththe rubbery modulus.
13
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Obr.2. Reprezentativni 3-D graf testu tepelné tvanmandti.

Mezi hlavni nevyhody SMP péat Spatnd mechanickd pevnost a
odpovidajici nizké vratné n&p Klasickym zgisobem pro zvySeni
mechanické odolnosti a vratného #ége pouziti plniva. Nicméhstale chybi
obecny navod pro zlepSeni vlastnosti tvarovégiam

V nésledujicich kapitolach bude popséna komplexuoiie syntézy
nanokompozit pomoci bezvodého a bezrozp@d#bvého procesu sol-gel a
vlastnosti nanokompoZits tvarovou pasi, jakoZ i stanoveni vztéhmezi
tvorbou, strukturou a vlastnostmi.
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lepSi kontrolu nad homogenitou na molekularni dGrowoz vede k
rovhonerné morfologii. Tento postup fipravy epoxy-kemkiitych
nanokompozit byl, i pies zn&né vyhody, doposud mélo studovany.
Polymery s tvarovou panéti (SMP) jsou dileZitou skupinou tzv.
"inteligentnich" polymat, které se po deformaci vrati davedniho stavu
pasobenim vijSiho poditu (Obr.1.). Timto v§Sim stimulem mZe byt
zmena teploty, elektrické nebo magnetické polestlsvéi pH roztoku atd.
Teplotre citlivé SMP jsou jedny z nejstudovgsich inteligentnich systéim
1

1
1 1
—) (... ...) —) = : —
] 1
T< Ttrans T> Trrans T< T!fans T> Ttruns
permanent shape deformation temporary shape shape recovery

Obr.1. Schematické znazémi pangétoveho efektuTians - transformani
teplota.

Teplotre citlivé polymery s tvarovou patti (SMP) se obvykle hodnoti
pomoci tepelného tvaréspameétoveho (SM) cyklu. Obr. 2 znazarsje test
tvarové paniti. Skldda se z (1) dgfvani vzorku nad transforrtiai teplotu
(Tirans), 0dpovidajiciTy neboT,, aZz do deformini teploty Ty, kdy se vzorek
deformuje do nového dasného tvaru (2), (3) ochlazeni vzorku pad,s na
teplotu Ts; dotasny tvar je zafixovan vitrifikaci nebo krystalizad4)
deforma&ni nagti se uvolni, (5) znovu z#éti vzorku zT,..,s @Z doTy vede k
navraceni doipvodniho tvaru za podminek uveéimého vzorku (5a) nebo ke v
napiti vzniku vzorku, ktery je upewn. V pribéhu deformace se ve vzorku
generuje elasticka energie. Po zchlazeni je tatogem uloZena ve vzorku. V
pribéhu ottivani vzorku nadi..s, Se tato uloZzena energie uiaje ve forng
vratného nagti.

Vlastnosti SM jsou hodnoceny nasledujicimi parayngako je stabilita
deformovaného tvaru, mira obnovitelnosti, rychlogivratu do pvodniho
tvaru a vratné deforndai nagti o,, kde stabilita tvaru popisuje schopnost
vzorku zafixovat mechanickou deformaci po ochlazdfita obnovitelnosti
tvaru uguje schopnost polymeru zapamatovat sivqani tvar (5a), a
deforma&ni nagti pfi navratu o, je definovano jako nafi, které SMP
generuje fi navratu (5b).
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Fig. 9 demonstrates the unambiguous dependendeeaéxperimentally
determined recovery stress of the studied systems on their toughness. The
toughest nanocomposites based on bimodal netwardkghese prepared by
using IL exhibit the highest recovery stress. Raf#irly, the highest value
was achieved in the bimodal nanocomposite netwbowig g, = 3.9 MPa
and high extensibilityg, = 47 %.

T T T T T T T T )
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 tioeighness for: 1
— DGEBA-D400 and 2 — DGEBA-D230 based systems, ®GEBA-
Laromin- Amine-terminated butadiene copolymer wii% of acrylonitrile
(ATBN) bimodal networks.

Moreover, it was proved that SM behaviour is goedriby viscoelastic
properties and materials morphology. Viscoelastigffect was studied to
relate the relaxation phenomenon to the shape mep®nformance of the
material. The polymer relaxation and viscoelastieffect result in loss of the
elastic energy stored in the quenched sample. Bwtraling the
viscoelasticity effect it is possible to increasd Properties of the studied
systems. Our results unveil that ILs promotingree fmorphology reduce the
viscoelasticity effect and enhance efficiency oé t8M performance. So
minimizing the stress relaxation is another po$igittiow to increase the SM
efficiency and to reduce the loss of the storedgne
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4. Conclusions

The mechanism of nonaqueous sol-gel process anddiresponding
structure evolution during formation of epoxy-silinanocomposite were
determined.

The relationships formation - structure - thermohaatcal properties of
epoxy-silica nanocomposites prepared by nonaqueoligel process
were clarified.

The highT, heat resistant and transparent epoxy-silica ranposites
have been prepared by the nonaqueous sol-gel tpehni

Strategy of achieving SMP nanocomposites with bdtilored
thermomechanical, tensile and viscoelastic progertenabling high
recovery stress was proposed.

Recovery stress was determined to depend on therialatoughness
rather than on the rubbery modulus as given irdlitee.

The high-performance SMPs displaying the high recpstress and high
recoverable deformation were prepared.
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1. Uvod

Epoxidové termosety jsou organické materialy s kgjici tepelnou a
chemickou odolnosti a dobrymi adheznimi vlastnostiicmére, i piesto ze
maji dobré tepelimechanické vlastnosti a vysokou tepelnou odolnost,
nemohou epoxidové systémy splnit vSechny poZadawdegjména pro
konstrukéni a elektrické aplikace. Z tohotaiwbdu se vyzkum za#il na
vyvoj novych materi&l na bazi kompozitnich systérmobsahujicich trzné
kombinace epoxidovych siti s anorganickymi sloZkaRio vytvrzovani
epoxidovych pryskiic se nejasgji pouzivaji aminy a takto vzniklé epoxy-
aminové sk jsou nejlgznejSi epoxidové termosety pouzivané jako matrice
pro kompozitni systémy.

Organicko-anorganické polymerni nanokompozity jsou
nanostrukturované systémy obsahujici organickoui faz anorganické
nanadastice. U &hto systém doch&zi ke kombinaci vyhod polyniea
anorganické slozky, které vzajetnrvykazuji synergicky efekt. Aplikace
anorganickych nardstic je zajimava iedevsim tim, Ze je lze pouZitip
béznych zpracovatelskych technikdch k vygokonvergnich epoxidovych
kompoziti. Vysledné vlastnosti nanokompozitniho materidbujsvlivrény
nékolika faktory, jakymi jsou najklad specifické charakteristiky
jednotlivych slozek, obsah, tvar a ragmplniv ¢i typ mezifaze.

Nang:iastice oxidu kemkitého jsou nejtypitéjSi anorganické nardstice
polymernich systéin Ty se do polymeru nejngji zavadji bud’ primo
miSenim, nebo se pouZije prekurzor a sol-gel p@oejsou generovanin
situ nanostruktury v organické matrici. S@asna tvorba anorganickych
nanostruktur a organickych polyniervede ke vzniku homogennich
organicko-anorganickych nanokompdzit

Sol-gel reakce probihd ve dvou zékladnich hydrdtytth
polykondenzaénich fazich: hydrolyza alkoxysilanovych prekurz@a vzniku
reaktivni hydroxylové skupiny a jejich naslednd #enzace za vzniku
siloxanové Si-O-Si vazby, za kysely¢hbazickych podminek. Iigs znané
vyhody sol-gel procesu, se zde objevuji jisté ggohl, jako nafiklad nelze
kontrolovat reaéni rychlost, coZasto vede ke ztré&tkontroly morfologie a
struktury konénych Kemiitych materidl, tim padem se sniZuje
reprodukovatelnost metody. Dal3i nevyhodou hydick¢ho sol-gel procesu
je nemisitelnost re&ki snesi. Voda je nemisitelna s tetraethoxysilanem
(TEOS), nebo s epoxidovou prysiai, diky tomu je nutné pouzit pomocné
rozpoustdlo. Nasledné odpavani vody a rozpoufdel vede ke smtdvani
vzorku a tvorls bublin nebo trhlin v konsmém produktu.

Bezvody (nehydrolyticky) sol-gel postups organickych rozpou&tlech,
je schopen fekonat gkteré z hlavnich omezeni vodnych sysiéra tak

predstavuje nagnou a univerzalni alternativu. Bezvody sol-gelqa® nabizi
16



