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Summary

This PhD Thesis, entitled ‘Interfacial interactions and molecular dynamics in organic-
inirganic nanocomposites polymeric materials’, deals with the systematic investigation of the
effects of interfacial interactions between a polymer (polydimethylsiloxane, PDMS) and the
solid surface of various metal oxide (silica, titania) nanoparticles on molecular dynamics and
thermal transitions of the polymer. The main effort is paid on the study of the characteristics
of the fraction of polymer interacting directly with the nanoparticles. This fraction is called
‘interfacial polymer fraction’ and is widely thought to be responsible for the tremendous
improvements in desired properties of polymer nanocomposites (NCs), as compared to those
of traditional composites. Throughout the last decades it has been suggested that the modified
properties of polymer NCs are dominated by those of the interfacial polymer fraction. Next to
the physical properties of the polymer, also the characteristics of the interacting solid surface
are of significance for interfacial interactions. It has been recently reported that the size and
surface curvature of the solid surface strongly affect the strength of interaction. So far, the
dependence of the characteristics of the interfacial polymer fraction (dynamics, cooperativity,
chain segment conformations) on surface roughness has not been sufficiently considered in
the literature. In the present work we show results which suggest that, at least for PDMS
based NCs, the surface roughness of the particles in combination with the flexibility of the
polymer chains dominate interfacial interactions, over other factors, such as the type and size
of the primary particles.

This study involves morphological, thermal and dielectric measurements on
PDMS/silica and PDMS/titania NCs (i) of various filler loadings, (ii) with a broad range of
surface roughness and variety in size of the primary particles, (iii) with different molecular
weight and structure (linear/crosslinked) of PDMS, and (iv) at various levels of NCs

hydration. In order to quantify hydration level, water equilibrium sorption—desorption
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measurements at room temperature were also performed. The materials studied can be
classified into two series. The first series is that of ‘conventional’ polymer NCs type
consisting of silica (SiO,) and titania (TiO,) nanoparticles, 5 and 2040 nm in diameter,
respectively, in situ synthesized and well dispersed (via sol-gel technique) in PDMS (MW
~18000) networks. The second series is that of ‘core—shell’ NCs type, as linear PDMS (MW ~
2000 and ~8000) is adsorbed via hydrogen bonding on aggregates of fumed metal oxide
particles of a wide range of surface roughness, Sgzr. The metal oxides used are titania (~70
nm in diameter for primary particles, ~800 nm in size for aggregates, Szzr ~ 25 m?/g) and
various silicas (8—85 nm in diameter for primary particles, 300—-600 nm in size for aggregates,
Sser ~ 55-342 m?/g). Finally, we studied confinement effects of PDMS adsorbed in the
cylindrical-like pores (of 6-20 nm in diameter) of silica—gel of high Szzr (~384 m?/g, affiliated
mainly to intraparticle porosity). In selected samples, before adsorption of PDMS, the initial
silica particle surfaces were partly modified by the chemical development of small zirconia
nanoparticles, in an attempt to manipulate polymer adsorption.

Morphology was examined by scanning electron microscopy (SEM). Thermal
transitions (focusing on glass transition) were monitored employing differential scanning
calorimetry (DSC), while molecular dynamics was investigated in detail using two dielectric
techniques, thermally stimulated depolarization currents (TSDC) and broadband dielectric
relaxation spectroscopy (DRS), in wide frequency (10~ to 10° Hz) and temperature (—150 to
60 °C) ranges. All measurements were performed using instruments at the Physics
Department of the National Technical University of Athens. Our results are discussed in
relation to those obtained with Nitrogen adsorption-desorption isotherms (IPSD analysis),
wide angle X-ray diffraction (WAXD), and Fourier transform infrared spectroscopy (FTIR),
performed on the same materials in the laboratory where they have been synthesized.

The most important results that came out of this PhD Thesis may be described, in
relation to hot soft matter issues in the literature, as follows. Extended measurements using
different thermal treatments show that the good dispersion and strong interactions of the
nanonaparticles with PDMS restrict crystallization and segmental mobility of the polymer. In
addition to calorimetry, the dielectric DRS and TSDC techniques provide significant
information on the overall mobility, mostly on the segmental dynamics of the polymer
(dynamic glass transition), which was found to consist of three discrete and well defined
relaxations. These relaxations arise from the bulk (unaffected) polymer (a relaxation), the

mobility of polymer chains restricted between condensed crystalline regions (a. relaxation)
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and the segmental dynamics in an interfacial polymer layer around (or, in general, close to)
the nanoparticles (a,, relaxation).

Compared with PDMS/silica, a shift of a;, to lower frequencies / higher temperatures
and a larger thickness of the interfacial layer in the series of PDMS/titania conventional NCs,
arise possibly from stronger polymer-titania hydrogen bonds as compared to PDMS-silica.
This explanation is based on the different electrochemical properties of the surface hydroxyls
of titania as compared to those of silica (-OH more acidic in titania). Taking into account
recent literature, our results can be alternatively explained on the basis of the larger size of
titania nanoparticles, as compared to silica. However, results obtained with core-shell NCs of
titania and silica, both of low Sggr (surface roughness), demonstrate similar characteristics of
o (dynamics, strength, cooperativity), being almost identical to those of PDMS/titania of the
conventional type, independently of the initial particles dimension. Moreover, results by
thermal annealing and dehydration of PDMS/silica show a slowing down and weakening of
a. Additionally, the presence of the interfacial polymer fraction in the NCs results in
increased internal polarization (e.g. high real part of dielectric permittivity, ¢, at very low
temperatures) beyond additivity, while Ae decreases systematically with temperature for low
Sger and increases for high Sper. We recall that Ae represents the population of the mobile
(relaxing) molecular groups. Regarding the effects of molecular weight (MW) of PDMS, the
interfacial polymer fraction is larger for the shorter polymer chains (lower MW), while a;,, is
slower, as compared to longer polymer chains (higher MW). Thus, combining all effects on
the overall dielectric response (which is often not the case in the literature) we discuss results
by employing a model that involves the formation of two types of segment conformations of
the highly flexible PDMS chains at interfaces, namely (a) extended tails with bulk—like
density but reduced mobility, and (b) loop—like chain segments with multiple contact points
with the silica surface resulting in increased density and cooperativity. Obviously, both types
of segments are characterized by increased orientation (order) and polarizability, as compared
to segments in the bulk, which explains the increased dielectric response in the NCs beyond
additivity. The loops / tails ratio increases with increasing Szer. In addition, increase in
surface roughness in the present work leads to increased number of contact points and,
therefore, gradually denser interfacial layer. This implies reduction of the cooperativity
length, thus, in the frame of Adam—Gibbs theory, faster and more cooperative segmental
dynamics is expected, in agreement with results for a;, in the present thesis. Next to that, our
results suggest that the tails to loops ratio should be larger for shorter PDMS chains (lower

molecular weight), as compared to longer chains, due to increased concentration of free
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polymer chain ends. Thus, we conclude that number and accessibility of contact points
(surface properties of the particles) and structure and flexibility of polymer chain (polymer
topology at the interfaces) dominate interfacial interactions.

Finally, measurements on PDMS adsorbed into the cylindrical-like pores of silica-gel
(6-20 nm in diameter) show an additional glass transition step in DSC at lower temperature
than that of bulk, while an additional segmental relaxation (a,) faster than that in bulk was
recorded by DRS. Both additional responses represent the spatially 2-D confined dynamics of
PDMS, demonstrating, also, that the latter is sensitive to nanometric changes on spatial
restriction of the polymer. On the contrary, thermal (crystallization) annealing did not impose
any significant change on the respective glass transition (DSC) and dielectric process (a,,
DRYS).
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epidqyn

Avtikeipevo G mopovcag OBOKTOPIKNG OlaTpiPig, vrd TovV TitTAO  ‘Aiemipavelakés
OIANAETIOPGOEIS KoL LOPIOKH OVVOUIKY OE OpPYAVIKG-OVOPYOVO. VOVOGOVOETO TOIDUEPIKG,
vAIKG’, €lval 1| CLOTNUOTIKY MEAETN TNG EMIOPOONGC TOV SEMPAVELNKDV OAANAETIOPUCEDY
peta&d evog moAvpepovg (ovykekpiuéva, tov moAvdipedviociioéaviov, PDMS) kot g
oTEPENC EMPAVELNS O0POPOV TUTOV  VOVOSOUOTIOIOV HeTaAMKOV o&ediov (Tuprriag,
TIToviog) ot poplakn Suvapiky kot ¢ Oeppikéc peTofacelc Tov moAvpepovg. MeietdvTon
KUplOC TO  YOPOKTNPLOTIKE TOV TOAVLUEPOVG MOV  OAANAEmOPA omevbeiag pe To
vavooopotiow. To KAAGHO 0VTO TOV TOALUEPOVS OVOUALETOL ‘Jlemipavelako ToAvuePES’ M
‘Oempaveloxo orpoue’ Kol Oewmpeitol gupémg OTL M TAPOLGio. TOV VOVLVETOL Yo TIC
onNuavtikd PeAtiopéveg 1010tnTeg mov yapoktnpilovv T vavoouvleto (NX) moAvpepikd
VAKG, e GUYKpLoN He To mapoadootakd cvvieta vikd. Eyxel mpotabel to tedevtaio ypdvia
OTL Ol TPOTOMUEVEG OIOTNTES TOV OLETMPAVELONKOD TOAVUEPOVS KVPLOPYOVV GTOV KaBOopIorod
TOV TEMKOV 13101V Tov NZ. EKTo¢ TV UotK®dV 1010TTOV TOV EKAGTOTE TOAVUEPOVS (TT.).
TN OO TOV), TO YOPAKTNPIOTIKG TNG TPOG OAANAETIOpaCT OTEPENG EMPAvENS Tailovv
ONUAVTIKO pOAO GTNV aviarTuén dempavelokdv arinienidpacewy. ‘Eyel eniong avaeepbei
OTL T0 UéYENOg KOl 1 EMUPOVELNKT KOUTVAOTNTO TOV VOVOSOUOTIOIOV exnpedalovyv v 1oy
™G  oAnAenidopacnc. Xty wOPOLGO  UEAETN, TAPOVGIALOVUE OTOTEAECUOTO 7OV
aVAOEIKVOOUV MG, TOLAAYLoTov Yoo T NX 7mov PBociloviar oto PDMS, 1 empovelokn
TPV TA (VOVOUETPIKNG KALOKOG) TV VOVOGOUATIOIMV KOl 1) EVKOUYI0, TNG TOAVUEPIKNG
0AVGI00G KVPLOPYOVY GTOV KOOOPIGHO TOV SIEMPAVEINKDV OAANAETIOPACEDY GUYKPLTIKG LE
GAAEG TAPOUETPOVG, OTTOG O TOTOG Kal To UEyehog Ttov vavocouatdiov. H egdptnon tov
WOTTOV TOV  OETMPAVEINKOD TOAVUEPOVG (SUVOLIKT TV  TOAVUEPIKOV OAVGIOWMV,

GUVEPYOSIHOTNTO GTNV  Kivnon, OWUOPE®GES TOV OAVGIO®OV) omd TNV ETUPOVELNKT
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TPOYLTNTA TOV COUATOImV Oev glye uéxpL topa peremBel oe onpoaviikd Poabud om
Biproypaepio.

H mapovoa perétn neproppdvel petprioelg popeoroyiag, Heppikdv petapdoemv kot
dMAeKTpIKNG ovumeplpopds o NX cvomquate. PDMS/muptiag ko PDMS/titaviag (o)
SL0POPOV TEPIEKTIKOTNTOV GE EYKAEIGUA (copatior), (B) peydlov €0povg EMPOVEINKNG
TpoOTTAC Kol peYEBovg couatdiov, (y) dSeopmv poplokdv Popdv kKot doung Tov
TOAVUEPOVS (YPOUUIKO/GTAVPOSEUEVO), Kal (8) OE JLpopo. ENIMESH VOUTMOONG TOV VAIK®V.
Mo v omotiunon tov emmédnv vVédTOoNg ePapuocinKay TeXVIKég 1600gpuUng VEGTOONG—
a@vddTmong oe woppomia (oe Beppokpacio dopatiov). Ta Tpog perétn VAKE pmwopodv va
Katnyoplomombovv ce dVo cepéc. Ta LVAWKG ™G TpOTG Gepag Bewmpodvtal ‘ovufatixa’
vavoouvheta (NX) kou eivor dokipia oto omoia £xovv cuvtebel kot dacmapel vavocsouatiol
mopttwog (Si0z) ko titaviag (TiO2), dtapétpov 5 kar 2040 nm, avriotoiywe, Tapovcia (in
situ) dSuctvwv PDMS (poplaxod Bdpovg MB ~18000) pécm teyvikmv Adpatog nnktg (sol-gel
technique). Ta vAka g debtepN( oelpdg Bempovvtal NT tOmov ‘wopnva—ploiod’ Kol givol
dokipo oto omoia ypapukd PDMS (MB ~2000 kat ~8000) €yel mpocpognbel pe @uoiod
TpOmo (avamTuEn decU®OY VOPOYOVOV) GE GLOCOUOTOUNTO VOVOCSOUATIOWWY UETOAAKDV
ofediov, o1 emEAaveleg TV omoimv yopakmmpilovior amd HeEYAAO €0POC VOVOUETPIKNG
tpayvmrTac (edwkn empdaveln, Sper). To vavoocouotidio givorl titavio (apyikd copatiol
Slopétpouv ~70 nm, cvocopatdpote ~800 nm, Sgerr ~25 m/g) Kot SPOPot TOHTOL TVPLTIOS
(apycé copatidio 8-85 nm, cvocopatdpate 300-600 nm, Szer ~55-342 m*/g). Emong,
UEAETHONKOV QUIVOLEVO YOPIKOV TEPLOPIGUOD TOv ToAVpEPOVS (confinement effects) oe
doxipa ot oroia o PDMS gival Tpocpopnévo 6g Topovg KuALVOPIKOD TOTOL (SLoUETPOV
6-20 nm) silica—gel vynAfg Sser (~384 m?/g). T emheypéva Sokipa, ot EmMQAVELES
TPOTOTO ONKAV LEPIKDOE LECH YNUIKNG OVATTUENC HIKpDV VavosouaTidiov (ipkoviag (ZrOs)
LE GKOTO TNV YEPOUYDYNOT| TNG AAANAETIOPAOTG COUATIOOV-TOAVUEPOVE.

H popeoroyio tov vikov efetdobnke pe ypfon MKPOGKOTIOG MAEKTPOVIOKNG
odpoong (SEM). O Oepuuxéc petapdoeic (e €ueoon ommv  voAmon petafaon)
KaToypaenkay epapuoloviog v Texvikn ¢ dlagopikng Bepudopetpiog odpwong (DSC),
EVOD M Hoplakn duvapukn eEetdobnike AeTTOUEPDS UE TN XPNOT OVO TEXVIKMOV OINAEKTPIKNG
(QOGLOTOOKOTIOG, TV Oegppikmg dieyelpouevemy peopdtov omondiwons (TSDC) kot g
dMAEKTPIKN G PacuotooKoriog evarlacouévov mediov (DRS), ce gupeia meproy cuyvotitwv
(10 to 10° Hz) ko Ogppoxpacidv (—150 to 60 °C). Ot mopandve petpioelg deéhynoay
YPNOLUOTOLDVTOAG TEPOUATIKES dTaéelg otov Touéa duoikng tov EBvikov Metoofiov

IMoAvteyveiov (EMII). To amoteAéGHOTA LG SIEPEVVOVTOL KAl GE OXECT LE OMOTEAEGHOTO
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petpnoemv 1600gpung  pognonsc-ekpoenong oaepiov  aldtov (Incremental Pore Size
Distribution analysis, IPSD), okédaong axtivav-X vmd evpeia yovie (WAXD) kot
eacpotookomiag vrepvdpov (FTIR), otv omoleg mpoyuatomomfnikoy ota idto VAIKA oTo
EPYAOTNPLO TOV TAPOCKEVAGOM KOV,

To onuavtikdtepa amoTeAéouaTo, ALTIG ™G OWOUKTOPIKNG SotpiPrig culnTovvral
OVOAVTIKA, GE GLOYETION UE ONUAVTIKA avolytd Oépoto g mpdceatng Piproypapiog.
AeE0d1cEC PLETPNGELC VIO d1APopa BepiKd TPOTOKOAAN dgiyvouv OTL 1 KaAN Slaemopd TV
VOVOGOUOTIOIOV  €VTOG 1TNG TOALUEPIKNG MATPOG KOL Ol  1OYVPEC  OAANAETIOPAGELS
TOAVUEPOVC/VAVOSOUOTIOIOV TEPLOPIlovYy TNV KPUOTAAA®MOT OAAL KOL TIG GUVEPYACLOKEC
Kwnoelg (VoAdONG petafoocn) tov moivuepovs. IlapdAinio pe ™ Oeppidopetpia, ot
OMAEKTPIKEG TEYVIKEG TPOGPEPOVY GNUAVTIKEG TANPOPOPIEC OYETIKO WE TNV GUVOMKN
GUVEPYOGLOKT] SUVOLLKT TOV TOAVUEPOVS (Suva K] VaADdoLS peTdfacng), n oroia Ppédnke
va eKQPALeTOl 0md TPELG SLOKPLTEG GUVEICPOPES (TPELG UNYAVIGHOT SINAEKTPIKNG YOAAPOONC).
AVTéG 01 GUVEIGQOPEG TPoEPYOVTAL OO TO TUNUO (o) Tov Guopeov avermnpéactov (bulk)
TOAVUEPOVG (UNYaVIoUOG @), (B) TOL TOAVUEPOVG TEPLOPICUEVIC KIVITIKOTNTAG UETUED
KPUGTOAAK®OV TEPOYDOV (UNYOVIGUOC a.) Kol (Y) TOVL OEMPOVEINKOD TOAVUEPOVS LE
GUVEPYOGLOKT SUVOLIKT] (UNYAVIOUOG Glint).

Y& ovykpion pe to cvotuatae PDMS/mupitiog, ota copfatikd N PDMS/titaviog o
UNYOVIGUOG Gips KOTOYPOAPETOL GE YOUNAOTEPES GUYVOTNTES / LVYNAOTEPES DEPLOKPUGIES, EVD
TO0 TAYOC TOV OLEMIPAVEINKOD OTPM®UATOg &ivol peyadvtepo. Ov petoforéc oyetilovrat,
Thovmg, PE TNV avaTTLén SecuUd®V VOPOYOVOL TOL &gival 1oyvpoTEPOl peta&d PDMS kot
Titoviag o€ oyéon Ue Tovg avtioToryovg deopuovc PDMS—rnupitiag. Avti 1 Tpd™ Tpocsyyion
umopel va  ortioAoynfel pe Paomn T SPOPETIKT] MAEKTPOYNMKY KOTAOTAGT TOV
emeavelkav vOpoluAiov ota 600 ofeidie (ta —OH g titoviag elvar mo O6&va).
Yvykpivovtag pe v mpdceot PiAoypagia, o amoTeEAEoUATE HoC Umopody vo eEnynbovv
emiong pe Paon to peyoAvtepo péyeboc TtV vavocopotdiov Titaviag Qotdéco, To
amoteAécpuato. 6€ NX TOTOV TUPVO—@AOLOD TITOVING Kol TUPLTIOG, YOUNAC TpayhTNTog
(SBer) 0eiyvouv opotdTnTEG UETAED TOVG GTO, YOPUKTNPLOTIKA TOV UNYOVIGUOD iy (SUVOULIKTY,
oy0G, CLVEPYAOIUOTNTO) Kol e€ival, emiong, Opoln pe ekeiva TV cuppotikov NX
PDMS/titaviag, aveoaptitmg tov peyébouve tov apyikdv copatdiov. Emmpoctitnc, ta
amoTeEAécUATO o dokia 7ov giyav vmootel Oeppikn avommnon (Tpog evioyvuom TG
KPUGTOAAIKOTNTOG) KOl OVTOV 7OV VEEGTNOOV aeLddtomon £dei&ov vmoPfddueon g
SUVOIKNG KO TNG 1OYVOC TOL UNYOVIGUOV @y Emiong mn mapovoia tov Slemipavelokon

TOAVUEPOVS 6TA NX £YEL (OC AMOTELECUA TNV EVIGYLON TNG EVOOYEVODEC TOAMGTG TOV VAIKOV
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(.. oOVENUEVEG TUEC TOV TPOYUATIKOD HEPOVG TNG OMAEKTPIKNG OSOTEPATOTNTAC, €', GE
youniéc Oepupokpaocieg) mépav TG TPOGHETIKOTTAG, EVO 1 OMAEKTPIKT 1OYVG T®V
UNYoviopmv, Ag, ELOTTOVETOL GLUOTNUATIKA pE TN Oepuokpacio yuoo YoOpAAeS TIWESG Sper Kal
av&avel yioo vymAéc Tpég Sper. YmevOBupilovpe 0TL 1 Ae meprypagel tov TAnBuoud TtV
aVTIGTOY®V EVKIVITOV HOPLOKOV OUAS®V. XYETIKO UE TNV EMIOPUOCT] TOV LOPLOKOD BApovg
(MB, péco pnkog poakpopopicov) tov PDMS, 10 diempavelakd molvpepés sival AMyoTepo otnv
TEPITTOON TOV PpaydTtepOV TOAVUEPIKOV AAVGIOOV (LiKpdTEPO MB), evd 1 SLVOUIKT TOL
Katoypapetoar  kobouotepnuévn, oe oY€om UE TNV TEPITOON UAKPOTEP®V OAVGIO®MV
(vynAotepo MB). ‘Etol, ocuvdvaloviag OAEC TIC EMOPAGEIS OTN GUVOMKI OUAEKTPIKNY
CUUTEPLPOPA TV VAMK®V (KATL TOV dev yivetal cuvnbmg ot Bipioypagia), epunvedovue o
OTOTEAEGUATO ETLOTPAUTEVOVTIOG £VO, GUYYPOVO HOVTELD. TOUQ®VO LE TO UOVIEAO OUTO, TO
PDMS (moAvpepég pe moAd e0KOURTTEG TOAVUEPIKEG aALGIdEC) pmopel va dapopewbel pe 2
(TovAGyloTOoV) TPOTOVC OTN OEMPAVEI UE TO OCOUATIOWN, GCLYKEKPLUEVO HEow (o)
SLOHOPEMOCEMV TOHTOV EKTETAUEVNG oVpag (tail), kot (B) doepopemdcewnv Tomov Bpdyov (loop)
pe mOAAOTAG onueio. emapng pe ™ oemeavele. Ot SLOHOPPOCELS AVTEG, 10imG 01 TOHTOV
Bpdyov, odnyodv oce VYNAGTEPT TLUKVOTNTO KOl GUVEPYUGIUOTNTO TOV OIETIPAVELNKOD
moAvpepovc. Eival mpogavég 6Tl Kol ot dVo TOTOL Slopopedcemy yopaktnpilovior and
aVENUEVO TPOCAVOTOAMOUO (TAEN) KOl TOAMGIUOTNT, GUYKPIVOUEVOL HE TIC OOUOPPADCELG
TOV TOAVUEPOVG LakpLd amd ™ dempdvela (bulk). Avtd e€nyel mbBavadg v TapotpodueEvn
avénuévn dmAektpik) amokpion Tov NX mépav g mpoobetikdmrag. O Adyog TV
nAnBvoumv Ppdyor / ovpéc av&aver pe v tpaydmre (Szer). Emiong, m avénon omy
EMPAVEINKT TPAYVTNTA 0dNYEl, OTNV TOPOVLGO WEAETN, oV avEnorn Tov aplduod Tov
npocPacipumv 0écewv Tpodcdeons / aAinienidpaong peta&h TOAVUEPOVS Kl VOVOSHUATIHMY,
Kal, £€Tol, OTNV OTAdloKG OLEOVOUEVT] TUKVOTNTO TOV  SEMLPAVEINKOD TTOAVUEPLKOD
OTPOUATOC. AVTO €YEl OC OMOTEAEGHO. TN MEIOON TOL UNKOVG GUVEPYUCIUOTNTOC TOV
SIEMPAVEINKDOV 0ALCId®VY, Gpo, oto TAaiclo ¢ OBeswpiag Adam—Gibbs, 1 dempoveloxn
SUVOIKY EMTOYVVETAL KOAL | GUVEPYOSIHLOTNTO OVEAVEL, GE GUUPOVIOL E TO ATOTEAEGUATA
LOG VIO TO UNYOVIOUO @iy Emiong, ta amoteAéopato delyvouv 0Tl 0 AOY0oG ovpég / Ppodyot
elvat, mOBavde, PEYOADTEPOC GTNV TEPITTOON KOVIOV TOAVUEPIK®DV aAvGidmv PDMS (Likpod
poplokd PApog TOv TOAVUEPOVG), GE OYECN MUE TIG MAKPOTEPES 0AVLGIdEG, AOY® 1TNg
UEYOADTEPNG GUYKEVIPMOOTNG EAEVOEPOV GKPOV. TUUTEPACUATIKA, KOTOAYOVUUE GTO OTL O
aplbuog kot m mpocPaciudmro T@V onueiov  emoPNG (EMEOVEIOKEG 1OOTNTEC TOV

COUOTIOOV) Kol 1 Soun Kol EVKOUYiO TOV TOADUEPIKOV 0ALGId®V (TOToAOYid TOL
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TOAVUEPOVC OTIG EMPAVEIEG TOV OCOUOTIOIOV) KLPLIPYOOV  OT1  OLIHOPPMOOT]  TOV
OIEMPAVEINKDV CAANAETIOPAGEWDV.

Téhog, ot petpnoelg Tov ToALUEPOVS VIO 2-D ywpikd meplopicpd (Sracmpotidtokol
TOpOL TOMOL KLAISPOV, dapétpov 6-20 nm), avédeloav évo emmAéov Prua LOAMDOOVS
petdPoaoncg (DSC) oe yaunAéc Oepuokpacie Kot &vav ypNYopo ETITAEOV UNYOVIGUO
dmAekpikng yarhdpwong (a,, DRS). Ot dbo avtéc cuvelspopég paivovtot va gtvar gvaicOnteg
OTOV EMTALOV YWPIKO TEPLOPIOUO TOV TOAVUEPOVS, OUMS, OV emnpealovtal Ka.8OA0L amd TNV
Oepuikn avOTTNON TOL VAIKOV (oL €xel ®¢ amoTtéAeopa TV avénon tov Padpov

KPUGTOAAIKOTNTAG).

H mopovca épeuva éxer ovyypnuatodomBel amd v Evporaikn Evoon (Evpomoikd
Kowwvikd Tapeio - EKT) kot and eBvikode mépovg pécsm tov Emyeipnotaxod [poypdupatog
«Exkmaidevon kot Ao Biov Mabnon» tov EBvikov Zrpatnyucov [Miasiov Avaeopdg (EXITIA)
— Epevvmtikdé Xpnuartodotovpevo ‘Epyo: Hpdxieitog 11 . Emévévon omv kowmvia g

yvaong pécsm tov Evponaikod Kowvovucod Tapeiov.

* EMXEIPHYIAKO NMPOTPAMMA
7 EKMAIAEYEH KAl AIA BIOY MAGHEH == EXMNA
’; : £1LEVIVON TTNY UOVWVid TNE YVUONC, 2007'2013
* ok =] oo o o)
YNOYPTFEIO MAIAEIAX KAl BPHIKEYMATON  EYPONAIKO KOINONIKO TAMEIO

EvpwnaikiqEvwon EIAIKH YMHPEZIA AIAXEIPIZHE

E Ko Ke 6 Tapei
Rt Me tn suyxpnpatrodoétnon tng EANGdag kat tng Evpwnaiki¢ Evwong
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1. Introduction

1.1. Polymer nanocomposites (NCs)
Polymer nanocomposites (NCs) are in the center of the interest of materials science and
industry in the last decades [Ray03, Paul08, Pavlidou08, Allegra08, Kumarl0, JancarlO,
Okada06, Sperling06, Kumarl3]. The use of fillers with dimensions varying between 1 and
100 nm (such as spherical nanoparticles [Zou0S8, Akcoral(Q, Giannelisl 1, Kumarl3], carbon
nanotubes (CNTs) [Moniruzzaman06, Huangl4], nanofibers [Sohrabil3, Redekerl3],
nanosheets [Ray03, Okada06, Pavlidou08, KripotoulO, Giannelisll, Chryssopouloull,
Papageorgioul4]) in composite materials offers the great benefit that small amount of filler
content is sufficient to induce tremendous improvements in desired properties [Tuteja07,
Sen07]. A common reason for adding small inclusions to polymers is to increase the Young’s
modulus of elasticity and improve the mechanical properties, in general, via well known
reinforcement mechanisms [Chow78, Fornes03, Lee05, Sen07]. For example, Bokobza and
Chauvin [Bokobza05] showed mechanical reinforcement of natural rubber (NR) in the
presence of well dispersed small silica nanoparticles, this reinforcement being better than that
predicted by models successfully employed for conventional polymer composites
(microcomposites). Such effects are ascribed, mainly, to the large surface to volume ratio of
the nano—fillers and, consequently, to a significant fraction of polymer at the interfaces with
the nanoparticles. In addition to the large interaction (interfacial) area, the development of
interactions (physical and chemical) between the polymer and the fillers has been found of
significance in modification of NCs properties [Si06, Wang03, Allegra08], while computer
simulations have predicted dependences between improvement of NCs properties and the
range of the strength of the respective interfacial interactions [Mansfiled89, Allegra08].
During the last decades much attention has been drawn to the relation between the

improved ‘macroscopic’ properties of polymer NCs and the modification of structure of the

29



polymer in the nanometric range in the interfacial layer, namely a few nanometers from the
surface of the nanoparticles [Harton10, Zou08, Okada06, AkcoralO, Kumarl0, Giannelis11
and references therein]. Parallel to interfacial polymer in NCs, polymers in the form of thin
films adsorbed on flat solid surfaces are being studied [Kumar99N, Capponil2, Vanroyl 3 and
references therein], as the adsorption mechanisms and the nature of developed interactions, in
both cases, are practically the same [Guselin91]. Based on the large amount of respective
publications on these topics, we can easily conclude that this ‘interfacial polymer fraction’
[Wurm10] is widely thought to be characterized by a modified structure [Mansfield89,
Kumar99N, Sen07, Kogal2, Vogiatzisl3, Harmandarisl4] and dynamics [Fragiadakis05,
FragiadakisO7, Fragiadakisl1l, Lacabannell, Fullbrantl3, Holtl4, Lengl5, Linl5] as
compared to the bulk [Akcora09, Kogal2], which can affect significantly or even dominate
the properties of the system [Schmidtl0, Akcora09]. The main focus of this thesis is on
effects of various parameters on dynamics and structure of interfacial polymer in NCs
[Klonos10A, Klonosl1, Klonos12, Klonos15A-C]. These effects are discussed in more detail
in the next section. Therefore, the knowledge about the polymer—particle interactions and the
factors which govern the polymer structure and dynamics at the interfaces is of high
importance for understanding the long—term performance of materials in engineering
applications and in materials design issues.

Regarding the procedure of NCs preparation, polymer NCs could be categorized to (a)
conventional and (b) core—shell based NCs (Fig. 1.1). We note that the present study deals
with materials of both classes and the chapters of the thesis are accordingly organized.
Conventional NCs were developed historically first, aiming at the improvement of a polymer
matrix in polymer NCs by introducing and well dispersing organic or, mostly, inorganic
particles (Fig. 1.1a) [Bokobza05, Fornes03, Lee05, Sen07]. For better control of the
interfacial properties and optimization of the dispersion of filler in the polymer matrix and, in
general, of the macroscopic properties of the materials, core—shell NCs were developed (Fig.
1.1b) [Liul0]. This term is used to define the development of composite nanoparticles,
consisted of a core, which may be either an inorganic particle [Bershtein09, Giannelis1O,
Redeker13, Sohrabil3, Kumarl3] or even a polymeric particle [Wang06, Quanl5, Chenl5],
on which one or more extra layers are adsorbed covering its surface and forming the shell.
The extra layer(s) can be consisted either of inorganic [Kofinas1 1] or organic substances (e.g.
polymers) [Dongl1]. Various polymeric materials based on core—shell structure have already

been developed, targeting industrial [Nanl2, Quanl5], optics [Nakabayashil2] and
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optoelectronics [Liaol2, Redekerl3, Kofinasll, Giannelisl0], chemistry, biological

[Wang06, Bershtein09 Dongl 1, Sohrabil3] and biomedicine [Wang06] applications.

a Conventional polymer hanocomposites
+ nanoparticles -
par nanocomposite
e_o ®_®
polymer eoo’e eeo’e
e o ® O
@ .. o e _o o
®ee” OO — (%es® 20
. S - - ® &
* e ® ® e’
b Core-shell based nanocomposites
+ polymer + polymer
air air polyrg

nano-

particle

Fig. 1.1. Schematic representation of the preparation procedure for (a) conventional and (b) core—shell based

polymer NCs.

Focusing now on metal oxide/polymeric systems, such as silica/polymer [Zou08], and
comparing the conventional NCs, where the nanoparticles are embedded [Jancar10] and/or
generated [Fragiadakis07] within a polymer matrix, with core—shell NCs, we can mention that
in the latter category the polymer—particle interaction can be better controlled. Indeed, the
encapsulation of the particles can be achieved by applying more mild chemical procedures
[Giannelis10, Sulim09] and, at the same time, by fine tuning of the physical bonding between
polymer and nanoparticles [Giannelisl 1, Akcora09, Kumarl3]. Such advantages can lead to
easier preparation of materials [Kofinasl1] and, moreover, to higher quality of filler
dispersion [Nanl2, Ackora(09, Kalathil4]. Additionally, the ability of preparation of materials
with higher silica/polymer ratios (as close to unity as possible) is also an important advantage

for certain applications (e.g. drug delivery).
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1.2. Characteristics of the interfacial polymer fraction in polymer NCs

The fraction of interfacial polymer in NCs (Fig. 1.2) has been attempted to be evaluated by
various experimental techniques, such as by monitoring the structure [Mixa04, Miwa06,
Harton10, Paponll, Kogal2, Jouault13, Fullbrant13, Holt14, Lengl5, Antonellil5, Linl5],
the thermal behavior (thermal transitions) [Dobbertin96, Sargsyan07, Wurml0, ChenlO,
Moll12, Merinol3, Purohitl4], and polymer molecular dynamics [Fragiadakis0O5,
Lacabannel 1, Fullbrant13, Purohit14, Gongl4, Holt14, Lengl5, Linl 5].
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Fig. 1.2. Sketch of spherical (a, b) and layered (c) nanoparticles (blue) covered by a layer of immobilized
polymer (RAF) (dark green) in a mobile amorphous matrix (light green), taken from [Sargsyan07].

Depending on the physical property followed [Eslamil3], results suggest that the
range of interfacial polymer properties domination may vary in the range of a few nm
(although larger values of many tens of nm have also been reported [Miwa04, Miwa06]) from
the surface of the nanoparticles (Fig. 1.2). The density of interfacial polymer has been found,
in general, increased as compared to that in bulk, in addition to changes imposed on
interfacial polymer chain conformations at the same polymer/particles interfaces [Kogal2,
Voyatzis13, Johnstonl 3R]. Regarding molecular mobility, in most cases in the literature, the
polymer in the interfacial layer is thought completely immobile, as it does not demonstrate
any additive contribution to segmental mobility, for example to glass transition. Among
others, Schick and coworkers [Dobbertin96, Wurm03, Sargsyan07, Wurml10, Purohitl4,
Zhuravlev14] have demonstrated such contribution of the interfacial polymer to glass
transition, in particular a reduction in the heat capacity step during glass transition, AC, (Fig.
1.3). Thus, simple multi-phase models and mathematical formulas have been proposed and
have been already employed for the calculation of the fraction of interfacial polymer, by
comparing the response (AC,) of the mobile polymer fraction, MAF, with the missing part in

the response in NCs, i.e. the reduction in AC,, which represents the rigid (immobile) polymer
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fraction, RAF, at interfaces (Fig. 1.3). Much attention has been also paid to the effects
imposed on 7, by the presence of nanoparticles, results demonstrating, however, controversial

changes [Paul08, Jancar10 and references therein].
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Fig. 1.3. (Left) Specific heat capacity, C,, of polyamide-6 (PA6) in the glass transition region as recorded by
differential scanning calorimetry (DSC) and illustration of estimation of RAF from the missing response (details
in the text), taken from [WurmlO]. (Right) segmental polymer response for PDMS and PDMS/silica NCs as
recorded by a dielectric relaxation spectroscopy technique (details in text), showing the bulk (a relaxation peak)

and interfacial (additional a;, peak) polymer responses, taken from [FragiadakisO5].

On the other hand, during the last ten years a significant amount of papers have been
published showing that by employing dielectric relaxation spectroscopy (DRS) [Kremer(2]
the interfacial polymer is not completely immobile for a variety of polymers [Fragiadakis05,
Lacabannel 1, Fullbrantl3, Purohitl4, Gongl4, Holt14, Lengl5, Linl5]. Moreover, it has
been shown that the interfacial polymer demonstrates retarded dynamics, as compared to the
bulk (a relaxation), and cooperativity, this being expressed by the recording of an additional
relaxation process (o) (Fig. 1.3). With filler fraction in NCs increasing, the intensity
(dielectric strength, Ae [Kremer02]) of the additional relaxation has been found to increase. In
correlation with the above observation, the evaluation of interfacial polymer fraction has been
attempted by carefully comparing the dielectric strength of a;,, with the overall segmental
response [FragiadakisO7, Fullbrant13]. In this approximation, we study here the particle—
polymer bond strength, arising from the different type of particles, and the surface properties
(roughness) of the initial particles as important parameters that affect the range of particles-

polymer interaction [Klonos10A].
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1.3. Computer simulations in polymer NCs

Computer simulations in combination with Theory [Binderl2, Scheutjens79, Yanl3,
Ganesanl4, Allegra08, Koskil3, Vogiatzisl3, Pfallerl3, Hanakatal4, Theodoroul4,
Harmandaris15] on polymer NCs have been proven useful tools for understanding the
relationships between interactions, morphology, interface characteristics, and the phase
behavior of polymers in NCs. To that aim, methodologies have been proposed for studying
realistic polymer NCs at experimentally relevant length scales, taking into consideration
several parameters, such as: the polymer chain length (grafted, in bulk etc.), the density of
polymer grafting [Vogiatzis13], the type of attraction between particles [Karatrantosl3,
Karatrantos15], the size of primary particles [Kutvonen12], the density of crosslinks [Chao13,
Kim15], and the polymer—filler interaction strength [Goswami(09, Liul1, Hanakatal4]. In the
perspective of materials engineering and applications, simulations were found able to predict
the final material properties (mainly mechanical and thermal stability) [Allegra08,
Goswami09, Alaghemandill, Yangl2, Kutvonenl2, Cotol3, Ferdousl3, Chaol3,
Pahlavanpourl3]. The effects imposed on material properties by the various parameters, for
example by geometrical and surface characteristics of the fillers [Chao13, Cotol3], filler
distribution in the polymer matrix [Ferdousl3, Kalathil4], structure of the polymer matrix
[Kutvonen12], and strength of polymer—particle [Goswami09, Liul 1, Eslamil3] and particle—
particle [Karatrantosl5, Karatrantos13] interactions, have been found to be related with each
other [Chaol3].

In general, in polymer NCs enhanced mechanical properties are observed as compared
to the neat polymer matrix. This improvement has been suggested to depend mainly on the
good filler dispersion in a polymer matrix in combination with the particles size [Chaol3],
while this improvement may decrease with polymer crosslink density [Kim15]. It is shown
that the existence of polymer—polymer and/or polymer—particles crosslinks in NCs has a
predominant role on mechanical reinforcement, over other parameters, such as the shape, size
and concentration of nanoparticles in the same NC system [Kutvonenl2]. For fixed
dimensions of the nanoparticles the polymer—particle interaction strength and the temperature
of the NC system have been found to be primarily responsible for the quality of filler
dispersion [Goswami09, Liul1]. Finally, Kalathi et al. [Kalathil4, Kalathil2] showed that the
nanoparticles distribution in polymer NCs may change as a result of changes in the average
NC viscosity, the latter depending on polymer entanglement mesh size in relation to particles

size.
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Fig. 1.4. (Left) schematic representation of polymer layers grafted to nanoparticles in silica—polystyrene NCs
and results by computer simulations for the formed ‘brush’ thickness (either (K*) 2 o hggo;) plotted versus the

square root of the degree of polymerization of grafted chains, Ng” ?, times the fourth root of the grafting density,

o, taken from [Vogiatzis13]. (Right) computer simulation schematic and results for the desorption kinetics of

polyethylene (PE) melts on graphite, taken from [ Theodorou14].

Grafting of proper ligand (monomer, polymer) on the surfaces of nanoparticles can
result to more uniform dispersion of the fillers in a polymer matrix, as compared to that in NC
prepared with traditional mixing techniques [Binder12, Chaol3]. Dodd et al [Dodd12]
suggested that the grafted layer thickness increases with polydispersity of the polymeric
ligand, while Ginzburg [Ginzburgl3] showed that for low filler loadings (3—5 %) grafting
indeed results in fine filler dispersion and was able to predict new morphologies (of particles)
for larger filler loadings. In polymer NCs of the core—shell type, Balmer et al. [Balmerl1]
demonstrated an agreement of results by Monte—Carlo simulations and those by structural
(SEM), physicochemical (dynamic light scattering, thermogravimetry, BET surface area
analysis), and, in addition, concluded that small angle X—ray scattering is ideally suited for
the structural characterization of polymer NCs.

From the polymer mobility point of view, results by simulations are discussed in terms
of glass transition temperature, 7, [Qiaoll, Starr13] and fragility, m, [Starr13] as well as in
terms of segmental dynamics [Karatasosl4, Harmandarisl4, Vogiatzisl4]. The effects
imposed by the presence of nano—inclusions in a polymer matrix on 7, and m, are both
positive and negative [Qiaol1, Starrl3], this effect originating mainly from changes on filler
dispersion (clustering at high filler loadings) and the subsequent loss of interfacial (potential
for interactions) surfaces. Results in graphene / hyper—branched polyesters [Karatasosl4]
revealed an additional (to bulk) glass—like transition at a considerably higher temperature
(namely, a higher 7,) as compared to that of pristine polymer, which accompanied the

slowing down in both the local and the global polymer dynamics in the same NCs. Rissanou
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et al. [Harmandaris14] showed that polymer relaxation times decrease significantly (namely,
acceleration of the overall segmental polymer dynamics) beyond the first adsorption layer of
polymer (of three types, polyethylene, polystyrene, poly(methyl methacrylate)) on graphene
nanosheets and, moreover, showed that the range of relaxation times of the adsorbed
segments is broader, than that in bulk, the extent of these effects depending on the type of the
polymer.

Computer simulations in polymers adsorbed on solid surfaces [Johnstonl3R,
Mansfield89, Borodin03, Doxastakis14] have predicted increased density of the interfacial
polymer, accompanied by slower dynamics, as compared to the bulk. The prolonged
relaxation time of polymer in the surface region originates from the strong segment-surface
attraction [Mansfiel89]. However, Borodin et al. [Borodin03] had previously demonstrated
that slower dynamics of poly(ethylene oxide) (PEO) at the interface with TiO, is better
determined by the surface structure and electrostatic PEO-TiO, interactions, rather than the
increased interfacial polymer density. Results by Monte—Carlo techniques suggest that in the
interfacial layer (1-2 nm [Termonia09], or even, up to 20 nm [Vogiatzis13] in thickness)
polymer segments can be oriented tangentially (parallel) to the solid surface. Additionally, in
some cases of polymer adsorption on the solid surfaces of nanoparticles there seems to be an
accumulation of chain ends at interfaces accompanied by a decrease in the average interfacial
polymer density, however, the density of different type of segments (free/grafted) depending
on the distance from the solid surface [Vogiatzisl3, Kritikos13] (Fig. 1.4). Adoption of
various conformations by polymer chains (tails, loops, trains [Scheutjens79]) at the interfaces
with solid surfaces was found also of importance for predicting interfacial polymer properties
[Mansfield89, Harmandaris05, Bitsanis93, Daoulas05, Johnstonl3]. Theodorou and
coworkers [Mansfield89, Theodoroul4] showed that polymer chains close to an attractive
solid surface are pronouncedly flattened, or else more parallel to the surface, as compared to
those away from the surface, this result coming in agreement with respective experimental
studies [Kumar99N, Rotellal 1] (Fig. 1.5). Bitsanis and Brinke [Bitsanis93] and Harmandaris
and coworkers [Harmandaris05, Daoulas05, Johnston13] pointed to the polymer chain length
as a critical parameter for adoption of different conformations of polymers adsorbed on solid
surfaces and of polymer confined between solid surfaces, respectively. In addition, numerical
Self Consistent Field (nSCF) method was employed [Kritikos13] to study and describe,
computationally, the bound polydimethylsiloxane (PDMS) layer around spherical
nanoparticles, such as silica, (a system similar to those under investigation in this thesis). The

respective results showed that for PDMS chains grafted on the surfaces of silica ~50 nm in
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diameter, the polymer conformations in the interfacial layer can be categorized in loops and
tails [Kritikos13]. The volume fraction of loops is highest close to the interface and reduces

(by almost 50 %) about 2—3 nm away from the interface, the opposite being true for the tails.

1.4. Polymers adsorbed on solid surfaces — Modeling

Throughout this study, especially in the chapters that present results obtained with core—shell
NCs, we conclude that interfacial polymer can be studied in-depth better in core—shell NCs
comparing with conventional NCs. This is mainly due to the preparation procedure of core—
shell NCs. The preparation consists of a ‘/ayer by layer’ polymer adsorption (Fig. 1.1b) onto
the solid surfaces of the nanoparticles/aggregates [Bershtein09, Galaburdal4]. Depending,
thus, on the polymer content in NCs, the percentage of the interfacial polymer fraction can be
varied significantly [Holt13, Holt14] and, most importantly, it can vary at our will. Therefore,
interfacial polymer can be the majority, as compared to other polymer fractions/phases (bulk,
crystalline etc.) in the same system. For these reasons, the study of the polymer—filler
interactions and their effects on polymer dynamics in core—shell NCs, resembles that of
polymers adsorbed onto solid surfaces, already studied as model systems for the last decades
[Scheutjens79, Mansfield89, Guiselin91, Kumar99N, StarrO1 Ackora09, Liul0 Hartonl0,
Napolitano12, Kogal2, Rotellal 1, Kalathil4, Kogal4, Yinl5].

Annealing

=)

Fig. 1.5. Schematic for the detected two different kinetic regimes during the adsorption of polystyrene on

aluminum surface by thermal annealing at temperatures above Ty, taken from [Rotellal 1].

With respect to effects imposed on polymer structure and mobility the most widely
studied parameter is glass transition. However, the more than one decade long discussion on
effects imposed on glass transition temperature, 7, in thin polymer films is controversial
[DeMaggio97, ForrestOl, Forrest02, O’Connell05, FakhraaiO8, Napolitano0O8, Tressl10,
Paengl 1, Tress13, Chail4, Hanakatal4, Edigerl4, Kremerl4, Yinl5], leaving still a not
consistent picture. In the following, we will report selected results and proposed models from
the literature, which will be related later within the interpretation of experimental findings in

this thesis.
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More than two decades ago Guiselin and coworkers [Guiselin91] have proven the
existence of depletion layers and different modes of polystyrene (PS) adsorption on solid
surfaces, employing neutron reflectivity methods and chemical annealing procedures. More
recently, Wiibbenhorst and coworkers have detected two different kinetic regimes (anisotropic
orientations) [Rotellal 1] during the adsorption of polymers on aluminum surface (Fig. 1.5).
Kumar and coworkers [Ackora09, Kalathil4] have demonstrated the dependence of the self—
assembly characteristics of polymer—grafted nanoparticles on the adsorbed polymer chain
length, while Harton et al. [Harton10] studied the adsorption of poly(2—vinylpyridine) (PVP)
in both silica particles and flat surfaces (thin film, <100nm), with equivalent chemical
procedure, and showed that although 7, (of bulk) is almost unchanged, yet, the polymer
fragility was slightly reduced and the interfacial polymer fraction was found significantly
smaller around the nanoparticles. Such studies attempt to shed more light on the still open
debate about the changes in the bulk properties imposed by the presence of interfacial
polymer. The obtained results, regarding the various changes on 7, (both increasing and
decreasing) [Jancar10] and the dynamics of interfacial polymer fraction, have been interpreted
by invoking various concepts, such as the interfacial free volume [Napolitanol2] or/and the
existence of the so called dead polymer layer [Napolitano10], the flattering of chain coils at
the interfaces [StarrO1] and the inter—balance between bimodal conformations (e.g. loop and
tails) adopted by the interfacial polymer chains (Fig. 1.6) [Kogal2 and Refs. 1-2 therein], and
[Kritikos13, Kogal4]. We should report that, in this thesis the latter model [Kogal2] will be
one of the main tools employed for interpreting our overall results related to interfacial

polymer dynamics.
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Fig. 1.6. (a) Desorption kinetics of the equilibrium adsorbed polystyrene layer on Si substrate during the
chemical annealing (i.e. toluene leaching), the inset shows the schematic view of the two different chain
conformations. (b) shows the temperature dependence of height of flattened chains (loops), %, while the inset

shows the schematic conformation of the flattened chains. Figures were taken from [Kogal2].
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Finally, differences between the density of interfacial polymer and that of polymer in
bulk have been reported. For instance, polystyrene (PS) adsorbed on flat Si substrate has
demonstrated higher density in the inner region of the interfacial layer than that in bulk, while
the outer interfacial region is characterized by density equal to that in bulk [Kogal2].
Computer simulations on PS grafted on spherical nanoparticles demonstrate that the density
of grafted chains in the interfacial layer of the inner 2—3 nm is about double than that of

polymer chains in bulk [Voyatzis13] (more detailed results in the previous section).

1.5. Confinement effects
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Fig.1.7. (Left) Schematics comparing polymer conformations in bulk solution, sl/it-like confinement, and tube-
like confinement for given polymer radius of gyration R, and confinement dimensions 4 and d, taken from
[Mail2]. (Right) schematic for describing the slowing down of crystallization of poly(ethylene terephthalate)
(PET) with gradually increasing of spatial confinement, taken from [Vanroy13].

Polymers constrained to spatial dimensions (confined) less than about 100 nm (Fig.
1.7, left) typically exhibit a shift of glass transition to lower temperatures and an acceleration
of segmental dynamics as compared to the bulk. This effect is often discussed in terms of less
intermolecular constraints and greater unoccupied volume [Mansfield89, Floudas97,
Fukao00, Schonhals03, He07, Tress10, Krutyeval3, Frielinghaus13, Floudasl3, Kremerl4,
Theodoroul4, Yinl5], as compared to constraints at larger dimensions. The extent of
confinement depends, mainly, on the characteristics of the confining surface and the chemical
properties of the polymer [Kremer14], on the type of the confining medium (solid inorganic
or polymeric [Colmenerol4, Colmenero10]), and the space dimensionality of the latter (1D
[Napolitanol1], 2D [Schonhals03, Frielinghaus13, Chrissopouloul3, Floudasl4], and 3D
[Yabul4]). Polymers in the form of thin polymer films, with thickness from 1 to 100 nm, are
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also thought to be under spatial 1D confinement and for the last two decades they are studied
as model systems [ForrestO1, O’Connell05, Tress10, Chail4, Ediger14, Yinl5] in the frame
of this topic. In the case of thin polymer films effects by confinement on polymer mobility
arise simply from the very small thickness, in general.

Wiibbenhorst and coworkers [Napolitanol2] performed experiments on polystyrene
(PS) in the form of thin film at different thermal annealing conditions and showed that the
observed shift in 7y is proportional to the degree of adsorption and, therefore, to the interfacial
polymer volume. In addition, they studied [Vanroyl3] the interplay between the thickness of
the irreversibly adsorbed polymer and the range of spatial confinement (from pum to a few tens
of nm), by monitoring the ability of poly(ethylene terephthalate) to crystallize being adsorbed
on aluminum surfaces and, simultaneously, confined between the same surfaces (Fig. 1.7,
right). Computer simulations by Lang et al. [Langl4] predicted that the 7, for a polymer
adsorbed on a solid substrate demonstrates a linear additive dependence from the interfacial
adhesion energy. Regarding polymer NCs, Srivastava and Basu [Srivastava07] were the first
to report experimental observations, for PMMA filled with dispersed gold nanoparticles, of a
crossover in the sign of 7, deviation for confined polymers by the variation of nanoparticle-
polymer interface width and, simultaneously, keeping interparticle spacing fixed. Chandran et
al. [Chandranl4] observed in polymer-particles blend based films a systematic variation in
the dispersion of nanoparticles with confinement for various compositions and matrix-
polymer chain dimensions, while for fixed composition they observed a reduction of 7, with
decreasing blend-film thickness. Li er al. [Lil4, Lil5] revealed the existence of two glass
transition steps in poly(methyl methacrylate) (PMMA) confined in cylindrical pores after
slow cooling (annealing), while a single 7, was observed after fast cooling (quenching or, in
other words, vitrification). Two glass transition steps, one related to the bulk and the other to
the confined part of the polymer, have been also recorded with different polymers [Merino13,
Saiter13 and references therein]. Barroso et al. [Barrosol3] studied poly(ethylene oxide)
confined within graphite oxide (GO) nanosheets and recorded a faster relaxation, as compared
to that in bulk, that is nearly independent of the polymer chain length.

Significant results have been reported for systems based on polydimethylsiloxane
(PDMYS) under confinement [Kirst93, Schonhals03, Colmenerol0, Krutyeval3 and references
therein], which is the polymer of interest in this thesis. Schonhals and coworkers
[Schonhals03] showed that the dynamics of PDMS confined in the mesopores glasses
becomes faster with lower activation energy on increasing of pore diameter. Colmenero and

coworkers [Colmenerol0, Krutyeval3] recorded similar effects for PDMS confined in
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cavities of different dimensionality (1-3D) [Colmenerol0] and they studied, further, the
interplay between interfacial and confined PDMS in the same cylindrical pores by
manipulating the hydrophilicity of the walls inside the pores. More recently, we recorded in
silica-gel / PDMS core / shell type NCs the existence of two glass transition steps by DSC,
one referring to the bulk (high 7,) and the second (lower T) referring to PDMS confined in
the cylindrical like pores of silica-gel. Similarly to DSC, two respective segmental relaxation
mechanisms were recorded by dielectric relaxation spectroscopy (DRS), accompanied by an
additional process which monitors the interfacial polymer dynamics [KlonoslI5A]. In this
frame, we study here effects imposed on bulk, interfacial and confined dynamics, all
coexisting in the same NC systems, by crystallization annealing experiments and by properly
modifying the solid surfaces of oxides before polymer adsorption, this modification resulting
in manipulation of both the external surfaces and the diameters of pores (chapter 10).
Respective results [Schonhals03, Krutyeval3], including results in this thesis, provide further
support that confinement also in the case of polymer NCs arises mainly from size effects,
similarly to polymer confined in solid porous means and in the form of thin films [Kremer14].
A general observation concerning PDMS, arising from the various respective studies
[Schonhals03, Krutyeval 3, Colmenerol4 and references therein] suggests that, in general, 2D
confinement may severely affect the dynamics of PDMS in the scale between 2 and 30 nm.
This point will be further studied later in chapter 10.

In addition to the above, almost standard effects of confinement, peculiar effects have
been also reported. For example, Schwartz et al. [Schwartz04] employed DRS to study
confinement effects on oligomeric poly(propylene glycol) liquids confined in a 2D layer-
structured clay. They showed that in the clay the normal mode relaxation becomes drastically
slower with stronger intensity than the a relaxation (i.e. the dynamic glass transition), in
contrast to the bulk samples where the opposite behavior is observed. Additionally, a
relaxation is unaffected by the 2D confinement, suggesting that the underlying phenomena
responsible for the glass transition are the same as in bulk. In addition, Saiter ef a/. [Saiter13]
obtained strong reduction in cooperativity and the temperature dependence of the
characteristic relaxation frequency of poly(propylene-co-ethylene) confined in the galleries of
montmorillonite (intercalated nanocomposite), while in some cases the expected changes in

glass transition due to confinement were not observed.
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1.6. Polydimethylsilixane (PDMS) / metal oxide NCs

PDMS/metal oxide based NCs, such as the systems of interest of this thesis, have attracted a
lot of attention for the last years due to their chemically mild processing, good mechanical
and thermochemical (non toxic) properties and, therefore, they are used in many applications
[Zou08, Takakashi06, Nodera06]. PDMS molecules can form a helix structure (Fig. 1.8) due
to the corresponding rotations around the Si—O bonds [Gunko0O7]. Therefore, only a portion of
lead segments can interact with the solid surface during the adsorption of PDMS onto silica,
e.g., by the formation of the hydrogen bonds =SiO-H - O(Si(CH;3),—), (Fig. 1.9)
[Richardson77, Gunko07, BokobzalO].

Fig. 1.9. Schematic view of silica (left, middle) and titania (right).

Measurements on NCs where silica particles are in situ generated by sol-gel
techniques, in the presence of PDMS, revealed the existence of a fraction of polymers at the
silica interface that is characterized by reduced mobility [FragiadakisO7]. Concerning the
core—shell NCs, we will show that the structure of the adsorption complexes of the PDMS
molecules depends on the conditions of the adsorption and the subsequent chemical/thermal
treatment [Klonos15A, Klonosl5C]. For instance, in concentrated solutions of PDMS in

hexane, the fraction of unfolded molecules increases resulting in an increase in the density of
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contact points between the PDMS molecules and the surface —OH (silanol) groups [Gunko07,
Gunko14]. The adsorption of PDMS on various types of silica particles is proposed to be
promoted by the external surface morphology of silica secondary particles with textural
porosity [Galaburdal4], mainly in fumed silica particles, and the intra— and inter—globule
mesopores existed in various silica particles [Sulim09, Gunko07], engaging as free silanols as
possible. The population of free silanols was found to depend on the surface water molecules
[Gunko14], always existed in the surface of silica particles affecting, thus, the adsorption
mechanism of PDMS chains and also the kinetics of the adsorbed chains [Gee04, Gunko07,
Gunko14]. Finally, penetration of PDMS within nanopores and mesopores existed in the silica
particles (aggregates) results in strong modification of their structure and dynamics

[Gunko07, Gunko14, Klonos15A].

1.7. Present study — Motivation

Over the last ten years, Pissis and coworkers have studied interfacial effects in conventional
polymer NCs, in particular, rubber/silica, focusing on polymer glass transition and segmental
dynamics in the interfacial layer, studied by calorimetry and dielectric techniques
[Fragiadakis05, FragiadakisO07, Klonos10A, Fragiadakisl1, Klonos12]. In the frame of this
thesis, we extended this work to core—shell (namely, metal oxides (core) / PDMS (shell)) type
systems, in the form of powders, where polymer is adsorbed (although not grafted) onto silica
and titania nanoparticles particles [Klonos15A, Klonos15B, Klonos15C]. We study interfacial
dynamics of PDMS in NCs by recording directly the dielectric relaxation mechanism of the
polymer in the interfacial layer, namely a;, relaxation. Comparing to other polymers
[Fragiadakis1 1, Fullbrant13, Holt14], a;, in PDMS can be easily distinguished and analyzed,
this being achievable, mainly, due to the high flexibility of PDMS chains and the significantly
low interference of conductivity in the frequency/temperature region of segmental dynamics
(related to glass transition) [Kremer02].

Next to fundamental interest, the issues related to interfacial polymer are also of
practical significance in relation to a better understanding of structure—property relationships
and, most probably, to prediction of properties of new materials for various technological and
biomedical applications. In recent papers in the literature, results in polymer NCs (mainly
calorimetric and dielectric) have been evaluated in terms of the fraction and dynamics of
interfacial polymer and the thickness of the interfacial layer [Fragiadakis05, WurmlO,
Fullbrant13, Holtl4, Gongl4]. It has been suggested that the latter depends on the size
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[Gongl4] and curvature [Harton10] of the nanoparticles, while here we examine as to whether
the strength of polymer particle interaction bond is another relevant parameter [Klonos10A].

In the present thesis, we introduce the nanometric roughness, in terms of specific
surface area, as a relevant parameter which takes into account aggregation and porosity of the
nanoparticles. We study interfacial dynamics in: (a) conventional NCs of PDMS network
reinforced with in situ generated silica and titania particles and (b) NCs of the core—shell type,
based on linear PDMS (of two molecular weights) physically adsorbed on silica and titania of
a wide range of specific surface area. Next to the surface roughness of the particles, we
demonstrate the significance of interfacial hydration level for interfacial dynamics, in
particular, and for polymer adsorption, in general, as the interaction between the metal oxides
and PDMS or water molecules is, practically, of the same type, i.e. hydrogen bonding
[Bokobzal0, Gunko14]. In combination with the interesting effects imposed by the molecular
weight of the polymer (chain length) [Kim12], we conclude that interfacial interactions and
polymer dynamics at the interfaces, at least for PDMS, are dominated by the concentration of
polymer—particles contact points and the structure and flexibility of the polymer [Klonos15A,
Klonos15B, Klonos15C].

For this study we employ scanning electron microscopy (SEM) for the morphology,
differential scanning calorimetry (DSC) for evaluating the interfacial polymer fraction from
glass transition [Wurml0], and two dielectric relaxation spectroscopy techniques (DRS,
TSDC) for the evaluation of interfacial polymer dynamics and fraction from the various
contributions (namely, bulk, bulk—like and interfacial) to segmental dynamics in the NCs
[FragiadakisO7]. For the calorimetric and dielectric techniques, we also employ different
thermal treatments (e.g. annealing of crystallization), which have been proved quite revealing
in recent studies in adsorbed polymers [Rotellall, KlonosI5A, Klonos15C], and different

hydration treatments.
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1.8. Thesis outline
The thesis is divided into 11 chapters, as follows.

The present Chapter 1 introduces the concept of interfacial polymer fraction and its
characteristics, in relation to changes in material properties in polymer NCs. Recent models
for the description of the structure and dynamics of interfacial polymer are also presented.
Next, we describe some physical/structural properties of PDMS in NCs based on metal oxide
nanoparticles. Finally, we present briefly the motivation for this thesis and the employed
experimental techniques.

In Chapter 2 we present briefly the materials under investigation and the respective
methods of preparation.

Chapter 3 deals with the employed experimental techniques, i.e. scanning electron
microscopy (SEM), differential scanning calorimetry (DSC), thermally stimulated
depolarization currents (TSDC), dielectric relaxation spectroscopy (DRS), and equilibrium
water sorption / desorption isotherms (ESI / EDI). In addition, we describe the respective
methods of analysis, in terms of widely adopted models and mathematical equations,
employed for the evaluation of the various effects. Finally, we give information on the
experimental apparatus employed.

In Chapter 4 we present effects of polymer—filler interactions on molecular mobility in
conventional NCs, based on PDMS networks filled with in situ generated silica (SiO,) and
titania (TiO,) nanoparticles generated via sol-gel technique. Next to the size of initial
particles, the parameters under investigation for interfacial interactions are the type and
fraction of the filler [Klonos10A, Klonos11, Klonos12].

Chapter 5 deals with the effects of surface modification (by nanozirconia) and thermal
annealing on interfacial polymer dynamics in core—shell NCs, based on high specific surface
area fumed silica and physically adsorbed PDMS. The results are critically compared with
results obtained, previously in Chapter 4, with conventional PDMS based NCs. Surface
modification, results in lower specific surface area (mainly textural, i.e. more smooth
surfaces) for neat oxides, and subsequently to suppressed polymer adsorption. Thermal
annealing imposes suppression on interfacial polymer fraction and dynamics. Changes in the
interfacial polymer dynamics and the overall dielectric response are explained in terms of
changes in the concentration of polymer—particles contact points, as well as employing
models that involve bimodal polymer chain conformations at the adsorbing surface (Fig. 1.6)

[Klonos15C].
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Chapter 6 deals with the effects of surface modification by nanozirconia on interfacial
polymer dynamics in core—shell NCs, based on low specific surface area fumed silica and
physically adsorbed PDMS. Contrary to Chapter 5, surface modification here results in
surfaces of higher surface roughness for neat oxides, and subsequently to enhanced polymer
adsorption [Klonos15B].

Motivated by the last two chapters, Chapter 7 deals with the dependence of the
characteristics of the interfacial polymer fraction on surface roughness. We study interfacial
polymer fraction, dynamics and cooperativity in PDMS adsorbed at a constant amount onto
aggregates of fumed metal oxide particles (both silica and titania) of a wide range of
nanometric surface roughness, for the initial oxide aggregates (no interference of surface
modifications here) [Klonos15D].

Chapter 8 deals with the effects of water content in the NCs on interfacial dynamics. It
is shown that dehydration of the samples results in suppression of polymer dynamics at the
interfaces, similarly to effects imposed by smoothening of the same surfaces and, also, by
thermal annealing.

In Chapter 9 we show effects imposed by polymer molecular weight on interfacial
interactions in NCs of the core—shell type, based on titania and physically adsorbed linear
PDMS of short and longer chains. It seems that for the shorter PDMS chains the polymer
adsorption is stronger and interfacial dynamics slower, as compared to longer PDMS chains.
This could be due to larger concentration of free chain ends for the shorter chains, resulting in
engagement of more accessible contact points at the surfaces of titania.

Chapter 10 deals with the interplay between interfacial and confined PDMS dynamics,
both present in the cylindrical-like pores of silica—gel. We follow the sensitivity of both
dynamics on changes of spatial confinement, whereas only interfacial dynamics is affected by
thermal annealing [Klonos15A].

Chapter 11 presents the general conclusions of the thesis.

Finally, the thesis is completed with the respective Literature.
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2. Materials

1.1. Conventional NCs

The series of conventional polymer NCs under investigation consists of PDMS networks
filled with several contents of silica (~6 to 36 wt%) and titania (~5 to 20 wt%) nanoparticles
(Fig. 2.1). The materials were prepared by Professor Liliane Bokobza in the Laboratoire
PPMD, E.S.P.C.I. (Paris, France). The unfilled network was prepared from hydroxyl—
terminated PDMS (Gelest, MW=18000) by end-linking reactions using tetraethoxysilane
(TEOS) as cross—linking agent. The cross—linked PDMS was swollen for a given time in
titanium (IV) n—butoxide (TBO). Then the sample was hydrolyzed during 48 h and vacuum—
dried at 80 °C for several days to constant weight. The difference between the final and initial
weights represents the amount of filler [Bokobzal0]. Films of ~1 mm in thickness were the

finally produced samples.

Fig. 2.1. TEM images of PDMS NCs filled with in situ generated nanoparticles: (a) 9 wt% SiO,, (b) 22 wt%
Si0,, (¢) 11 wt% TiO,, (d) 11 wt% TiO,, and (e) 20 wt% TiO,. The images were taken from [Bokobzal0].
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The materials were partly characterized [Bokobzal 0] employing transmission electron
microscopy (TEM), small-angle neutron scattering (SANS), stress—strain and equilibrium
swelling measurements, by the group and other collaborators of Professor Liliane Bokobza.
Transmission electron microscopy (TEM) measurements (Fig. 2.1) on the same systems show
that titania nanoparticles are approximately spherical in shape with diameters between 20 and
40 nm and are well dispersed into the polymer matrix [BokobzalO]. Results by other

techniques listed above will be briefly reported in Chapter 4, along with our results.

1.2. Core—shell NCs

Most of the discussion in this thesis concerns materials of the core—shell type, based on linear
PDMS (MW ~2000 and ~8000, Kremniypolymer, Zaporozhye, Ukraine) adsorbed (via
hydrogen bonding) on aggregates of fumed metal oxide particles of a wide range of specific
surface area, Sger. Most of the initial oxides were prepared in the pilot plant of the Institute of
Surface Chemistry, National Academy of Sciences of Ukraine (Kiev, Ukraine) by the research
group of Professor Vladimir M. Gun’ko. Some initial oxides are commercial and were bought
from the companies Degussa and Merck.

The metal oxides used are titania (~70 nm in diameter for primary particles, ~800 nm
in size for aggregates, Sper ~ 25 m’/g) and various silicas (8-85 nm in diameter for primary
particles, 300600 nm in size for aggregates, Sger ~ 55-342 m?/g). Figure. 2.2 shows SEM

images for initial fumed silica and titania nanoparticles in the form of aggregates.

Fig. 2.2. SEM images of initial fumed (a) silica of Sgzr ~340 mz/g and (b) titania of Sggr ~25 mz/g

PDMS was adsorbed onto the oxides at different contents (from 5 to 80 wt% PDMS),
by adding different amounts of the same hexane-PDMS solution (1% PDMS) onto dried
oxides. Figure 2.3. shows SEM images of the aggregates of nanooxides for gradually

increasing PDMS loadings. One can easily observe the nanoparticles of ~10-70 nm in
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diameter to form bunch-like aggregates varying between 250 nm and 1.5 um in size (Figs.
23,2.4).

Fig. 2.3. SEM images of TiO,/PDMS core—shell nanocomposites with PDMS (MW ~8000) at different polymer
loadings (5 — 40 wt%)

Surface and porosity characteristics of some initial oxides have been studied
previously employing isothermal Nitrogen adsorption—desorption techniques combined with
Incremental Pores Size Distribution (IPSD) analysis [Sulim09]. The results suggest the
formation of aggregates with initially non—porous particles that are characterized by textural
porosity. Thus, Szzr values (25 — 342 m?/g) describe well the nanometric roughness at the
external surfaces. Polymer adsorption results in gradual decrease of textural porosity
(smoothening of surfaces) (Figs. 2.3¢,d). These changes can be followed for polymer loadings
up to ~40 wt%, as at higher polymer loadings materials (Fig. 2.4) are in the liquid state
rendering IPSD technique not applicable.

Additional information about the structural characteristics of these materials will be

given in the respective chapters.

Fig. 2.4. SEM images of core-shell nanocomposites of fumed (a) silica 342 m%g, (b) silica 55 m*/g , and (c)
titania 25 m*/g, filled with 80 wt% PDMS of MW ~8000 (liquid-like samples)
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3. Experimental techniques

3.1. Scanning electron microscopy (SEM)

3.1.1. Experimental conditions

Morphology was examined by field emission Scanning Electron Microscopy employing a FEI
Nova NanoSEM 230 apparatus at room temperature. For solid samples (powders, i.e. samples
containing 40 wt% linear PDMS) the SEM chamber operated under high vacuum mode using
a Through Lens Detector (TLD). Prior to the measurements the powders were compressed to
form cylindrical pellets and then a golden thin layer was developed on their upper surfaces by
sputtering. For liquid—like samples (namely samples containing 80 wt% linear PDMS), SEM

chamber operated at room temperature under high vacuum mode using a Helix detector at a

voltage of 30 kV.

3.1.2. SEM apparatus
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Fig. 3.1. The FEI Nova NanoSEM 230 SEM apparatus of the Department of Physics of the National Technical

University of Athens (left) and measurement chamber (right).
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3.2. Differential scanning calorimetry (DSC)

3.2.1. Experimental conditions

Thermal transitions [Sorai04] of the materials were investigated in helium atmosphere in the
temperature range from —180 to 40 °C using a TA Q200 series DSC instrument, calibrated
with Indium (for temperature and enthalpy) and Sapphires (for heat capacity). Samples of ~8
mg in mass were closed in standard Tzero aluminium pans (for powders) and Tzero hermetic
aluminium pans (for liquids). Cooling and heating rates were fixed to 10 K/min for typical
measurements (Protocol A). PDMS crystals melt at subzero temperatures, so a first heating
scan for erasing thermal history was not necessary here. In order to enhance crystallization
(during cooling), suppressed due to the presence of nanoparticles [Klonos10A, Klonosll1,
Klonos15A], measurements were carried out also after a 20 min isothermal stay (annealing)
of the sample at a temperature between the onset and the peak (7.) temperature of
crystallization (Protocol AC). This annealing procedure resulted in maximum and stabilized
degree of crystallinity, X.. Finally, for initial PDMS we also performed fast cooling
measurements (at ~90 K/min on average over the temperature region of crystallization, i.e.
quenching) in order to evaluate the change in heat capacity at glass transition of the fully

amorphous neat polymer during subsequent heating at 10 K/min.
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Fig. 3.2. (a) Typical DSC thermograms of a semicrystalline polymer during cooling and heating and (b) details

in the glass transition region during heating. The arrows in (b) describe the estimation of 7, and AC,,.

3.2.2. Analysis of the results
Using the measured enthalpy of crystallization, AH, psc, and normalizing to the same polymer
content, Xppys, according to Eq. (3.1)

AHL',n = AHL',DSC / X ppus (3.1)
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we have calculated the degree of crystallinity X. employing Eq. (3.2),
Xc = AHc,n /AHIOO% (3.2)

in which AH g, is the enthalpy of fusion of fully crystallized PDMS, taken as 37.43 J/g
[Aranguren98].

As far as glass transition is concerned, the characteristic temperature 7, was
determined as the midpoint of the heat capacity step during the transition. As in previous
works [FragiadakisO7, Klonos12], changes of AC, between the neat polymer and
nanocomposites based on the same polymer should be quantitavely compared, after the
measured ACPDSC has been normalized to the same amorphous (not crystallized) polymer
content, i.e. Xppys(1-X.). Therefore, we normalized our results according to Eq. (3.3)

DSC
AC!

ANC =—F——
m XPDMS(I_XC)

(3.3)

In many previous studies on various polymer nanocomposites, including polymer—
silica nanocomposites, DSC results have often shown reduction of AC, with filler fraction
along with no significant variation of 7, . The results have been interpreted in terms of a Rigid
Amorphous Fraction, RAF [Dobbertin96], being immobilized on the surface of the well-
dispersed nano—inclusions thus making no contribution to the glass transition [WurmlO,
Fragiadakis07, Klonos12, Papageorgioul4] and references therein. Furthermore, the deviation
of AC, of nanocomposites from that of the neat polymer proved a good measure of the degree
of polymer—filler interaction [Dobbertin96, Wurm10]. On the other hand, the fraction of
polymer which contributes to glass transition makes the Mobile Amorphous Fraction, MAF
[Dobbertin96]. Thus, a ‘2—phase model’ (MAF + RAF) has been previously employed for
nanocomposites based on amorphous polymers [Wurm10], while an additional Crystalline
Fraction, CF (~X_), coexists in the ‘3—phase model’ (i.e. CF + MAF + RAF) for semi-
crystalline neat polymers [Dobbertin96]. For nanocomposites based on semicrystalline
polymers the situation is more complex, as for X. = 0, RAF represents the immobilized
polymer at the particles—polymer interfaces (i.e. RAF = RAF},), whereas for X, # 0, RAF
should also include the rigid amorphous polymer part immobilized within polymer crystals
[Dobbertin96, Cebe04] (i.e. RAF = RAF;,; + RAF .,,s). It has been suggested that RAF,,,, does
not relax during glass transition [Dobbertin96, Purohit14] or that its relaxation may occur at

temperatures close to melting, 7, i.e. significantly higher than 7, of the bulk [Cebe04].
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In the present study we categorize and evaluate the different polymer phases with
respect to the type of their contribution to glass transition. Thus, we first estimated the amount

of polymer which contributes to amorphous mobility, MAF, according to Eq. (3.4),

A
MAF = 4(1 -X,) (3.4)

PDMS
p.amorphous

CPDMS
p.amorphous

where A is the AC,,, of fully amorphous unaffected linear PDMS, found equal to

0.33 J/gK via fast cooling measurements. According to the widely used ATHAS Database
[Wunderlich03] and Ref. 2 therein, AC, of amorphous PDMS (in general over the various
types) is equal to 0.37 J/gK, quite similar to our result. Bearing in mind that molecular
dynamics of a polymer is related to its physical properties (e.g. chain—end groups,
crosslinking density etc.) [Gedde95], we will use our experimental value (0.33 J/gK) for
further calculations related to glass transition.

According to our calculations (next chapters), the sum of mobile amorphous and
crystallized polymer fractions (MAF + CF) is lower than 1 in the nanocomposites, suggesting
that, in the frame of the ‘3—phase model’, one part of the response is missing from the
calculated fractions. This deviation is thought to represent RAF, which can be easily
calculated by Eq. (3.5).

RAF =1-CF —MAF =1- X, - MAF (3.5)
We should remind that all fractions refer to whole polymer mass according to the above
equations employed for DSC. According to Schick and coworkers [Wurm10, Purohit14] in
nanocomposites based on semicrystalline polymers, the RAF,y to X, and RAF iy t0 RAF,
ratios may not be constant in DSC. Additionally, we have demonstrated that the interfacial
polymer fraction can be temperature dependent according to DRS [Klonos15A]. Therefore,
we will not attempt to calculate separately these fractions and we will consider results by Eqs.

(3.4, 3.5) as simplified approximations for MAF and RAF at temperatures close to 7.
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3.2.3. DSC apparatus

Fig. 3.3. Image of a TA Q200 DSC instrument (left) and detail in the measurement sample cell (right).
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3.3. Thermally stimulated depolarization currents (TSDC)

3.3.1. Experimental conditions

Thermally stimulated depolarization currents (TSDC) is a special dielectric technique in the
temperature domain, characterized by high sensitivity and high resolving power, the latter
arising from its low equivalent frequency (10™*~107* Hz) [Brauenlich79]. By this technique,
the sample (12-20 mm in diameter and 0.05 — 1 mm in thickness) (powders were compressed
to form pellets (under a pressure of 5 tons the thickness of the pellet created is about ~1 mm),
while ~50 um thin silica spacers of were used for liquids, to keep distance between the brass
electrodes constant and ensure good electrical contacts) was inserted between the finely
polished brass plates of a capacitor, placed in a Novocontrol TSDC sample cell and polarized
by an electrostatic field £, (~100 V/mm) at polarization temperature 7, =20 °C for time #,= 5
min for standard measurements and 7, = T, for time £, = 20 min (similar to Protocol AC, as
described above for DSC). With the field still applied, the sample was cooled down to —150
°C (cooling rate 10 K/min, under nitrogen flow), sufficiently low to prevent depolarization by
thermal energy, then short—circuited and reheated up to 60 °C at a constant heating rate b = 3
K/min. Temperature control was achieved by means of a Novocontrol Quatro cryosystem. A
discharge current was generated during heating and measured as a function of temperature

with a sensitive programmable Keithley 617 electrometer.

3.3.2. TSDC apparatus

cable
connections

Fig. 3.4. Novocontrol TSDC apparatus in combination with quatro cryosystem and liquid nitrogen cooling

system (left) and Novocontrol TSDC sample holder (right).
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3.4. Dielectric relaxation spectroscopy (DRS)

3.4.1. Experimental conditions

Dielectric relaxation spectroscopy (DRS) [Kremer02] measurements were performed on
samples same as those used for TSDC measurements, i.e. of ~1 mm in thickness for powders
(compressed pellets) and ~50 um in thickness for liquids. Samples were equilibrated under
ambient conditions before measurements. Each sample was inserted between finely polished
brass plates of a capacitor and an alternate voltage was applied in a Novocontrol sample cell
(BDS1200 type). The complex dielectric permittivity, ¢¥*=¢—ie"’, was recorded isothermally
(in nitrogen atmosphere) as a function of frequency in the range from 10" to 10° Hz at
temperatures from —150 to 60 °C, on heating in steps of 2.5, 5 and 10 K (depending on the
process under investigation) using a Novocontrol Alpha analyzer. The temperature was
controlled to better than 0.5 K with a Novocontrol Quatro cryosystem. Again, this
measurement protocol will be referred to as Protocol A. In order to investigate effects of
crystallinity on the segmental dynamics, measurements were carried out also following the
Protocol AC, i.e. after a 20 min isothermal stay (annealing) of the sample at a temperature
between the onset and the peak of crystallization, as it was defined from DSC measurements.
The sample was cooled down to —150 °C and the isothermal steps started. This annealing
procedure leaded to a maximum degree of crystallinity, X, and, thus, no further changes of
crystallinity during the subsequent measurements were observed. DRS measurements were
carried out on selected samples isochronally at 125 Hz during heating in the temperature
range between —150 and 60 °C, at a rate of 2 K/min, in order to directly compare DSC and
DRS responses in the temperature domain. Finally, DRS measurements were performed on
selected samples during isothermal crystallization at temperatures in the region of
crystallization, depending on the relaxation process under investigation. Continuous
frequency isothermal scans taken every ~10 min provided an almost online view of changes
in the dielectric response related to segmental dynamics during the evolution of the

crystallization process [Wurm03, Lund08, Ezquerra04, Klonos15TA].

3.4.2. Analysis of experimental results
DRS results were analyzed by fitting model functions [Havriliak67] to the experimental data
employing a proper software [FragiadakisSW], in order to evaluate the time scale

(temperature dependence of the frequency maxima of dielectric loss), the dielectric strength
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and the shape parameters of the recorded relaxations [Kremer(02]. To that aim we employed

the asymmetric Havriliak—Negami (HN) equation [Havriliak67].

. _ Ag
e(f)=¢,+ (1+(if/f0)"‘HN )ﬁHN

A sum of up to five HN terms of the type (3.6), one for each of the relaxations

(3.6)

recorded (namely S, S, a, a., and oy, details later in text), was critically fitted to the
experimental data at each temperature and the fitting parameters were determined. The
number of terms needed was different for different compositions and temperatures, depending
on the number of relaxations present and the extent of their overlapping. Examples of fitting
are shown in Fig. 3.5. In Eq. (3.6), Ae is the dielectric strength, which represents well the
population of mobile molecular groups, and f; is a characteristic frequency related to the
frequency of maximum dielectric loss (¢'), that can be considered representative for the
degree of molecular mobility. &, describes the value of the real part of dielectric permittivity,
e', for f>> fy. ayy and Sy are the shape parameters of the relaxation. We recall that the
deviation of Sy from 1 describes the asymmetry of the relaxation, whereas the deviation of
opy from 1 the broadening of the relaxation. Thus, the symmetric Debye relaxation with a

single relaxation time is characterized by agy = 1, fuv= 1 [Kremer02].
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Fig. 3.5. Examples of analysis of isothermal DRS spectra of the imaginary part of dielectric permittivity, €', in

terms of individual Havriliak-Negami Eq. (3.6) and dc conductivity components.

Our study focuses mainly on segmental dynamics. The temperature dependence of
segmental dynamics is typically described by Vogel-Tammann—Fulcher—Hesse (VTFH)
equation [VTFH],
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DT,
f=foe><p[—T_Toj (3.7)

where fj is a frequency constant, D is the strength parameter, and 7 is the Vogel temperature.
After fitting Eq. (3.7) to our experimental data and fixing the f; parameter to the phonon value
10" Hz [Kremer02, Richert98], we obtained values for 7 and D. D is related to the steepness
or fragility index m according to the following equation [Boehmer93]
m=16+590/D (3.8)
Finally, our results provide clear evidence about the origin of the various segmental
relaxations (details in the next chapters). Thus, we calculate here the various fractions of
polymer by evaluating the respective dielectric responses (i.e. A¢). To that aim we employ a
model analogue to the one used previously for DSC (i.e. Egs. (3.4, 3.5)) and we calculate the
mobile bulk, MAF, and the interfacial, RAF},, polymer fractions according to the following

equations
A
MAF = Catac (1-x,) (3.9)
Ag, +Ag, +Acg,,,
A .
RAF,, Eain (1-x,) (3.10)

- Ag, +Ag,. +Acg,,,
where Ae¢ is the dielectric strength [Kremer02] of each relaxation and X, is the degree of
crystallinity for each sample (obtained from DSC). Bearing in mind that the dielectric strength
changes with temperature, we employed DRS results at the same temperature —95 °C for MAF
and RAF ;.

From the methodological point of view, Egs. (3.9, 3.10) involve the total dielectric
response of the segmental relaxations for each sample. Thus, we may assume that any
systematic errors in the calculations and the comparison between different samples, arising
from possible differences in polarizability of PDMS chains in the different fractions
[Capponil 2], are reduced by this calculation method. The suitability of Egs. (3.9, 3.10) for
calculating the different polymer fractions has been confirmed in NCs based on silica and
various polymers [Fragiadakisl1, Fullbrantl3, Holt14, Klonos15B].

Coming back to molecular dynamics, except for segmental polymer dynamics (related
to glass transition), in this thesis we will show results related to local polymer mobility (f
relaxation [Klonos15C]) and, mainly, to local mobility related to the surface hydroxyls on the

surface of nanoparticles (namely, the S relaxation in the following [Fontanella09,

59



Klonos15C]). The temperature dependence of local (not cooperative) dynamics is typically
described by the Arrhenius equation [Arrhenius1 889, DonthO1],

Eact
S(T)= fourmn €XP (— T J (3.11)

where fj 4 18 a frequency constant and E,., is the activation energy of the relaxation.

3.4.3. DRS apparatus
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Fig. 3.6. Novocontrol DRS apparatus in combination with quatro cryosystem and liquid nitrogen cooling system

(left) and Novocontrol DRS sample holder (right).
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3.5. Equilibrium water sorption / desorption isotherms (ESI/ EDI)

3.5.1. Experimental conditions

Hydration properties of selected samples (initial components and NCs) were studied
employing ESI / EDI method [Stathopoulos10, Pissis13]. The isothermal sorption / desortpion
curves were determined at room temperature by exposing the samples to water vapor
atmospheres in sealed jars [Stathopoulos10]. The water activities, or else, relative humidities,
rh, were achieved with appropriate binary saturated aqueous solutions [Greenspan77]. The
samples were equilibrated for ~7 days to water activities of 0.02 (phosphor pentoxide, P»Os),
0.09, 0.19, 0.33, 0.43, 0.53, 0.64, 0.75, 0.85 and 0.95. The attainment of equilibrium was
determined via recording of sample weight (mmpe). A Mettler Toledo balance with 10° g
sensitivity was employed for these measurements. The weights of samples after equilibration
over P,Os were considered as weights in dry state (m4,sampie). Once the equilibrium was

attained, the hydration (/4.,s4sis) Was calculated on dry basis through the equation:

h _ mwam — mhydmted,sample - mdry,sample (3 ) 12)

m dry,sample mdry,sample

3.5.2. Analysis of experimental results
An example of ESI measurement is shown in Fig. 3.7 for a hydrophilic material, such as
silica. The isothermal curves belong to type II of the Brunauer classification [Brunauer38]. A
Type II isotherm describes the absorption on macroporous absorbents with strong absorbate—
absorbent interactions. The relatively weak increase at low relative humidity, »k, values is
describes the hydration of first layer, i.e. bound water molecules attached directly to the
hydration sites of the hydrophilic surface. The strong increase in the water uptake for higher
rh (> 0.6) is associated with the formation of water clusters [Brunauerd40, Kyritsis95,
Stathopoulos10, Pissis13].
The ESI curves were quantified according to Guggenheim-Anderson-de Boer (GAB)
expression [ Timmermann89],
h=h c-f-rh
(A= f-rh)[l1+(c-1)f -rh]

where 4., is the weight fraction measured on a dry basis of water molecules directly attached

(3.13)

to hydration sites (bound water, first sorption layer), ¢ is a parameter related to the energy
difference between the water molecules attached to hydration sites (bound water) and that

adsorbed in second and higher sorption layers (semi-bound water), and f'is a parameter that
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measures the energy difference between the semi-bound water molecules and molecules of

pure liquid water (free water).
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Fig. 3.7. Representative ESI curve for a hydrophilic sample (silica) at room temperature. The added line is the

fitting results of GAB equation (details in text) to the experimental data.
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4. Effects of filler type and fraction on interfacial
interactions in conventional NCs of poly(dimethylsiloxane)

(PDMS)

4.1. Introduction

In this chapter we study polymer—filler interactions and their effects on molecular mobility in
PDMS networks filled with in sifu generated silicon (SiO,) and titanium (TiO,) oxide
nanoparticles generated via sol-gel technique [BokobzalO]. To that aim, we employ
differential scanning calorimetry (DSC), and the two dielectric techniques described in
chapter 3, thermally stimulated depolarization currents (TSDC) and dielectric relaxation
spectroscopy (DRS), covering together a broad frequency range of 107 to 10° Hz.
Morphological characterization of the materials in the laboratory where they have been
synthesized showed a good dispersion of nanoparticles, 5 and 20-40 nm in diameter for silica
and titania nanocomposites, respectively, and revealed fine details of this dispersion
[BokobzalO]. The mechanical properties were significantly improved in a different way for
the two oxides, and that was correlated with the different strength of polymer—filler
interaction and details of the nanoparticle dispersion [Bokobzal0O]. The results to be reported
in this chapter show significant effects of the nanoparticles on segmental dynamics associated
with the glass transition, originating from the severe restriction of crystallization ability and
the strong reduction of molecular mobility in an interfacial layer of a few nm in thickness
around the nanoparticles. The extent of these effects depends on the type of the filler (stronger
for titania than for silica) and the quality of particle dispersion. The effects are quantified and
the results may provide a basis for understanding and modeling the improvement of

mechanical properties at the molecular level.
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From the methodological point of view, the results of the present study illustrate the
power of the two dielectric techniques used in combination with DSC for the investigation of
effects of nanofiller on thermal transitions and molecular dynamics in the nanocomposites
under investigation [FragiadakisO7, Fragiadakisl1, Fullbrant13, Holt14]. In that respect the
dielectric techniques, implemented not only for polymeric systems [Vralstad09, Syunyaev07],
compete with and complement other methods employed, such as dynamic mechanical
analysis measurements [FragiadakisO7, Tsagaropoulos95], changes in viscoelasticity
[Robertson08] and DSC glass transition step [Fragiadakis05, Sargsyan07, Wurm10], electron

spin resonance [Miwa04] and fluorescence/multilayer methods [Rittigstein06].

4.2. Materials

PDMS networks filled with several contents of silica (~6 to 36 wt%) and titania (~5 to 18
wt%) amorphous nanoparticles and, for comparison, unfilled PDMS network were studied in
the present work. The unfilled polymer network was prepared from hydroxyl-terminated
PDMS (Gelest, M=18000) by end-linking reactions using tetracthoxysilane (TEOS) as
cross—linking agent. For composites preparation the unfilled extracted polymer network was
swollen in TEOS for silica or in titanium (IV) n—butoxide (TBO) for titania, which were the
precursors of the particles generation in the sol-gel process. Then the samples were
hydrolyzed during 48 h and vacuum-—dried at 80 °C for several days to constant weight. The
amount of filler is represented by the difference between the final and initial weights. Films of
~1 mm in thickness were the finally produced samples [BokobzalO].

According to the statistical equation <r*>=C../nl* [Gedde95], by knowing the average
number and length of the main—chain bond length, » and / respectively, the characteristic ratio
C. and the fact that the crosslinking occurred only on the endgroups of the PDMS chains, the

12 \was calculated around 11.2 nm. Transmission

end—to—end distance between crosslinks <7*>
electron microscopy (TEM from [BokobzalO], Fig. 4.1), small-angle neutron scattering
(SANS), stress—strain and equilibrium swelling measurements were carried out on the same
materials in the laboratory where they have been synthesized [Bokobzal0O]. Results showed
that silica nanoparticles are well dispersed in the polymer matrix with small domains around
~5 nm (Fig. 4.1 taken from [Bokobzal0O]) in diameter and rather diffuse surfaces. At higher
than 10 wt% contents an interpenetrated polymer—silica structure is obtained. On the other
hand, titania particles seem to be approximately spherical in shape with diameters between 20

and 40 nm (Fig. 4.1) and better defined (smooth) interfaces with PDMS than in the case of
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silica. Even at the lowest titania content the particles are almost connected in a branched
network structure. Distribution is better in case of silica giving a higher polymer—filler
interfacial area but weaker bonds with PDMS, comparing with the strong PDMS-titania
interactions. Mechanical measurements showed higher reinforcement of PDMS in case of
silica. Tense transitions from linear (elastic) to sigmoidal (plastic) stress—strain behavior for
~18 wt% SiO; and ~8 wt% TiO, were observed, due to the forming of the inorganic networks
at these compositions [BokobzalO]. The interactions of PDMS chain segments with the
nanoparticles occur via hydroxyl groups (—OH) on the surfaces of the nanoparticles, which are
proved by solid—state *’Si-NMR, Infra Red (IR) and near—IR spectroscopy (results not shown
here) as showed in previous work for PDMS/silica nanocomposites [Dewimille05].

It is useful to note that the measurements described above were performed at room
temperature, where this polymer, semicrystalline at lower temperatures, is fully amorphous.
So any effects in mechanical and swelling properties are affiliated only to filler—polymer and

filler—filler interactions [Bokobzal0].

s’F"‘ " %
. 5.

Fig. 4.1. TEM images for (a) PDMS + 9 wt% silica and (b) PDMS + 11 wt% titania, taken from [Bokobzal0].

4.3. Results and discussion
4.3.1. DSC measurements
DSC measurements for PDMS/silica and PDMS/titania nanocomposites and for comparison
unfilled PDMS are presented in Fig. 4.2. Heating scans are shown in these thermograms,
comparing the changes in the thermal transitions of the polymer in the temperature range from
—170 to 40 °C with the successive increasing of filler content. All the respective recorded and
calculated values of interest are shown in Table 4.1.

The heating scans in Fig. 4.2a,b, for PDMS/silica and PDMS/titania, respectively,
followed the cooling scans (not shown here) in the same temperature range and rate (10

K/min). In these cooling scans a single exothermic peak was observed around —103 to —78 °C,
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representing the crystallization event [Sperling06, Aranguren98], and an endothermic step in
the baseline around —130 to —125 °C, representing the glass transition of PDMS. In previous
studies on linear and crosslinked PDMS systems [Fragiadakis07, Aranguren98, Clarson85,
Soutzidou98, Carlberg04] the glass transition temperature has been observed between —130
and —115 °C and the crystallization temperature between —100 and —76 °C.
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Fig. 4.2. Comparative DSC thermograms for unfilled PDMS, (a) PDMS/silica and (b) PDMS/titania
nanocomposites during heating. Glass transition steps and melting peaks are observed for all samples. The insets

show details in the glass transition region.

During heating the glass transition is recorded for all samples and the characteristic
temperature 7, determined as the midpoint of the heat capacity step at glass transition, was
obtained between —129 and —123 °C. As temperature increases, in the case of nanocomposites
with high filler contents, 31 wt% silica and higher and 18 wt% titania and higher, an
exothermic event is observed close to 7, region, representing cold crystallization [Sorai04].
This is a result of uncompleted crystallization during cooling. For lower filler contents and
pure PDMS this phenomenon is absent, indicating that at this cooling rate (10 K/min)
crystallization is completed. Combining our observations on the crystallization—melting
changes of PDMS, we gain strong indications that the addition of the fillers restricts the
creation of crystallization nuclei [Aranguren98], so crystallization in these materials takes
place not close to the nanoparticles.

In Fig. 4.2, at higher temperatures, complex endothermic melting peaks are observed
between —60 and —48 °C. Complex and double melting peaks have been observed before in
PDMS systems [Aranguren98, Clarson85]. The secondary weaker melting peak precedes the
main one by 15-20 K. Two possible explanations about its origins [Aranguren98] are as
follows: (a) during heating small metastable crystals [Sundararajan02] melt, then get

recrystallized and melt again into the main event or (b) the two melting peaks correspond to
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different types of crystallites. DSC measurements of crystallization annealing protocol AC
(not shown here) provide support for explanation (a).

Using the respective enthalpies AH,, , as recorded through DSC and also normalized
to the same polymer content Xppys for each sample (Eq. (3.1)), the degree of crystallinity X,

was calculated according to Eq. (3.2).

=75 T T T T T T T

o---9.
-804 N .
[ SO =
-85 o
£ 90
'\0

951  PDMS NCs
—m—silica "

-100q --o--titania \

n
-1 05 T T T T T T T T
0 5 10 15 20 25 30 35 40

filler fraction (wt%)

Fig. 4.3. Depression of PDMS crystallization temperature with the addition of silica and titania nanoparticles.
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Fig. 4.4. Degree of crystallinity for PDMS and different compositions of PDMS/silica and PDMS/titania

nanocomposites.

The results (Table 4.1) show that the crystallization temperature (Fig. 4.3) and the
degree of crystallinity (Fig. 4.4) decrease systematically with the increasing of filler content.
In particular, we see in Fig. 4.3 that the depression of 7. with the addition of silica is
significant even at the lowest content, from —78 °C for neat PDMS to —103 °C for the highest
loading, almost linearly. On the other hand, in the case of titania, significant changes on 7,
start at about 10 wt% of filler content, but then follow a similar (parallel) trend as in silica. In
Fig. 4.4 one can observe that by adding about 5 wt% of nanoparticles, silica or titania, the

crystallinity degree of PDMS drops from 0.80 to 0.43 wt. For further filler addition it is clear
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that the suppression of X, is by far stronger in the case of titania. Thus, by comparing with
each other the two types of nanocomposites in Fig. 4.3 and Fig. 4.4, we conclude that titania
is more effective than silica in suppressing X, and less effective in reducing 7, possibly due
to stronger interactions of PDMS with titania as compared to that of silica. Taking a glance on
the melting temperature values (Table 4.1) one can observe that the addition of filler
depresses also T, e.g. by 12 K at the maximum loading. The reduction of the values is again
similar for PDMS/silica and PDMS/titania composites, indicating similar size and quality of

crystals.

Table 4.1

Crystallization, melting and glass transition temperatures 7., 7, and T, respectively, normalized respective
enthalpies AH.,,.0-m and degree of crystallinity X, normalized heat capacity step of glass transition AC,,,
calculated rigid amorphous fraction, RAF, and estimated thickness of immobilized polymer layer on the

nanoparticles, d;,, for PDMS, PDMS/silica and PDMS/titania nanocomposites

Sample  Xjner — Xitter T. AH. norm X T  AHunorm T AC,, RAF dint
(Wt%) - (vol%)  (°C)  (J/gpams) (0 (lgam) (O (J/gK) (nm)

(1) x5 %) *D) (#0.5)  (£0.01) (£10%) (+25%)

PDMS 0 0 78 30 0.80 48 31 —-124 0.16 0.11 —
+TiO, 4.8 1.9 78 16 043 49 15 —-124 0.20 0.26 38
1.5 47 81 11 029 52 11 —-125 0.18 0.36 24

15.3 6.4 82 9 023 52 9 -126 0.17 0.42 20

180 7.7 -85 5 0.13 53 5 -127 0.16 0.49 19

+Si0, 5.7 33 81 16 042 52 16 —-124 0.22 0.24 5
9.9 6.0 82 15 039 52 14 —-123 0.19 0.30 4

3.0 223 97 5 0.14 59 8 -128 0.17 0.46 3

359 260 -103 1 0.04 —60 4 -129 0.14 0.59 2

These results suggest that the interactions between the particles and PDMS (hydrogen
bonding between the oxygens on the polymer backbone and the hydroxyls on the nanoparticle
surfaces) strongly suppress the creation of crystallization nuclei and the growth and quality of
the PDMS spherulites [Sundararajan02] in the nanocomposites. The depression of
crystallization and melting enthalpies have very similar trends and show that the changes
become stronger as the filler content gets higher than about 10 wt% for silica and about 8

wt% for titania, as compared to lower contents. Such behavior could be explained in terms of
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the formation of an inorganic network throughout the polymer volume at these and higher
filler contents, respectively, for the two types of filler. Such an inorganic network could be the
main reason for the restriction of growing of crystals, due to the reduction of regions of free
polymer mobility. The above results and suggestions for their explanation come in agreement
with the results of TEM and stress—strain measurements on the same compositions
[BokobzalO]. Formation of an inorganic silica network was observed also in
poly(hydroxyethyl acrylate)/silica nanocomposites, where, similar to here, silica particles
were generated by sol—gel process [Rodriguez08].

In the insets to Fig. 4.2 we can observe changes in the glass transition step with
composition. For both cases of filler, 7, decreases by 1 to 4 K with the addition of filler, this
decrease being stronger in the case of titania for comparable filler fractions (Table 4.1). A
possible explanation for this behavior is the reduction of the degree of crystallinity with
increasing filler content of the nanocomposites [Matejka00]. Another quantity of interest in
Fig. 4.2 is the width of the glass transition, the difference between the onset and the
completion temperature, 7uus—Tonser, Which is ~5 K for PDMS, gets broadened to 8-9 K for
low filler addition and gradually narrows to almost 2 K at the higher filler contents. Changes
are similar for silica and titania. At the same time, we record changes in the shape of the glass
transition thermogram. In particular, the glass transition shape seems to be double structured
in the case of nanocomposites with 31 wt% silica and 11.5 wt% titania and higher. As filler
content increases the secondary contribution at the high—temperature side gets more clear,
while at the same time the height of the first contribution (low—temperature side) is increased,
in terms of heat capacity change AC,. This secondary contribution seems to be related to the
strong restriction of amorphous polymer between PDMS spherulites (highly reduced
mobility) [Klonosl2, Klonos15A]. Similar observations have been made before in polymer
nanocomposites, either in the form of changes in the shape of the response [Fragiadakis05] or
through significant changes of the heat capacity step at the glass transition [WurmlO,
Kripotoul0, Raftopoulos10, Klonos15B]. This point will be further discussed later in this
section and also in combination with TSDC and DRS results.

Having firm evaluation of the crystallization (specifically the fraction of crystallized
polymer), we can calculate from the data for the glass transition, in particular from the heat
capacity step, the amount of rigid amorphous fraction, R4AF, i.e. the amount of amorphous
polymer which makes no contribution to the glass transition [Wurm10, Bershtein02]. In terms
of heat capacity change AC,,, as recorded from DSC and normalized with amorphous

polymer fraction (Table 4.1) according to Eq. (3.3), we calculated RAF using Eq. (3.5)
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Despite any uncertainty in the AC, values, RAF was found to increase from 0 to ~0.60
wt with filler loading, this increase being slightly stronger for PDMS/titania samples in Fig.
4.5. We should report that in case RAF refers to the mass of amorphous polymer [i.e. in case
the factor (1-X;) is missing from Eq. (3.5)], RAF was found to be almost constant between
0.73 and 0.83 (i.e. 73 and 83% of the non—crystallized polymer) in the nanocomposites for
both silica and titania (not shown). These results suggest that the amount of amorphous
polymer which participates to the glass transition is also constant in the nanocomposites. It
has been reported for semicrystalline polymer nanocomposites that the presence of a certain
constant amount of rigid amorphous phase (RAF) [Dobbertin96] around the individual
lamellar crystals along with nanofillers which interact with the polymer lead to such results

[Wurm10, Purohit14, Papageorgioul4].
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Fig. 4.5. Fraction of the rigid amorphous polymer, RAF, for PDMS/silica and PDMS/titania nanocomposites, as
calculated from Eq. (3.5). The inset shows the simplified model used to calculate the thickness of the interfacial

layer.

Following previous work [Fragiadakis07], by applying a simplified model (inset of
Fig. 4.5), which is mathematically described in the following equation [Pelster99]

di =V / Vsller )1/3 —1]r filler 4.1)
where vy, and vy, are the volume fractions of the rigid amorphous (immobilized) polymer
and fillers in the nanocomposites, respectively, while 7., is the radius of the nanoparticles,
din was calculated to be about 2—5 nm for PDMS/silica and about 2040 nm for PDMS/titania
(Table 4.1). The volume fraction calculations (vol%, Table 4.1) were made transforming
weight fractions (wt%) and using standard values for the densities of silica, titania and PDMS
(2.65, 423 and 1.62 g/em’, respectively [Klonos10]). The decrease of dj,, with increasing

filler content in Table 4.1 reflects simply overlapping of the interfacial layers of individual
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nanoparticles, which has not been taken into account in the simplified form of Eq. (4.1).
However, we recall that RAF includes both R4AF;,, and RAF,,, fractions in Eq. (3.5), thus d;,
should be lower for samples of X.#0. The high difference between PDMS/silica and
PDMS/titania d;,, values is consistent with the results of characterization measurements
(described above in section 4.2) [BokobzalO] about the interaction strength of titania particles
with PDMS, which is higher in comparison with silica. With respect to absolute values for
din, such values come in agreement with previous work [FragiadakisO7, HartonlO,
Fullbrant13, Gongl4], as far as silica is concerned. High values of d;,, have been also reported
before in poly(methyl acrylate) (PMA) / clay [Miwa06] and in Poly(2-vinylpyridine) / silica
nanocomposites [Holt14]. Results on poly(methyl methacrylate) (PMMA) / silica
nanocomposites [Priestley07] have shown that the length of polymer—filler interfacial effects
are by tens of nanometers higher than the cooperativity length ¢ of segmental motions
[Richert98, Gongl4]. Similar observations have been made for thin polystyrene films, where
the size of cooperatively rearranging region is much smaller than the distance over which
interfacial effects propagate [Ellison03, Gongl4]. We will come back to this point later in

relation to DRS measurements.

4.3.2. TSDC measurements
The TSDC thermograms are presented in Fig. 4.6 for PDMS/silica and in Fig. 4.7 for
PDMS/titania samples. In order to have better comparative evaluations, the depolarization
current was normalized with the applied electric field, so that results for different samples can
be compared to each other not only with respect to the temperature position of a peak (time
scale of the corresponding relaxation) but also with respect to the magnitude of a peak
(dielectric strength of the corresponding relaxation). In the temperature range from —140 to —
100 °C, i.e. in the range of the calorimetric glass transition (Fig. 4.2 and Table 4.1), complex
spectra consisting of three peaks are well discerned, for both types of nanocomposites. We
know that the equivalent frequencies of TSDC and DSC measurements [Brauenlich79] are in
a similar range, so we suggest at this stage and will provide additional evidence for that later
that the three peaks (relaxations), called a, a. and a; in the order of increasing temperature,
are dielectrically related with cooperative PDMS chain motions in the glass transition region.
It is interesting to discuss the systematic manner in which these three peaks contribute
to the overall complex segmental dynamics in the nanocomposites (Fig. 4.6b and Fig. 4.7b).
Being completely absent in unfilled PDMS, the magnitude of a;, relaxation (between —120

and —95 °C) increases with filler content. The «. relaxation (at about —123 °C) is faster and
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stronger than a;,; and its position is not affected directly by the nanoparticles. The strength of
this relaxation decreases with decreasing degree of crystallinity X, (Table 4.1).
Simultaneously with the filler addition and depression of a. the upcoming of a relaxation is
observed at —130 to —128 °C. This statement will be confirmed later in DRS isothermal

crystallization measurements.
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2.0x10™ . . . . . T T T
a ——PDMS " b —— PDMS
+ titania 6.0x10"1 ---- 4.8% wtitania |
-13 | ---- 4.8 % wttitania T =20°C | 115 %
,€1.5x1o e F , 2 o 15aw
> ---153% = 4.0x10™ ---18.0 % 1
< | 18.0 % MWS, i <
13 . [REST J
o 1.0x10 5
a N 2 »
ﬂ segmental ; ~ 2.0x10 A
E 5.0x10™ s dynamics melting ¢ £
5 \ ' 5
© 0.0+ e
i cold cryst.
F F_a % % !
T T T T T T T
-120 -80 -40 -140 -120 -100 -80
temperature (°C) temperature (°C)

Fig. 4.7. Comparative TSDC thermograms for unfilled PDMS and PDMS/titania nanocomposites (a) overall
behavior and (b) in the region of the glass transition. The reduction of the degree of crystallinity with filler

content depresses the height of «. relaxation and at the same time «, a;,, and MWS relaxations arise.

The a;, extends in a broader temperature region than o and a., which enhances our
suggestions related to the observed changes in the shape of the glass transition in the DSC
thermograms (insets to Fig. 4.2). Also, it seems that the broadened glass transition of unfilled
PDMS recorded through DSC corresponds directly to o, relaxation, while the sharp shaped
glass transition, recorded for the highest silica and titania contents corresponds directly to o

relaxation. At this point, the three relaxations can be clearly defined as: glass transition of free
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(bulk) polymer chains (a relaxation), reduced cooperative mobility of amorphous polymer
confined between crystal regions (o, relaxation) [Raftopoulos10, Lorthioir04, Napolitano(7,
Yu09] and relaxation of the polymeric chains which are semibound on the nanoparticle
surfaces (a;, relaxation) [FragiadakisO7]. Please note that o, shows a similar strength for
PDMS, PDMS/silica and PDMS/titania, while a relaxation is stronger in the case of titania
and o, is stronger for silica. We can assume on the basis of the DSC results (very similar
values of 7, for the two types of filler, Table 4.1) that the size and quality of the PDMS
crystals are similar for both types of filler, giving similar position and dielectric strength to a.
relaxation. On the other hand, o and a;,, carry together the relaxation strength of the segmental
dynamics of the amorphous polymer and, in this sense, it is reasonable that either of them
increases at the expenses of the other. We will come back to this point in a more quantitative
way later on the basis of DRS results.

The events recorded in the temperature range between —100 and —80 °C seem to be
related to cold crystallization. The reason for recording cold crystallization by TSDC is the
low heating rate in this technique (3 K/min). Crystallization kinetics has been recorded before
through anomalous behavior in dielectric measurements in poly(ethylene oxide) (PEO) and
poly(3—hydroxybutyrate) (PHB) [Napolitano06].

The signal recorded between —65 to —40 °C corresponds to the melting of PDMS
crystals. Electrical charges trapped inside or between crystals during cooling in the
polarization step get massively disengaged while passing through the 7, region during
heating and give rise to the response measured. In agreement with this interpretation, the
observed strength of the signal (respective current range in Fig. 4.7a for this melting process)
increases with X..

The strong peak which follows at higher temperatures is due to the interfacial
Maxwell-Wagner—Sillars (MWS) relaxation. MWS arises from the trapping and the
subsequent release of charges at the interfaces between polymer and filler [FragiadakisO7,
Hedvig77]. In the case of PDMS + 35.9 wt% a huge internal electric field opposite to the
external applied field [Page06] was created during polarization. For that reason the main
relaxation occurred as a negative (inverted) peak. So in Fig. 4.6 we present a respective
measurement, in which the polarization temperature was —60 °C, so that MWS polarization
was not activated. The strength of the interfacial MWS relaxation increases with filler
content, almost linearly. In the case of PDMS/titania (Fig. 4.7a) small electric discharges are

observed over the MWS curve. This is an indication of the highly branched particle structure
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or the too close distance between particles in general and comes in agreement with TEM
results on the same materials [BokobzalO].

By employing special techniques like Thermal Sampling [Fragiadakis07], we gained
supplementary evidence for the statements made above, in particular the assignment of the
three relaxations in the glass transition region and evaluations about the activation energy and

changes between a and o, behavior with temperature.

4.3.3. DRS measurements

DRS results will be comparatively presented here in the form of frequency (Fig. 4.8,
isothermal plots) or temperature dependence of the imaginary part of dielectric permittivity
(dielectric loss) ¢ " (Fig. 4.9, isochronal plots). We focus here on segmental dynamics, i.e. on
the dielectric relaxations a, a. and a;, corresponding to the TSDC response in the temperature

range from —140 to —100 °C in Figs. 4.6 and 4.7.
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Fig. 4.8. Isothermal DRS plots of dielectric loss ¢ vs frequency for PDMS, PDMS + 31.0 wt% silica and
PDMS + 15.3 wt% titania nanocomposites, at —110 °C (solid symbols) and —75 °C (open symbols)

Recorded at —110 °C, one can observe in Fig. 4.8 a. and a relaxations of PDMS,
PDMS + 31.0 wt% silica and PDMS + 15.3 wt% titania at around 1 and 50 kHz, respectively.
Based on the values of the degree of crystallinity, as calculated from DSC measurements
(Table 4.1), along with the strength and frequency range of the a. relaxation for the two types
of filler in PDMS, the identification of the two relaxations is similar to that in the TSDC
results, compare section 4.3.2. With the open symbols in Fig. 4.8 we follow the data of the
isothermal measurements for the two nanocomposites at —75 °C. Significant changes are
recorded here for a;,, relaxation, which is by far stronger and faster (by 2 orders of magnitude
in frequency) in case of PDMS/silica, as compared to PDMS/titania, again in agreement with

TSDC. In the case of PDMS + 15.3 wt% titania at —110 °C, it is clear that the recorded
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relaxation is complex, as a superposition of a. (~1 kHz) and a (~50 kHz) relaxations. The
results described up to this point were obtained by measurements carried out under the
thermal protocol A (almost amorphous polymer). Included in Fig. 4.8 are also data (semi—
open circles) of measurements of the PDMS/titania sample under the protocol AC (annealed
at crystallization temperature, semi—crystalline polymer). For the polymer allowed to get
crystallized, the segmental dynamics is mainly expressed as the broadened, weaker and

slower o, relaxation, which is reasonable on the basis of the DSC results.
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Fig. 4.9. Comparative isochronal plots of the imaginary part of dielectric permittivity ¢, replotted from DRS
measurements at 3 kHz for PDMS/silica (solid symbols) and PDMS/titania nanocomposites (open symbols)

Data recorded isothermally were replotted in Fig. 4.9 as isochronal &"(T) plots to
facilitate direct comparison with the TSDC thermograms of Fig. 4.6 and Fig. 4.7. A higher
frequency of 3 kHz was selected for the plots to suppress effects of conductivity [Kremer02].
In general, o relaxation is stronger in the case of titania, and a. and a;,, are stronger in the case
of silica. The strength of o, and a;, shows significant variation with composition in
PDMS/silica, but not in the case of PDMS/titania, while in both cases the temperature
position of a. and a;, does not change significantly with composition. The results agree well
with those of TSDC, while the slight shift to higher temperatures in Fig. 4.9, as compared to
Figs. 4.6 and 4.7, arises from the higher frequency of presentation [Fragiadakis07].
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Fig. 4.10. Dielectric loss ¢ vs frequency for (a-c) PDMS + 18 wt% titania and (d) PDMS + 36 wt% silica
nanocomposites, as recorded during isothermal crystallization at selected temperatures. Segmental dynamics
expression changes with time from o to a. behavior in (a,b), while annealing suppresses a;, only for

nanocomposites of high silica loading in (d).

The isothermal &"(f) plots in Fig. 4.10a present spectra recorded every 15 min
continuously for 3 hours, to follow effects of crystallization at —105 °C for PDMS + 18 wt%
titania. The temperature of —105 °C was selected on the basis of the DSC results in the
crystallization region to enable following isothermal crystallization over a few hours. In the
beginning we record segmental dynamics expressed exclusively as a relaxation. As time
passes, the degree of crystallinity increases along with a. relaxation. As o, increases in
magnitude, a is depressed and the spectra become complex, consisting clearly of two
contributions. Finally, after 3 hours o relaxation is vanished and o, dominates the response of
the sample. Fig. 4.10b shows the respective time evolution of A¢ for both relaxations. The
weak increase of the ¢ " response at the lower frequencies represents the incoming of a,,
relaxation into the measurement window. It would be interesting if we were able to record in
a broader frequency range of Fig. 4.10a, at the same time, a;, relaxation in the spectra,
expecting to verify that no significant changes would be observed during this isothermal
experiment. However, the latter is somehow verified with the respective isothermal
measurement at —75 °C in Fig. 4.10c. The result is similar for a;,, in all PDMS/titania samples

and the samples of low silica content (not shown). Interestingly, for the samples of 31 and 36
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wt% silica (Fig. 4.10d) a;y is getting gradually weaker as the ‘crystallization annealing’
proceeds (please follow the Ag(7) in the inset to Fig. 4.10d). Simultaneously with the
weakening of a;, the respective dielectric loss peak has been immigrating towards lower
frequencies (reduction of f,.). These last results suggest that for the high silica loaded
samples the annealing of crystallization results, most probably, to lower amount of interfacial
polymer and slowing of the respective dynamics at interfaces. This effect will be further
investigated in the next chapter.

Coming back to results by isothermal measurements, by plotting the frequency of
maximum of ¢’ against reciprocal temperature for the three segmental relaxations, the
Arrhenius plot (activation diagram) of Fig. 4.11 was constructed. The time scale of all
relaxations for the various samples and thermal protocols can be discussed well using such
plots. A main observation in Fig. 4.11 is that @ and a. have very similar frequency—
temperature traces. The behavior is typical for segmental dynamics, ruled by the Vogel-
Tammann—Fulcher—Hesse (VTFH) behavior (Eq. (3.7)) [VTFH] and is practically not
affected by the addition of nanoparticles. On the other hand, a;, tends to be strongly separated
from a and a., and its time scale is practically described by a straight line (Arrhenius
behavior, Eq. (3.11) [Arrhenius1889, DonthO1]) characterized by lower activation energy
(~0.52 and ~0.50 eV for silica and titania, respectively), as compared to a and a.. The result is
very similar to that observed for a different PDMS network filled with silica nanoparticles

[Fragiadakis07].
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Fig. 4.11. (a) Arrhenius plot and (b) temperature dependence of dielectric strength of the segmental and
interfacial dynamics for PDMS PDMS/silica and PDMS/titania nanocomposites.

In the Arrhenius plot (Fig. 4.11) the i, relaxation traces look linear (Arrhenius

behavior), but judging from the respective TSDC temperature range we conclude that the best
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fitting to the data is given by the VTFH equation, Eq. (3.7) [Richert98]. After fixing the fy
parameter to the phonon value 10" Hz [Kremer02, Richert98], by fitting Eq. (3.7) to our
experimental data we obtained values for the D parameter. D is related to the steepness or
fragility index m according to Eq. (3.8) [Boehmer93]. The average fragility index values were
calculated (Eq. (3.8)) to be 110, 97, 44 and 21 respectively for a, a., a;,, (of PDMS/silica) and
o (of PDMS/titania) relaxations. The uncertainty for these fragility values is about 5.
Lorthior et al. have calculated similar values for a and a. [Lorthioir04]. The VTFH behavior
is indicative of cooperative relaxation mechanisms, so this is another strong indication that o,
relaxation in these nanocomposites is indeed affiliated to segmental polymer chain motions
(glass transition). The reduced fragility values of a;,, in comparison with a and «. relaxations,
is explained by means of reduced cooperativity of segmental motions [Adam65]. Thus, our
results suggest that the cooperativity length, & [Sappelt93] is larger in the PDMS/silica than
in the PDMS/titania nanocomposites.

Another point of interest is the temperature dependence of Ae for a;, relaxation. We
follow in Fig. 4.11b that for the strong a,, relaxations samples with 31 and 36 wt% silica Ae
increases with temperature, suggesting, possibly, increasing of the concentration of the
polymer at the interfacial layer [Kogal2, Klonos15A]. Simultaneously with the weakening of
ain relaxation with lower silica loading and in all cases of PDMS/titania, Ae tends to decrease
with temperature (Fig. 4.11b). This last behavior resembles that of conventional
nanocomposites of crosslinked PDMS [FragiadakisO5] and natural rubber [Fragiadakisl1],
suggesting that the concentration of polymer chains with modified (retarded) mobility in the
interfacial layer reduces with temperature, drifted by the increasing of the mobile amorphous

polymer (both in concentration and dynamics).
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Fig. 4.12. The fraction of PDMS with reduced mobility, RAF;,, vs silica and titania content obtained from Eq.

(3.10) at ~—90 °C. The inset shows the simplified model used to calculate the thickness of the interfacial layer.
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Having now clear evidence about the origins of the relaxations described above and in
combination with DSC and DRS results, we can calculate the reduced mobility polymer
fraction RAF;, (the fraction of polymer in the interfacial layer, Fig. 4.12) by Eq. (3.10).
The results show that in the case of PDMS/silica the interfacial polymer fraction increases
from 0.05 to 0.55 at the highest filler content (Fig. 4.12), while at the same time the degree of
crystallinity drops from 0.42 to almost 0 (Table 4.1). In the case of PDMS/titania RAF;,; is
significantly lower and increases from 0 to 0.14 at the highest loading (Fig. 4.12), while X,
drops from 0.43 to 0.13 (Table 4.1). Following the same procedure as with the respective
DSC results, by exploiting the information from the TEM measurements on the morphology
and the dimensions of the nanoparticles [Bokobzal0], it is possible to make an estimation of
the thickness of the interfacial layer d;»;, now more clearly from the DRS results. By applying
Eq. (4.1), diny was calculated to be ~2 nm for PDMS/silica and ~4 nm for PDMS/titania
nanocomposites (Fig. 4.12). Combining our conclusions for the changes in segmental
dynamics with the RAF;, trends (Fig. 4.12), we get additional support for the large total
interactive surface area of the smaller silica particles (calculated geometrically ~453 mz/g)
and the respective smaller total interactive surface area of the larger titania particles (~47
m*/g).

Results about the estimation of the interfacial influence (d;.,) of silica on the PDMS
chain mobility agree with the respective DSC values (d;,). However the results are different
in the case of titania nanocomposites, in the sense that the restriction is higher in DSC and
lower in DRS, the absolute values being also different for the two techniques (larger in the
case of DSC). We should keep in mind that in DRS measurements RAF;,, was estimated
through the direct and additive contribution of the nanoparticles to the segmental dynamics
(aine relaxation), whereas in DSC measurements RAF was estimated more indirectly through
the missing of the corresponding contribution to the heat capacity jump at the glass transition
(reduction of AC, step). Moreover, the DRS measurements provide, through the variation of
both independent variables, frequency and temperature, the possibility to follow the evolution
of the isothermal &"(f) spectra (and, thus, the evolution of RAFj,) with temperature
[Fragiadakis05]). On the other hand, we observe in Figs. 4.7 and 4.9 that as X, increases the
whole dielectric response in the glass transition region gets lower. It is not clear at this stage
to which extent the reduction of the fraction of the amorphous polymer and the constraints
imposed by the polymer crystallites (i.e. the amount and influence of the rigid amorphous
phase [Dobbertin96]), on the one hand, and a direct effect of the nanoparticles through the

reduction of molecular mobility in the interfacial layer, on the other hand, are responsible for
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that [Huo92]. Further DRS experiments in future work would help to quantitatively further
follow this point. Please note also that by using Eq. (3.10) to calculate RAF},, it is implicitly
assumed that the dielectric permittivity of PDMS is the same in the interfacial layer and the
bulk amorphous and crystalline fractions. It is interesting to note in this connection that DSC,
DRS and TSDC measurements in (amorphous) polyurethane/clay [KripotoulO] and poly(L—
lactic acid)/grapheme oxide [Papageorgioul4] nanocomposites show, in agreement to each
other, that a fraction of polymer is immobilized, making no contribution to the measured
response by neither of the three techniques, and that this fraction is larger by DRS than by
DSC.

4.4. Conclusions

The effects of nanoparticles on glass transition and molecular dynamics were studied in two
series of PDMS/silica and PDMS/titania nanocomposites by employing calorimerty and
dielectric techniques. Extended measurements using different thermal treatments showed that
the good dispersion and strong interactions of the nanoparticles with PDMS restrict
crystallization and segmental mobility of the polymer. In addition to calorimetry, the
dielectric DRS and TSDC techniques provided significant information on the overall
mobility, mostly on the segmental dynamics of the polymer (dynamic glass transition), which
was found to consist of three discrete and well defined relaxations. These relaxations arise
from the bulk (unaffected) polymer (a relaxation), the mobility of polymer chains restricted
between condensed crystalline regions (. relaxation) and the segmental dynamics in an
interfacial polymer layer around (or, in general, close to) the nanoparticles (a;, relaxation).

Compared with PDMS/silica in this work and in a previous work with a slightly
different PDMS [FragiadakisO7], the effects were stronger in the series of PDMS/titania
nanocomposites. These are characterized by stronger polymer—filler interactions, reflected in
a shift of a;, to lower frequencies / higher temperatures and a larger thickness of the
interfacial layer. A first explanation is that this can be attributed to (i) stronger hydrogen
bonds [Bokobzal0] and/or (i) the larger size [Gongl4] of nanoparticles in the case of titania,
as compared to silica. In the next chapter we will provide evidence that the surface roughness
of the particles is, also, at the origin of the differences in the overall response in the
nanocomposites and the exceptional behaviors of samples of the high silica loading.

At temperatures lower than the melting point of the crystalline PDMS phase, the neat

polymer (zero filler content) is presented in two phases: as crystallized (immobilized) and
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amorphous in close proximity to the crystals (RAF..s). As filler content increases, some
amount of PDMS becomes bound (reduced mobility) on the surfaces of the particles due to
hydrogen bonding and the other two phases described above get restricted, while amorphous
islands of PDMS (bulk / free mobility) start growing between the crystals and the
nanoparticles (four phases). At the higher loadings the crystallization is practically absent
along with the lamellar/RAF and the polymer is mainly composed of bulk and bound on the
nanoparticles (two phases). For both types of filler the amount of PDMS which shows
amorphous properties, participating in the glass transition, seems to be constant at ~12 wt% of
the amorphous polymer. This molecular view, which emerges from the experimental results,
indicates some kind of self-organization of the systems under investigation, where the
polymer is composed of different phases and the composition changes in a continuous way
under the external influences of the addition of nanoparticles and the variation of the
temperature.

It should be noted, from the methodological point of view, that, although the three
techniques employed agree with each other in the overall picture of reduction of molecular
mobility in the nanocomposites, there are distinct differences between the quantitative results
obtained by DSC, on the one hand, and by the two dielectric techniques, on the other hand.

Thermal sampling TSDC measurements in future work may provide more quantitative
information on a possible distribution of relaxation times and glass transition temperatures in
the interfacial layer [Fragiadakis07, Ellison03]. Finally, DSC measurements with temperature
modulation (TMDSC) may provide further information on polymer mobility near the polymer
crystals and the nanoparticles [Wurm10, Xu04].
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5. Effects of surface modification and thermal annealing
on interfacial polymer fraction and dynamics of PDMS in

core—shell NCs based on high specific surface area silica

5.1. Introduction

In this chapter we study the dynamics and evaluate the fractions of interfacial polymer
(polymer in the interfacial layer in close proximity to a solid surface) and of bulk and bulk—
like polymer, all coexisting in the same silica/PDMS systems. Materials under investigation
consist of linear polydimethylsiloxane (PDMS) adsorbed in amorphous fumed silica (SiO)
aggregates, in systems of the core—shell type [Sulim09]. The adsorption is thought mainly
physical (hydrogen bonding) [Gunko14]. In our recent publication on PDMS adsorbed on the
same initial (unmodified) silica [Klonos15A], results have indicated that during the first
stages of polymer adsorption (low polymer loading) PDMS adsorbed on the external surfaces
of silica aggregates (high roughness) was ruled by slower dynamics (interfacial), as compared
to the bulk. Bulk—like mobility of the polymer was observed only in samples of high PDMS
loading, demonstrating however slower dynamics as compared to the bulk, affiliated to spatial
constraints in the voids of silica aggregates [Klonos15A]. In order to study in more depth the
above effects, we manipulate here the surface characteristics of the initial silica by generating
crystalline zirconia nanoparticles on the initial silica particles (smoothened surfaces), before
adsorption of the polymer [Sulim09]. The investigation involves differential scanning
calorimetry (DSC) for thermal transitions and broadband dielectric relaxation spectroscopy
(DRS) for polymer dynamics. In addition to severe restriction of polymer crystallization, the
results reveal significant effects of the silica particles on the segmental dynamics (related to
glass transition), originating mainly from the strong reduction of molecular mobility at the

interfaces. Surface effects were further studied by employing different thermal treatments

83



(annealing of crystallization), which had been proved quite revealing in our recent studies on

similar PDMS based nanocomposites [Klonos10A, Klonos15A].

5.2. Materials and code names

Preparation and morphological characterization of initial oxides have been previously
described (section 2.2 and [Sulim09]), therefore we repeat here briefly the preparation
procedure. Fumed silica A—380 (pilot plant of the Institute of Surface Chemistry, Kalush,
Ukraine) was used as initial substrate for the development of zirconia nanoparticles at various
amounts by reiteration of the respective reaction cycle from 1 to 4 (resulted in ~6 and ~16
wt% zirconia, respectively [Sulim09]). Linear polydimethylsiloxane (Kremniypolymer,
Zaporozhye, Ukraine, MW ~7960, degree of polymerization 105, viscosity ~1000 cPS) was
adsorbed onto dry silica at the amounts of 40 and 80 wt% from a hexane solution of PDMS (1
wt% PDMS). The suspensions were mechanically stirred and finally dried to remove solvents.
Samples at PDMS content of 40 wt% are in the form of powder similar to initial A—380
powder, while at higher PDMS contents of 80 wt% and 100 wt%, the samples are liquid—like
and liquid, respectively. In the finally produced materials silica (primary particle size ~8 nm)
was found to form aggregates, varying in size between 100 and 500 nm as observed
previously by SEM (section 2.2 and [Klonos15A]). Materials prepared and studied here and
the specific surface modification by zirconia are interesting also in the perspective of
biomedical applications, on the basis of biocompatibility of the components and control of
hydrophilicity of initial silica [Morks08, Stamatopouloul4].

Seven polymer nanocomposite compositions were prepared and studied in this
chapter, i..e. the initial PDMS, silica/PDMS with 40 and 80 wt% PDMS, and
silica/zirconia/PDMS containing silica modified with 1 and 4 cycles of zirconia, again with 40
and 80 wt% PDMS. Throughout the text and in the figures and tables of this chapter,
representative code names that describe the samples are used. For instance (i) A380P80
corresponds to the sample in which PDMS at 80 wt% is adsorbed onto initial unmodified A—
380, (i) A380Z1P40 corresponds to the sample in which PDMS at 40 wt% is adsorbed onto
A-380 that previously suffered 1 cycle of zirconia reaction, and (iii) A380Z4P80 corresponds
to the sample in which PDMS at 80 wt% is adsorbed onto A—380 that previously suffered 4

cycles of zirconia reaction.
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5.3. Results

5.3.1. Characteristics of materials under investigation

Results concerning the modification of silica A—380, before the polymer adsorption have been
published [Sulim09] and they will be only briefly summarized here. A-380 consists of tightly
packed spherical nanoparticles (~8 nm in diameter) forming aggregates of 100-500 nm
[Klonos15A]. The initiator of the zirconia synthesis (Zi(acac)s) reacts with the free silanol
(=Si—OH) groups of silica (both in the inner and external surfaces) forming =Si— Zi(acac)s
groups, upon which the zirconia nanoparticles were subsequently generated. According to
FTIR coverage of free silanols was not complete. It has been reported that zirconia
suppresses, in general, the concentration of free hydroxyl groups in the modified A—380

particles [Gunko13B].

Table 5.1

Textural and porosity characteristics of unmodified A-380 and modified A-380/ZrO, oxides as taken from
previous study [Sulim09]. Z1 and Z4 correspond to 1 and 4 reaction cycles of zirconia grafting, respectively.
Zirconia content according to XRD, C7 .y, specific surface area as recorded by Nitrogen adsorption—desorption

isotherms, Sger, average volume of pores, V), of mesopores (details in text), V.., and of macropores, Vucro-

Czo:2 Sger Vp Vineso Vacro
Oxide (Wt.%) (m%/g) (em’/g) (cm’/g)  (cm/g)
A380 unmodified 0 342 1.160 0311  0.849
A380Z1 5.9 262 1.996  0.142  1.854
A380Z4 15.5 237 1.186 0390  0.796

According to XRD measurements [Sulim09], the 13—32 nm in diameter zirconia was
found to be in the crystalline state, while its content was found equal to 5.9 wt% and 15.5
wt%, for 1 and 4 cycles of zirconia reaction, respectively (Table 5.1). The specific surface
area, Sper, of initial A—380, representative for the silica—polymer interaction area, was
measured employing nitrogen adsorption—desorption isotherms [Gunko13B] to 342 m?/g. Szer
decreased to 262 mz/g and, further, to 237 m%/ g after the 1* and 4™ zirconia reaction cycle,
respectively (Table 5.1) [Sulim09]. Mesopores (2 nm < diameter < 50 nm) and macropores
(diameter > 50 nm) at the surfaces and voids of aggregates contribute mainly to the relatively
high Sgzer values. High Sper for nanosilicas with mainly textural porosity (e.g. fumed silicas
A-240, A-300, A-380 [Gunkol3B, Stamatopouloul4, Klonosl0B]) has been previously
shown to describe well high degree of accessibility for both the gas molecules and the PDMS
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chains [Klonos15A, Galaburdal4, Sulyml14]. The decrease of Spgzr after modification with
zirconia was suggested to originate from the development of zirconia nanoparticles mainly

onto the external silica surfaces, reducing this way their roughness.

5.3.2. Differential scanning calorimetry (DSC)

5.3.2.1. Protocol A

Figure 5.1 presents comparative DSC thermograms in the glass transition region for
silica/PDMS core—shell based nanocomposites and for neat PDMS, for measurements under
protocol A (section 3.2) (Fig. 5.1a,b) and for neat PDMS previously quenched (Fig. 5.1c). The
crystallization of neat PDMS occurs during cooling at =76 °C and X, ~0.65 wt (Table 5.2).
Crystallization is almost absent during cooling for A380P40 and A380Z1P40, whereas X,
increases to ~0.13 for A380Z4P40 (Table 5.2). X. increases significantly at the higher
polymer loading (80 wt%, Table 5.2).
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Fig. 5.1. Comparative DSC thermograms in the glass transition region of samples of (a) 40 wt% and (b) 80 wt%
PDMS adsorbed onto unmodified and modified A—380, and for comparison for neat PDMS, for measurements of
Protocol A. The curves are normalized to sample mass. The added lines represent the baselines of the
thermograms before and after glass transition. (c) shows DSC thermogram in the glass transition of initial
amorphous PDMS during heating at 10 K/min of a sample previously cooled at ~90 K/min (quenched, solid
line). DSC heat flow is normalized to heating rate and, thus, is presented in specific heat capacity, C,, units.
Results for C, of PDMS against temperature taken from ATHAS databank [Wunderlich03] and Ref. 2 therein are

comparatively shown in (c) (dashed lines).
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Table 5.2

Quantities of interest from DSC measurements of Protocols A and AC: crystallization temperature, 7., glass
transition temperature, 7,, normalized heat capacity step of glass transition, AC,,, temperature maxima of
melting, 7,,;,, normalized melting enthalpy AH,,, degree of crystallinity, X., rigid and mobile amorphous
polymer fractions, RAF and MAF, respectively. Note: X, RAF and MAF refer to whole polymer mass (i.e. X, +
RAF + MAF=1).

= T. T, AG,, T T.. AH,, Xe RAF MAF
§ O O  JegK) (O O (g (W) (wt) (Wt)
S, sample (#0.5) (£0.5) (£0.02) (£0.2) (£0.2) (1) (£5%) (£10%) (£10%)
A380P40 - -129 0.07 —48 - 0 0.00 0.79 0.21
A380Z1P40 —-103 —-133 0.09 -50 - 3 0.01 0.72 0.27
N A380Z4P40 -95 —-135 0.09 -50 - 8 0.13 0.63 0.24
§ A380P80 —98 -129 0.28 —48 -39 22 0.08 0.14 0.78
E A380Z1P80 -97 —129 0.22 —49 —40 19 0.05 0.32 0.63
A380Z4P80 -90 —128 0.07 —49 —40 19 0.45 0.43 0.12
PDMS -76 -127 0.22 —47 —40 24 0.65 0.12 0.23
A380P40 - -129 0.09 - - 0 0.00 0.73 0.27
A380Z1P40 - -129 0.03 -50 - 5 0.12 0.80 0.08
E,:) A380Z4P40 - -127 0.04 =51 - 9 0.23 0.67 0.10
§ A380P80 - —122 0.15 —47 -39 23 0.61 0.21 0.18
Q% A380Z1P80 - —121 0.02 -50 —40 19 0.52 0.45 0.03
A380Z4P80 - —122 0.02 =51 —40 19 0.51 0.46 0.03
PDMS - -126 0.15 —46 —40 25 0.67 0.18 0.15

During the heating in measurements of Protocol A, in Fig. 5.1, all samples
demonstrated single glass transition steps in the region between —140 °C and —115 °C, with T,
values between —135 °C (A380Z4P40) and —127 °C (neat PDMS) (Table 5.2). The value for
neat PDMS is in agreement with previous studies of PDMS [Aranguren98, Klonosl10A,
Lund08, Galaburdal4]. Interestingly, 7, of the core—shell systems is by 2 K lower than that of
neat PDMS and it is further reduced on addition of nanozirconia by 1-8 K. AC,, for
nanocomposites of 40 wt% PDMS is smaller than for neat PDMS. A slight increase is
observed in nanocomposites with zirconia modification. On the other hand, for A380P80
AC, , value is larger as compared to neat PDMS.

As temperature increases above T, during heating, an exothermic event was observed

in the case of A380Z1P40, A380Z4P40 and all nanocomposites of 80 wt% PDMS loading

87



(Fig. 5.1), representing cold crystallization, a phenomenon which follows uncompleted
crystallization during cooling [Gedde95, Zhuravlev14].

At higher temperatures, complex endothermic melting peaks are observed between —
48 and -39 °C (T, T2 in Table 5.2). In consistency with cooling thermograms, melting is
absent for A380P40 and quite weak for A380Z1P40 and A380Z4P40. Strong double melting
peaks are observed for all nanocomposites of 80 wt% PDMS. As discussed in previous work
[Aranguren98, Klonos12] events of recrystallization and melting contribute in the temperature
region of melting. For that reason, in measurements of Protocol A the degree of crystallinity
was not calculated from the melting enthalpy. Nevertheless, the melting enthalpy normalized
to the same polymer fraction, AH,,,, is lower in the nanocomposites than in neat PDMS

(Table 5.2).

5.3.2.2. Protocol AC

Figure 5.2 shows DSC thermograms in the glass transition region during heating after a 20
min annealing of crystallization (Profocol AC, details in section 3.2). We should note that the
annealing temperature was different for different samples, aiming at maximum degree of
crystallinity. Obviously, this affects the evolution of crystallization and the structure of
polymer crystals [Zhuravlev14]. In the case of annealed samples X, was estimated employing
the normalized melting enthalpy, AH,, ,, in Eq. (3.1). Results were analyzed and evaluated and

the respective values of interest are shown in Table 5.2.
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Fig. 5.2. Comparative DSC thermograms in the glass transition region of (a) 40 wt% PDMS and (b) 80 wt%
PDMS adsorbed in unmodified and modified A-380, and for comparison of neat PDMS. Results are shown for

measurements of Protocol AC (i.e. annealed samples) during heating. The curves are normalized to sample mass.
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Crystallization was again absent for A380P40, while 7, remained the same as in
Protocol A. Interestingly, AC,, was slightly increased from 0.07 to 0.09 J/gK (Table 5.2).
With the exception of A380P40, crystallization annealing resulted in increased degree of
crystallinity for all samples, significantly higher for samples of 80 wt% PDMS. T increased
slightly on annealing for 40 wt% PDMS samples, still remaining lower than that of neat
PDMS (Fig. 5.2a, Table 5.2). On the other hand, 7, for nanocomposites of 80 wt% PDMS
increased strongly to values higher than in neat PDMS (Fig. 5.2b, Table 5.2).

Summarizing the findings from DSC, the interaction between A-380 and the polymer
in the core—shell systems suppresses highly the crystallization ability of PDMS, which is in
general extremely weak for the 40 wt% PDMS content, while glass transition is enhanced (7
decreases, AC,,, increases). Annealing procedure increases either AC,, or X. (Table 5.2). In
the case of high polymer content, zirconia modification suppresses glass transition (7,
increases, AC, , decreases) and enhances simultaneously crystallization. Similar effects are

caused by thermal annealing.

5.3.2.3. Evaluation of polymer fractions according to calorimetric response

We categorize and evaluate the different polymer phases with respect to the type of their
contribution to glass transition. Thus, we first estimated the amount of polymer which
contributes to amorphous mobility, MAF, according to Eq. (3.4). According to our
calculations (Table 5.2), the sum of mobile amorphous and crystallized polymer fractions
(MAF + X.) is lower than 1 in the nanocomposites, suggesting that, in the frame of the ‘3—
phase model’, one part of the response is missing from the calculated fractions (details in
section 3.2). This deviation is thought to represent RAF, which can be easily calculated by Eq.
(3.5). The calculated fractions of various polymer phases are included in Table 5.2, for
measurements under both protocols. We should remind that all fractions refer to whole
polymer mass according to the employed equations.

The sum of X, and MAF is higher for 80 wt% PDMS, while, as expected, RAF is
higher for samples of 40 wt% PDMS. In addition, from a first glance in Table 5.2, the above
fractions change systematically with zirconia modification (X, + MAF increases and RAF
decreases), while, changes of RAF for low polymer adsorption (no significant interference of
crystallinity) seem to follow the respective changes of Szer (Table 5.1). These effects will be

discussed later in comparison with respective DRS results.
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5.3.3. Dielectric relaxation spectroscopy (DRS)

5.3.3.1. Raw data and analysis

DRS results will be comparatively presented here in the form of frequency dependence of the
real, ¢, (Fig. 5.3) and imaginary part of dielectric permittivity, ¢ *" (Fig. 5.4, isothermal plots).
The main focus is on segmental dynamics, i.e. on the dielectric relaxations corresponding to

the DSC response in the region of glass transition in Figs. 5.1,5.2 (namely a, a. and ;).

NS
6 o) 9”)”))!))))”)””)»))3))))’!)))!))))))))))))))))))))))) or\l%
QRS

-150 °C

40% 80% PDMS
—0— —4— A380 unmodified
—e— —o—Z1A380
—e— —&— Z4A380

51 ——PDMS neat
- = silica A380

R TR R eassieR

frequency (Hz)

Fig. 5.3. Comparative DRS spectra of the real part of dielectric permittivity, ¢, against frequency at —150 °C, for
samples loaded with (o) 40 wt% and (¢) 80 wt% PDMS. Results for initial silica A-380 (dash—dotted line) and
neat PDMS (solid line) were added for comparison with the nanocomposites. The inset schemes show simplified

models for the conformations of interfacial polymer chains adsorbed on the surface of silica.

The dielectric response was found significantly higher for the samples containing 40
wt% PDMS as compared to 80 wt% PDMS (Figs. 5.3,5.4). This difference is confirmed also
by the results for the AC conductivity, o4c, (not shown). This can be explained in terms of
polymer chain conformations on the surfaces of the nanoparticles with higher polarizability
(orientation, insets to Fig. 5.3), as interfacial polymer is the majority at low PDMS loading
(40 wt%) and dominates the dielectric response [Klonos15A]. In the case of high PDMS
loading (80 wt%) the additional polymer chains connect to the additional contact points and,
most probably, form additional polymer layer(s). This implies significant obstacles to the
orientation of interfacial chain segments, resulting in reduction of dielectric response (¢ in

Fig. 5.3).
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Fig. 5.4. Isothermal DRS plots of the imaginary part of dielectric permittivity, ¢, vs frequency for PDMS and
the composites with (a,c,e) 40 and (b,d,f) 80 wt% adsorbed PDMS, at —80, —110 and —130 °C. Results are shown
for measurements of thermal Protocol A. Indicated are the dielectric relaxations related to segmental and local

dynamics. Results for initial A—380 (S relaxation) at —110 °C have been included in (d).

After analysis of the complex DRS spectra (details in Section 3.4), the plots of Figs.
5.5,5.6 were constructed, by plotting f,..x and Ae of the three segmental and the two local (f
and S) relaxations against reciprocal temperature. Included in the Arrhenius plots of Figs.
5.5a,5.6a are results by DSC and TSDC (raw data not presented here), namely glass transition
temperatures and peak temperatures, respectively, at the equivalent frequencies of the
techniques, 20 mHz and 1.6 mHz, respectively [Fragiadakis07]. Selected DRS results will be

shown here also in the form of temperature dependence of ¢ " (Fig. 5.7, isochronal plots).

91



5.3.3.2. Interfacial relaxation
o, relaxation in Figs. 5.4a,b, located, in the broad range from 10 to 2-102 Hz at —80 °C,
represents the dynamics of semi—bound polymer chains in the interfacial layer, with strongly
reduced mobility due to interactions with the surface hydroxyls of A-380 [Klonosl5A,
Klonos10A]. The temperature dependence of segmental dynamics is typically described by
Vogel-Tammann—Fulcher-Hesse (VTFH) equation, Eq. (3.7) [Richert98]. After fitting Eq.
(3.7) to our experimental data and fixing the fj parameter to the phonon value 10" Hz
[Kremer(02, Richert98], we obtained values for Ty and D. D is related to the steepness or
fragility index m [Boehmer93] according to Eq. (3.8). The fragility (cooperativity) index
values for all segmental relaxations (., 0. and o) were calculated and are listed in Table 5.3.
From a first glance at the Arrhenius plots (Figs. 5.5a,5.6a), the time scale of aiu
relaxations seems to tend to more linear—like behavior (Arrhenius (Eq. 3.11), constant
activation energy) as compared to a and a., especially as zirconia grafting increases.
Additionally, a;, becomes slower, while its strength (Figs. 5.5b and 5.6b) and cooperativity
(m in Table 5.3) are reduced with zirconia modification (addition of ~6 and ~16 wt% zirconia,
Table 5.1). The strength of a;,, is smaller for composites with 80 wt% PDMS (Fig. 5.6b), as
compared to 40 wt% PDMS (Fig. 5.5b). The respective changes with zirconia modification

are more pronounced for the samples of the low polymer loading.
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Fig. 5.5. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the local (5, S) and segmental
bulk (a), constrained in voids or/and between polymer crystals (o.) and interfacial (a;,;) dynamics for initial A—
380, necat PDMS, A380P40, A380Z1P40 and A380Z4P40 recorded in isothermal DRS measurements under
thermal Protocol A. Respective DSC and TSDC data have been added in (a). The lines in (a) are fittings of the
Arrhenius and the VTFH equations (details in text). The arrows mark changes in a;, relaxation imposed by
zirconia modification of grafting on the initial A-380 particles. Lines (1) and (2) in (a) correspond to the

interfacial relaxation in conventional PDMS/silica and PDMS/titania nanocomposites, respectively
[Klonos10A].
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Fig. 5.6. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature, of the local (5, S) and
segmental bulk (a), constrained in voids or/and between polymer crystals (o) and interfacial (o;,) dynamics for
initial A—380, neat PDMS, A380P80, A380Z1P80 and A380Z4P80 recorded in isothermal DRS measurements
under thermal Profocol A. Respective DSC and TSDC data have been added in (a). The lines in (a) are fittings of
the Arrhenius and the VTFH equations (details in text). The arrows mark the changes in a;,, relaxation imposed
by zirconia modification on the initial A—380 particles. Lines (1) and (2) in (a) correspond to the interfacial

relaxation in conventional PDMS/silica and PDMS/titania nanocomposites, respectively [Klonos10A].

Table 5.3
Shape parameters of the fitted HN equation (Section 3.4, Eq. (3.6)) ayy and Sy (on average over temperature),
fragility index, m, for the recorded dielectric segmental relaxations, and interfacial polymer fraction at —95 °C,

RAF,,; (Eq. (3.10)). (*) corresponds to relaxations that do not obey VTFH equation.

process | a (Protocol A) o.(Protocol A) 0w (Protocol A) 0w (Protocol AC)
parameter | agy  Puv m | amn  Puv  m | aun  Puv m  RAF, | awy  Puv m  RAF,
sample (vol) (vol)
A380P40 - - - - - - 1026 1 43 0.86 024 1 * 0.55
A380Z1P40 - - 105]023 1 92 1030 1 34 034 028 1 31 022
A380Z4P40 - - - 1021 1 * 1026 1 32 023 025 1 31 0.16
A380P80 - - - 044 1 102|045 1 52 0.05 030 1 38 0.02
A380Z1P80 | 0.41 09 122|024 1 8 (030 1 36 027 | 030 1 35 0.14
A380Z4P80 - - - 1033 1 67 1037 1 32 0.13 035 1 33 0.10
PDMS 043 09 106|030 1 96 - - - 0.00 - - - 0.00
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5.3.3.3. Bulk—like relaxations

a relaxation in Fig. 5.4c,d at around 10° Hz at —110 °C is associated with the glass transition
of the amorphous unaffected (bulk) polymer fraction [Klonosl0A, Klonosl2, Lund08],
observed only in neat PDMS and A380Z1P80. This relaxation corresponds to the lower
temperature sharp—shaped glass transition step in DSC (Figs. 5.1b,c). Next to a, at around
(10° Hz, —110 °C), a. relaxation originates from polymer chains restricted either between
condensed crystal regions [Klonos10A, Lund08] (i.e. case of neat and 80 wt% PDMS, Fig.
5.4d) or in the voids between nanoparticles in their aggregates (i.e. case of core—shell
nanocomposites at low polymer loading, Fig. 5.4c) [Klonos15A, Floudas13]. The dynamics of
each of these relaxations is almost identical in the nanocomposites and in neat PDMS in Figs.
5.5aand 5.6a.

Additional support about the origin of a. and a relaxations is provided by isochronal
measurements. Data recorded isothermally were comparatively replotted in Fig. 5.7 as
isochronal ¢"(T) plots to facilitate direct comparison with the DSC thermograms of Figs.
5.1,5.2. The frequency of 121 Hz was selected as representative for this comparison. Despite
the fact that these diagrams are not real isochronal measurements but replottings of
isothermals, the results are not far from reality, as confirmed by comparison with real
isochronal DRS measurements at 125 Hz for pure PDMS (Fig. 5.7a) and A380P80 (Fig.
5.7b). The results are consistent with those of DSC regarding 7,, the shifts of a and a.
relaxations to higher temperatures in Fig. 5.7, as compared to Figs. 5.1 and 5.2, arising from

the higher frequency of presentation [Fragiadakis07].

0.12 T T 0.08
a PDMS , —r— replotted isothermal DRS b A380P80 "~ replotted Isothermal DRS
measurement at 121 Hz measurement at 121 Hz
e real isochronal DRS . real isochronal DRS
el measurement at 125 Hz| N measurement at 125 Hz
0.04 1

2 K/min
0.04 |

continu;JLJs heating -
0.00 - 0.00 annealing for ~10 min at every temperature 7
-150 -100 -50 -150 -100 -50 0

temperature (°C) temperature (°C)

Fig. 5.7. Comparative isochronal plots of the imaginary part of dielectric permittivity, ¢”’, replotted from DRS
isothermal measurements at 121 Hz (black pointed curves) and directly measured at 125 Hz (red solid curves),

for (a) neat PDMS and (b) A380P80. Indicated are the recorded relaxations.
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A further comment refers to the different recordings of a. relaxation Fig. 5.7b. In the
case of A380P80, we recall from the DSC data (Table 5.2) that the presence of silica in
A380P80 suppresses strongly the degree of crystallinity, X, (0.08), and T, (98 °C). Thus, we
expect that a. relaxation should be absent in a continuous heating measurement at 2 K/min.
This is true in fact in the real isochronal measurements of Fig. 5.7b. In the case of the
isochronal replottings, the ~10 min isothermal annealing of the sample at each temperature of
measurement, including the 7, region, necessary for stabilizing the temperature and for
scanning the frequency range of measurements, leaded to the arising of a, relaxation. Thus,
the sample is more amorphous in the real isochronal measurements in Fig. 5.7 as compared to
the isochronal replottings of the DRS measurements. The situation is different for neat PDMS
in Fig. 5.7a, due to the higher crystallization temperature of the neat polymer (=76 °C in Table
5.2) and the already high degree of crystallization (~0.65 in Table 5.2).

Effects of nanozirconia and filler content on the bulk—like relaxations (mainly on their
strength in Figs. 5.5b,5.6b, and cooperativity, m, in Table 5.3) are indirect and mainly
expressed via the changes induced on the degree of crystallinity (Table 5.2), in agreement to

previous studies of PDMS [Klonos10A, Klonos12, Lund08].

5.3.3.4. Local relaxation of —OH groups on silica surface

S relaxation [Fontanella09] located at around (103 Hz, —110 °C) in Fig. 5.4d, is related with
motions of the silanol surface groups of silica (Si-OH) with attached water molecules
[Fragiadakis07, Kirst93, Klonos13]. We observe in Fig. 5.4d that the S relaxation dominates
the response for initial silica A—380 (with ambient hydration of about 10 wt%). After careful
analysis of the results, S shows exactly the same time scale with the S relaxation measured in
A380P40 and all nanocomposites of 80 wt% PDMS loading. As expected, Ae of S is lower in
the nanocomposites than in neat A—380 (Figs. 5.5a,5.6a). In our previous studies on similar
core—shell systems of PDMS and silica, it has been demonstrated that S relaxation becomes
weaker as the degree of polymer adsorption (surface coverage of the particles) increases

[Klonos15A, Galaburdal4, Sulym14].

5.3.3.5. Secondary (local) polymer relaxation

A faster but relatively weak relaxation is located at around 100 Hz at —130 °C in Fig. 5.4e.
The relaxation named here ‘f’, has not been reported in previous work in PDMS, focusing
however on segmental dynamics [Fragiadakis07, Kirst93, Schonhals03, Lund08]. Analysis of
the results shows that £ (aun~0.23, fuv=1.0): (i) obeys Arrhenius equation (Eq. (3.11), i.e.
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linear trace in Fig. 5.5a, activation energy ~0.26 e¢V), (ii) is weaker by one order of ¢’
magnitude as compared to segmental relaxations in Fig. 5.5b, and (iii) slightly increases in
dielectric strength with temperature (Figs. 5.5b). According to Ngai [Ngai98] these
characteristics suggest that f is a local (secondary) relaxation of the polymer. In consistency
with that, f relaxation shows quite similar behavior in the nanocomposites (whenever
recorded, depending on the availability and the quality of low temperature measurement) as in
the case of initial PDMS. The limited information available at present (only a few points in
Figs. 5.5,5.6) precludes any further discussion on the molecular origin of the relaxation at this

stage.

5.3.3.6. Evaluation of polymer phases according to dielectric response

The results reported above provide clear evidence about the origin of the various segmental
relaxations. Thus, we may calculate the various fractions of polymer by evaluating the
respective dielectric responses (i.e. Ag). To that aim we employ a model analogue to the one
used previously for DSC (i.e. Egs. (3.4, 3.5), section 3.2) and we calculate the mobile bulk,
MAF, and the interfacial, RAF;,, polymer fractions according to Eqgs. (3.9) and (3.10),
respectively. We recall that the dielectric strength changes with temperature in Figs. 5.5b,
5.6b, thus, we employed DRS results at the same temperature —95 °C for MAF and RAF;,.
Results of RAF;, are shown in Table 5.3. They show that RAF;, reduces with surface
modification from 0.86 to 0.23 wt for samples of 40 wt% PDMS. As expected, RAF;,, is
weaker for higher polymer loading (80 wt%) and changes with surface modification are not
systematic. The results will be discussed later comparatively with those obtained by DSC
(Table 5.2).

5.3.3.7. Effects of thermal (crystallization) treatment
We turn now attention to the effects of crystallization annealing on «;, relaxation. To that
aim, in Fig. 5.8 we compare results of measurements under standard treatment (Protocol A)
and annealing of crystallization before the DRS measurements (Protocol AC) for samples of
low polymer loading. Similar results were obtained also for samples at high polymer loading
(not shown). In addition, we show and evaluate in Fig. 5.9 online measurements during
isothermal annealing.

It becomes clear that annealing of crystallization leads in general to slower a,
relaxation (Fig. 5.8a), with lower dielectric strength (Fig. 5.8b), suppressed fragility (m) and
RAF,;, (Table 5.3) for both polymer loadings. The effects imposed by annealing on @y,
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become gradually weaker with increasing of surface modification. Paralell to changes
imposed on a;,, by annealing, a. relaxation tends also to become slower (Fig. 5.8a), whereas

its strength increases (Fig. 5.8b).
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Fig. 5.8. Comparative (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the local (S),
segmental bulk-like (o), and interfacial polymer dynamics (o) for A380P40 (cycles) and A380Z4P40
(triangles) composites, recorded in isothermal DRS measurements under thermal Protocols A (open symbols)
and AC (solid symbols). Respective DSC and TSDC data have been added in (a). The lines in (a) are fittings of

the Arrhenius and the VTFH equations. The arrows mark changes induced by annealing.

In Fig. 5.9 we demonstrate an online time—monitoring of the effects imposed by
isothermal annealing on segmental dynamics in neat PDMS at —114 °C (Fig. 5.9a) and in
A380P80 at -85 °C (Fig. 5.9b). The response of the initially highly crystallized neat PDMS
(X. ~0.65 wt at the beginning and ~0.75 wt at the end) was expressed via both o and a.
relaxations in Fig. 5.9a, while during isothermal annealing o, becomes stronger and o weaker.
The recordings are similar to those in previous studies of PDMS [Lund08, Klonosl0A].
Analysis showed that the total dielectric strength (Aeq+qc) decreased with annealing time (inset
to Fig. 5.9a). Moreover, Acqo Was decreased by a factor of about 2 at the end of annealing,
while the degree of crystallinity increased by only ~15 wt%. This would suggest that the
growth and interference of a rigid amorphous fraction in close proximity to crystals, RAF .,
[Dobbertin96, Xu04, Ezquerra04] is significant also in the nanocomposites, especially in the
case of high PDMS loading. In the case of A380P80, X, was increased from 0.08 to 0.61
during the annealing at —85 °C (Table 5.2) and at the same time . remained almost
unchanged (weakly suppressed) in Fig. 5.9b. Interestingly, a;, relaxation became weaker
during annealing (inset to Fig. 5.9b) and shifted to lower frequencies, in agreement also to the

results in Fig. 5.8. Results are similar to those in conventional nanocomposites of crosslinked
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PDMS filled high amounts of silica (shown previously in Fig. 4.10 of chapter 4). Taken
together the results for neat PDMS and A380P80 in Fig. 5.9 provide additional evidence that

ain does not represent the relaxation of RAF. ., but is directly related to RAFj,;.
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Fig. 5.9. Time evolution of the dielectric relaxation mechanisms associated to segmental dynamics during the
isothermal crystallization annealing, for (a) neat PDMS at —114 °C and (b) A380P80 at —85 °C. Indicated in (a)
and (b) are the estimated degree of crystallinity values, X., according to DSC, at the beginning, #,, and at the end,
tena» Of the annealing procedure. The insets show the respective time evolution of Ae for the relaxations under

investigation.

5.4. Discussion

5.4.1. Polymer crystallization

Independently of surface modification and thermal treatment, the presence of A—380 results in
reduction of crystallization temperature, 7, and degree of crystallinity, X., as compared to
neat PDMS (Table 5.2). These results suggest that the particles / aggregates do not act as
crystallization nuclei [Gedde95]. Crystallization during cooling is absent in the cases of
composites with 40 wt% PDMS, due to the strong polymer—filler interaction (hydrogen
bonding) which gives birth to significant amount of interfacial polymer fraction
[FragiadakisO7] close to the nanoparticles according to both DSC and DRS. Interfacial
polymer affects negatively the ability of bulk polymer to form crystals, due to suppression of
chain mobility / diffusion [KlonoslOA] and/or of the available (free) volume in the
nanocomposites [Kogal2, Vanroyl3]. It has been pointed out that the crystallization process
can be the driving force for rearrangement of nanoparticles distribution in a polymer matrix
[Khan09]. This is compatible with our findings for the 80 wt% PDMS samples, as the
polymer matrix consists of linear polymer of low viscocity (~1000 cPS) and high
crystallization ability (X, ~ 0.5 — 0.8 wt [Aranguren98, Klonos10A]) and the distribution of
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the quite large A—380 aggregates (~300 nm, section 2.2) could change during the growing of
the even larger PDMS spherulites (~10 um in size [Sundararajan02]).

5.4.2. Glass transition

Glass transition of the bulk was recorded extremely weak for samples of low polymer loading
(40 wt% PDMS). T, was lower in all cases of nanocomposites, dominated by: (a) spatial
confinement effects [Krutyeval3, Schonhals03] in case of lower PDMS loading and (b)
suppressed X, in case of higher PDMS loading. For samples of high PDMS loading (80 wt%),
T, increases due to higher X. in Table 5.2, since physical and spatial constraints imposed by
the spherulites [Sundararajan02] hinder the diffusion of polymer chains [Gedde95, Lund08,
Floudas13]. Annealing of crystallization of the composite samples results in further

suppression of bulk dynamics, increasing X, and 7, (Table 5.2).
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Fig. 5.10. Effects of surface modifications and thermal annealing (open / solid symbols) on (a,b) the various
polymer fractions, i.e. rigid amorphous (RAF), mobile amorphous (MAF) and crystalline polymer (CF), and on
(c) the apparent thickness of the interfacial layer, d;, (Eq. 5.1), for samples of 40 wt% adsorbed PDMS. Results
are shown comparatively as estimated from (a) DSC and (b,c) DRS measurements (details in text). The arrows

mark changes imposed by thermal annealing.

Independently of the changes in 7,, the presence of a rigid amorphous polymer
fraction (immobile according to DSC [Wurm10]), most probably located at the interfaces with
A-380, is manifested by the suppression of AC,, in the nanocomposites (Table 5.2).
According to commonly employed equations (Egs. (3.4, 3.5)), this fraction (RAF) was
estimated around 0.8 wt of the whole polymer mass in A380P40 (Table 5.2). RAF decreases
with surface modification down to ~0.6 wt (Fig. 5.10a). As expected, this decrease of
interfacial polymer results in an increase of bulk—like polymer (i.e. CF + MAF, Fig. 5.10a).
RAF calculations in samples of X, # 0 on the basis of DSC include also the rigid amorphous
polymer around crystals (RAFcys) [Dobbertin96], with the effect that the results of thermal

annealing on RAF are controversial in Fig. 5.10a. Thermal annealing imposes an interplay
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between CF + MAF + RAF ., on the one hand, and RAF;,, on the other hand. The situation

becomes more clear in DRS results which follow (Fig. 5.10b, next section).

5.4.3. Bulk—like dynamics (o. and o, relaxations)
Exploiting the high resolving power of DRS technique, the dielectrically active polymer
phases (i.e. bulk—like and interfacial) could be evaluated in the nanocomposites (Fig. 5.10b).

Bulk—unaffected mobility of PDMS is monitored by « relaxation, characterized by an
almost universal time scale in the Arrhenius diagram (Fig. 5.5a), as compared to different
types of PDMS [Kirst93, Klonosl0A]. The relaxation is present in A380Z1P40 and neat
PDMS. « is the only asymmetric in shape (fun<1) relaxation recorded in the present work
(Table 5.3), while its strength, Ae, decreases with temperature (Fig. 5.5b), as expected for
bulk—unconstrained segmental dynamics [Kremer02, DonthO1].

Quite standard is also the time scale of a. relaxation (Figs. 5.5a and 5.6a), which
describes the retarded dynamics of polymer chains restricted inside A—380 voids or/and due
to the PDMS crystals [Klonos10A, Klonos15A], and is recorded in all samples. A¢ of a.
increases with temperature (Figs. 5.5b,5.6b), as the constraints imposed by the crystals are
gradually loosened [Gedde95, Lund98]. In the case of measurements after crystallization
annealing, o, and S relaxations, whenever recorded, are enhanced (Fig. 5.8) at the expenses of
bulk and interfacial polymer (a and o, respectively), without significant changes in fragility
and shape parameters.

Any effects of zirconia modification on the evolution of & and o, relaxations are again

indirect, depending on the changes in X-.

5.4.4. Interfacial dynamics (o relaxation)

We suggest that a;,, monitors directly the dynamics of semi—bound polymer chains in the
interfacial layer (RAF;,) [Fragiadakis07, KlonoslOA, Fragiadakisll, Klonosl5A]. Its
dielectric strength in Figs. 5.5b, 5.6b is higher for unmodified A—380, for both amounts of
adsorbed PDMS. The relaxation tends to become slower, weaker and less fragile
(cooperative) with zirconia modification (Figs. 5.5,5.6, Table 5.3). The changes recorded by
DRS follow very nicely the respective changes in specific surface area, Spgr, in Table 5.1.
From the methodological point of view, these results may suggest that the adsorption of gas
molecules (Nitrogen in our case) on surfaces of nanometric roughness is representative also

for polymer chains adsorption [Klonos15A].
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Another point of interest is the temperature dependence of Ae for a;, relaxation. We
follow in Figs. 5.5b,5.6b that for the strong a;, relaxations of A380P40 and A380P80 (i.e.
unmodified samples) Ae¢ increases with temperature. Simultaneously with the weakening of
o, relaxation with zirconia modification, Ae tends to decrease with temperature (Figs.
5.5b,5.6b). This behavior resembles that of conventional nanocomposites of crosslinked
PDMS (chapter 4, Fig. 4.11) and natural rubber [Fragiadakis11] filled with in situ generated
silica particles (~5 nm in diameter), where Ae of a;, relaxation was lower than that of a and

decreased with increasing temperature.

5.4.5. Interpretation in terms of models

In a recent study concerning interfacial phenomena in the same unmodified core—shell
systems we have proposed that the characteristics of a;, relaxation are determined by PDMS
chain conformations and polarizability at interfaces [Klonosl5SA]. More specifically,
according to recent studies on adsorbed polymers [Kogal2, Rotellal 1, Kritikos13] there may
exist two populations of chain segments at interfaces which can be considered responsible for
the molecular mobility recorded in DRS as the interfacial a;, process, i.e. (a) extended tails
with bulk—like density but reduced mobility and cooperativity (Scheme 5.1a), and (b)
flattened chain segments which form the inner quite dense region due to multiple contact
points with the silica surface (loops, Scheme 5.1a). We assume that in our core—shell
nanocomposites, the relatively high Spzr values of A-380 particles are responsible for the
successful adsorption of PDMS chains with a high ratio of loops/tails (Scheme 5.1a), due to

the high number of potential particle-polymer contact points.

a. initial state b. surface modified c. system annealed
Scheme 5.1. Proposed 2-D schematic simplified models for describing interfacial polymer dynamics for (a)

unmodified A-380 particles, (b) surface modified A-380 and (c) thermally annealed systems.

Additionally, for samples of respectively high/low interfacial polymer fraction
(RAF;;) we may interpret the respective increase/decrease of Ae of a;, relaxation with
temperature (Figs. 5.5b,5.6b) as follows. According to the models described above, the loop—
like conformed chains are weakly attached (Fig. 1.3a) [Kogal2, Rotellal1] on the surfaces
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and their concentration can increase as temperature increases, without change in interfacial
polymer density, e.g. by simultaneous decrease of loops’ maximum distance (height) from the
adsorbing surface (Fig. 1.3b) [Kogal2], similarly to polymers adsorbed onto solid surfaces
during chemical [Guiselin91] and thermal [Rotellal 1] annealing. On the other hand, in the
case of higher tail/loop ratio (Schemes 5.1b,c, i.e. case of lower RAF;, and, respectively,
lower Ae of a;,) the mobility of the tails (bulk—like density) can gradually increase, drifted by
the increasing of bulk—like polymer mobility. Thus, the degree of ‘immobilization’ and
‘orientation’ of the tails at the interfaces is suppressed, leading to lowering of Ae for a;,, with
temperature (thinner interfacial layer [Fragiadakis07, Fragiadakis11]).

Finally, we recall that in PDMS filled with in sifu generated and finely dispersed silica
(~5 nm) and titania (~30 nm) nanoparticles, the thickness of the interfacial layer, d;., was ~2
nm for silica and ~4 nm for titania [Fragiadakis07, KlonoslOA]. Similar values can be
compatible with our results and the above models about polymer chain conformations
(Scheme 5.1) of the bound polymer layer(s), taking into consideration that the length of Kuhn
segment for a PDMS in melt is ~1.56 nm [Gilral1]. However, the geometrical models
employed previously for the estimation of interfacial layer thickness [FragiadakisO7,
Klonos10A, Gongl4] cannot not be employed here, due to the high degree of initial particles
aggregation [Klonosl5A], the not well defined shape of aggregates (SEM images in
[Klonos15A]), and the significant intraparticle porosity [Sulim09]. Nevertheless, we may
calculate the ‘apparent’ interfacial layer thickness in our core—shell nanocomposites from the
fraction of interfacial polymer, estimated above, and the specific surface area of the oxide
sample before polymer adsorption, Szer, determined by nitrogen adsorption—desorption
measurements (Table 5.1). Assuming (i) constant density of PDMS in the interfacial layer and
in bulk, equal to that of neat PDMS (pppus=1.62 g/m3 [Klonos10A]) and (ii) accessibility of
the whole oxide surface area corresponding to Sgzr to PDMS, we estimate the apparent

interfacial layer thickness, d;,;, by Eq. (5.1).

_ VOIumeimerfacial,PDMS _ Mass X ppus 'RAF;m / Prpus (5.1)

masspie * (1 -X PDMS) ' SBET

int
" surface,

interfacial
Please note that because of assumption (ii) the calculated values represent a lower bound of
the interfacial layer thickness. The results of di, calculation are shown in Fig. 5.10c
comparatively for modified (0.40 — 0.53 nm) / unmodified (1.00 nm) and annealed (0.28 —
0.66 nm) / not annealed (0.40 — 1.00 nm) samples. Thus, d;; decreases on surface
modification by zirconia and on annealing. Absolute values of d;,, in our core—shell

nanocomposites (0.28 — 1.00 nm) are smaller than values obtained in conventional

102



PDMS/silica nanocomposites (~2 nm) (chapter 4 and [Fragiadakis07]) and also smaller than
the Kuhn segment length for PDMS (~1.56 nm, Fig. 5.10c, [Gilrall]). Please compare
[Gongl4] with respect to the discussion of d,, in relation to Kuhn segment length. The
relatively low absolute values can be probably understood in terms of assumption (ii) above.
Results could be rationalized in future work by recording changes in density of the interfacial
polymer, which has been found higher than that in bulk in previous work on polystyrene (PS)
[Kogal2,Vogiatzis11].

5.4.5.1. Effects of surface modification

The suppression of textural pore volume, ¥, in Table 5.1, and of RAF;, (Fig. 5.10) with
surface modification and, at the same time, of interfacial dynamics (Figs. 5.5 and 5.6) and
cooperativity (Table 5.3) suggest strongly that, according to the model described above, the
loops/tails ratio on A—380 is lower for modified samples (Scheme 5.1b). This assumption can
be rationalized in terms of decreasing of the number of polymer—silica contact points due to
the smoothening of interfacial areas [Sulim09], in general. Additionally, this decrease in
contact—points concentration implies an increase of the cooperativity length ¢ and, thus, in the
frame of Adam—Gibbs theory [Adam65, Hodge97], slower and less cooperative segmental
dynamics, in agreement with results for o;, in the present work. Similar effects were
previously reported on the interfacial PDMS fraction in conventional nanocomposites, which
was suppressed at the smoothed surfaces of titania (relatively low surface area, ~47 m?/g), as
compared to the rather diffused surfaces of silica (relatively high surface area, ~453 mz/g)

(details in Chapter 4).

5.4.5.2. Effects of thermal (crystallization) annealing

In the nanocomposites of both modified and unmodified A-380 which have suffered thermal
annealing (a) a;, relaxation has immigrated towards higher temperatures / lower frequencies
(Fig. 5.8a) and (b) A¢ of a;,; has been suppressed (Figs. 5.8b,5.9b). The changes are less
pronounced for the samples of modified A—380, where a;,, was already weaker and slower as
compared to the unmodified A—380. Thus, the effects imposed by annealing seem to be in the
same direction with those of surface modification, as far as interfacial dynamics and fraction
is concerned. The changes can be interpreted, again, in terms of reorganization of chain
distribution in the interfacial layer. More specifically, some of the chains could be detached
during annealing, resulting in the restriction of concentration and mobility of the loops

(Scheme 5.1c¢), which are probably more loosely attached onto the surfaces as compared to
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the tails [Kogal2, Rotellall]. Additional support to this explanation is given by (a) DSC in
Table 5.2 (Fig. 5.10a) for A380P40, for which we follow increasing of AC,, (MAF) after
annealing, without simultaneous increase in X, (CF), and (b) DRS in Fig. 5.8 where we
observed an increase of S relaxation, assigned to increase of the concentration of free (not
engaged by the polymer) surface hydroxyls. Other models proposed for explaining the effects
of annealing in these and similar systems involve the diffusion of free volume holes at the
interfaces between polymer and nanoparticles [Colmenerol3SM] or redistribution of
interfacial free polymer volume [Napolitano12], and, also, possible changes in interfacial

polymer density [Vogiatzis11].

5.5. Conclusions

Effects of surface modification and subsequent thermal treatment on the molecular dynamics
in silica/PDMS nanocomposites of core—shell type were studied in this chapter. The strong
hydrogen bonding developed between the surface hydroxyls of silica and the oxygens of the
backbone of PDMS resulted to successive adsorption of the polymer, in particular to the
formation of an interfacial polymer layer on the surfaces of the particles in the silica
aggregates. The amount of interfacial polymer was estimated by both calorimetric and
dielectric methods to employ quite high fraction of the whole polymer (up to 90 % at the low
polymer loading of 40 wt% PDMS). This amount decreased for high polymer loadings, as
expected. The interaction between particles and polymer was suppressed after the grafting of
zirconia particles onto the surfaces of silica, by suppression of the surface available for
polymer—filler interaction. The changes were reflected both in the thermal transitions (e.g.
enhanced crystallization and glass transition) and the evolution of segmental dynamics, as
recorded through specific dielectric relaxations.

DRS was found able to record the segmental dynamics of PDMS in the polymer—
particle interfacial layer (a;, relaxation). Surface modification and thermal annealing were
found to impose similar effects on interfacial dynamics, both resulting in a reduction of the
number of polymer—particle contact points on the surfaces of silica. As a result, interfacial
polymer fraction, dynamics and cooperativity were suppressed. Furthermore, changes in
specific characteristics of the interfacial relaxation could be interpreted in terms of bimodal
conformations (tail- and loop-like) of the adsorbed PDMS chains at interfaces, the
concentration of which seems to decrease, especially that of loops, with the reduction of the
number of contact points accessible to polymer on the modified surfaces. By employing a

combination of DSC and DRS results we were able to monitor the additional lowering of
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interfacial polymer density after thermal annealing (related also with enhanced crystallization)
of the samples. This result suggests that the loop—like interfacial polymer conformations are
more weakly attached than tail-like chains [Kogal2]. In addition, the results obtained in the
present work enabled to reconsider previous results on conventional PDMS/silica and
PDMS/titania nanocomposites (chapter 4), now from a different perspective. Thus, we
concluded that the reported shift of interfacial dynamics to lower frequencies/higher
temperatures in the titania as compared to the silica nanocomposites may not originate
exclusively from the higher strength of PDMS—titania hydrogen bonding (type of particle)
[Klonos10A] or from the size of oxide particles [Gongl4], but determined also by the
concentration of contact points on the surfaces of aggregates / nanoparticles available for
polymer adsorption, the latter being quantitatively well described by the surface roughness
(Sser) of the aggregates / particles.

The results presented and discussed in this chapter indicate that core—shell
nanocomposites provide an alternative system for the investigation of molecular dynamics of
polymer adsorbed onto a solid surface. With respect to dynamics, conformations and density
of polymer in the interfacial layer, new challenging questions arose from the present study
and will be further followed, partly in the next two chapters, by experiments on PDMS
adsorbed at various amounts on fumed silica and silica—like (e.g. titania, zirconia) particles of

a broad range of specific surface area (surface roughness).
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6. Effects of surface modification on interfacial dynamics
in core—shell NCs based on low specific surface area fumed

silica and PDMS

6.1. Introduction

The present chapter focuses on the effects of surface and structure properties of silica
nanoparticles (in the form of aggregates) on the characteristics of interfacial polymer in NCs
of the core—shell type (although polymer in not grafted on silica), based on low specific
surface area (~58 m’/g) fumed silica (~15-100 nm in size for primary particles) and
physically adsorbed linear PDMS. Before polymer adsorption, the initial silica particle
surfaces were partly modified by the chemical development of amorphous zirconia
nanoparticles (similar process of modification as for high surface area silica, A—380, in the
previous Chapter). The porosity properties of initial and modified silica and silica/PDMS NCs
were investigated using low temperature nitrogen adsorption/desorption and Incremental Pore
Size Distribution (IPSD) analysis. The morphology was examined employing scanning
electron microscopy (SEM), while phase transitions of PDMS in the NCs were studied using
differential scanning calorimetry (DSC). Finally, PDMS segmental dynamics (dynamic glass
transition) at interfaces and in bulk was studied using dielectric relaxation spectroscopy
(DRS). Results are critically discussed and compared with similar results obtained with other

conventional (Chapter 4) and core—shell (Chapter 5) PDMS-based NCs.
6.2. Materials and code names

Commercial fumed pyrogenic silica OX-50 (Degussa, ~15-100 nm in diameter, amorphous)

was used as substrate, neat and modified with zirconia. Zirconium acetylacetonate (Aldrich,
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>98% Zr(acac)s) was used as a reactant to develop zirconia onto silica. The reactions and
procedures of preparation have been previously discussed in detail [Sulim09]. Variation in the
amount of grafted zirconia was provided by reiteration of all the reaction cycles from 1 to 4.
The amorphous nature and content of zirconia (2.6 wt% and 8.4 wt% ZrO, for the 1* and 4t
reaction cycles, respectively) were determined employing X-ray diffraction [Sulim09].
Specific surface area, Sger, for initial and modified oxides and NCs was measured using low
temperature desorption of nitrogen, and values are given in Table 6.1. Polydimethylsiloxane
(PDMS, Kremniypolymer, Zaporozhye, Ukraine, molecular weight MW = 7960, degree of
polymerization d,~105) was adsorbed onto dried oxide samples in the amounts of 40 and 80
wt%. Different amounts of a hexane solution of PDMS at a constant concentration (1 wt%
PDMS) were added to fixed amount of dry silica—zirconia powder, up to the wanted polymer
content. The suspension was mechanically stirred and finally dried at room temperature for
15-17 h and, subsequently, at 120 °C for 1.5 h. Low PDMS content (40 wt%) samples are
powders similar to initial OX-50 powder, while at higher PDMS contents of 80 wt% and 100
wt% samples are liquid—like and liquid, respectively.

Seven polymer nanocomposite compositions were prepared and studied in the present
work, the initial PDMS, silica/PDMS with 40 and 80 wt% PDMS and silica/zirconia/PDMS,
containing modified silica with 1 and 4 cycles of zirconia, again with 40 and 80 wt% PDMS.
The two degrees of zirconia modification enable to follow effects of zirconia fraction on
porosity and interfacial characteristics. Based on previous work on similar systems (Chapter
5), two PDMS loadings have been selected, 40 wt% where interfacial effects dominate the
behavior, and 80 wt% where bulk behavior dominates, similarly to conventional NCs.
Throughout the text and in the figures and tables in this chapter, representative code names
that describe the samples are used. For instance (i) OX50Z1 P80 corresponds to the sample in
which PDMS at 80 wt% is adsorbed onto OX-50 that had previously suffered 1 cycle of
zirconia reaction (2.6 wt% Zr0,), (ii) OX50Z4P40 corresponds to the sample in which PDMS
at 40 wt% is adsorbed onto OX—50 that had previously suffered 4 cycles of zirconia reaction
(8.4 wt% Zr0Oy), and (iii) OX50P80 corresponds to the sample in which PDMS at 80 wt% is

adsorbed onto OX—50 that has not suffered any zirconia reaction (unmodified).
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6.3. Results and discussion

6.3.1. Surface characterization (IPSD)

T T T T T 0.04
a 200 1 b /
- —m— OX50 Y =
° e 4 S
£ 150 sy ] /| EERoxs0 ¥
2 x OXs0z4 - | (W ox50z1 2
5 | mAOX5024 =
= 100 o
S
=
[e]
ﬁ 50
) ' ,
By é':«l"'
.<|*I§l—’—:l'fi' --& NN N
0 : . ; : . ' '
0.0 0.2 0.4 0.6 0.8 1.0 1 10 00
p/po pore radius (nm)
: ; : 0.003
C201 _o_oxsopdo o d [ OX50P40
o~ —o0— 0OX50Z1P40 : |ﬂ]]m]]]]] 0OX50Z1P40 0.002 ’g
15]  —*—OX50Z4P40 3 4 OX5024P40 N
¥ g

N
o
L

adsorption (cm® STP/g

B
N
\

pip, pore radius (nm)
Fig. 6.1. Nitrogen adsorption—desorption isotherms (a,c) and incremental pore size distributions (b,d) of oxides

before (a,b) and after adsorption of PDMS (c,d).

Nitrogen adsorption—desorption isotherms for neat oxides (OX-50, OX50Z1, 0X50Z4) (Fig.
6.1, Table 6.1) and after adsorption of PDMS at 40 wt% (OX50P40, OX50Z1P40, OX50Z4P40)
demonstrate sigmoidal-shaped behavior with narrow hysteresis loops of the H3 type (Fig. 6.1a,c)
[Gregg82, KrukO1]. This behavior indicates the formation of aggregates with initially non—porous
particles that are characterized by textural porosity. With respect to [IUPAC classification of pores, the
nitrogen adsorption—desorption isotherms correspond to type II [Gregg82]. The distributions of voids
between particles in aggregates (Fig. 6.1b) show that the textural characteristics of OX-50 change
after modification. Although the values of the specific surface area Sger (58, 51 and 52 m?/ g for 0X50,
0X50Z1 and OX50Z4, respectively, Table 6.1) do not show significant changes with nanozirconia
modification, the gas adsorption modes changed (Table 6.1), suggesting certain differences in meso—
and macroporosity. Furthermore, the shape of the adsorption—desorption isotherms of the NCs (Fig.
6.1c) and the analysis of the results (Appendix A.6.1) suggest that nitrogen effectively fills mesopores
in aggregates of initial OX—50 and mainly macropores of modified OX-50. We observe in Table 6.1
and Fig. 6.1b that the volume of mesopores (1 nm < R < 25 nm) of initial OX—50 (0.081 cm’/g)

decreases by a factor of 2—4 after zirconia modification. Macroporosity (25 nm < R < 100 nm), on the
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contrary, increases by ~20 times for modified samples (OX50Z1 and OX50Z4). In general, the
average pore radii (<R;>, <Rs> in Table 6.1) are by 3—4 times larger in OX50Z1 and OX50Z4, as
compared to unmodified OX—50.

Table 6.1

Textural characteristics of initial oxides and oxide/PDMS composites: Specific surface area in total, Sggr, of
micropores, Syicro, MESOPOLES, Syes0, MACTOPOIES, Sqcr0, and respective specific pore volume, V,, Viicros Vinesos
Vmaero- Ry and Rg represent the average pore radii determined from the differential PSD with respect to pore

volume and specific surface area, respectively.

Oxide Czon SBET Snano Stmeso Smacro Ve Vaano Vineso Vinacro <Ry> <Rg>
(Wi%)  (m’/g) (m%/g) (m’/g) (m/g) (ecm’/g) (cm’/g) (em'/g) (em'/g) (nm)  (nm)
0X50 0 58 5 52 1 0.096 0.002 0.081 0.013 13.3 4.3
OX50P40 0 18 0 17 1 0.023 0.0 0.016 0.007 235 4.3
0X50Z1 2.6 51 5 31 15 0.280 0.002 0.019 0.259 454 141
0X50Z1P40 2.6 23 0 22 1 0.029 0.0 0.017 0.012 31.8 4.2
0X50Z4 8.4 52 7 33 12 0.311 0.003 0.046 0.262 48.7 141
0X50Z4P40 8.4 18 0 17 1 0.022 0.0 0.015 0.007 26.8 4.5

The textural characteristics of the oxides were modified on adsorption of PDMS (Table 6.1 and
Fig. 6.1d). The value of Szer decreases by 69 %, 55 % and 65 % (in comparison to the initial oxides)
for OX50P40, OX50Z1P40 and OX50Z4P40, respectively, after PDMS adsorption in the amount of
40 wt% (Table 6.1). Polymer adsorption leads to suppression of pore volume (V}) as well as of V.,
and V... The decrease is systematically stronger for OX50Z4P40 as compared to OX50Z1P40. After
addition of PDMS, the average pore radii (Table 6.1, <R;> and <Rs>) decrease sharply. The adsorbed
macromolecules can merge both the oxide nanoparticles and their aggregates into more compact
structures, leading to decrease in the volume of voids between particles. This is a general effect in

polymer/nanooxide composites [Gunko13B].
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6.3.2. Morphology (SEM)

Figure 6.2 shows SEM images of the aggregates of OX-50 dispersed in OX50P80. One can
clearly observe in Fig. 6.2a bunch-like structures varying between 250 nm and 1.5 pum in size.
At higher magnification for the same sample in Fig. 6.2b the initial particles of OX-50 (~15—
100 nm in diameter) structuring the larger aggregates can be recognized. Similar images were
obtained for the zirconia modified nanocomposite samples. Micrographs of the developed
zirconia nanoparticles onto the surfaces of silica have been shown in a previous study on

initial oxides [Sulim09].

4 ym 1 um

det HV WD mag |spot| tilt | Landing E| ~—————1 ym
Helix | 30.0 kV | 5.7 mm |80 000x | 5.0 |0 °| 30.0 keV NTUA

det HV WD mag | spot| tilt | Landing E 4 pym ——
Helix | 30.0 kV | 5.7 mm | 20 000 x| 5.0 |0 °| 30.0 keV NTUA

Fig. 6.2. SEM micrographs of OX50P80 composite.

6.3.3. Thermal transitions (DSC)

6.3.3.1. Polymer crystallization

During cooling of OX-50/PDMS core-shell based NCs in DSC at 10 K/min from 20 °C to —
170 °C single crystallization peaks were observed between —95 and —76 °C for all samples
(Table 6.2, Fig. 6.3a,b). During the subsequent heating in Fig. 6.3¢c,d the endothermic step of
glass transition (—129 to —123 °C, Table 6.2) and cold crystallization exothermic peaks (110
to —90 °C) are observed for neat PDMS and NCs with 80 wt% PDMS. Finally, complex
endothermic peaks during melting of PDMS were recorded for all samples between —55 and —
35 °C (Table 6.2, Fig. 6.3¢,d). The measured and calculated quantities of interest are shown in

Table 6.2.
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Fig. 6.3. Comparative DSC thermograms of OX-50/PDMS, OX-50/Z1/PDMS, OX-50/Z4/PDMS and neat
PDMS during (a,b) cooling and (c,d) subsequent heating at 10 °C/min. Details in the glass transition region
during heating are shown in (e,f). (a,c,e) Correspond to samples with 40 wt% PDMS, while (b,d,f) correspond to
samples with 80 wt% PDMS. Indicated are the main thermal events, i.e. crystallization, glass transition, cold

crystallization and melting. The lines in (e,f) represent the baselines of the thermograms before and after glass

transition.
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Table 6.2
Quantities of interest from DSC measurements: crystallization temperature, T, degree of crystallinity, X., glass
transition temperature, 7T, normalized heat capacity step at glass transition, AC,,, interfacial and amorphous

polymer fraction (at T,), RAFpsc and MAF pgc, respectively, temperature maxima of melting peaks, 7, ».

T, X. T, AC,, RAFpse  MAFpse  Tu T2
C) w0 (/gK) (Wt) (Wt) O (O
sample (#0.2) (5%) (£0.5) (£0.02) (*£10%) (£10%) (£0.2) (+0.2)

OX50P40 —81 0.53 - 0.00 0.47 0.00 —48 —40
0X50Z1P40 -84 0.46 - 0.00 0.54 0.00 —48 —41
0X50Z4P40 -84 0.46 - 0.00 0.54 0.00 —48 —41
OX50P80 —-80 0.57 —-126 0.15 0.23 0.20 —48 —40
0X50Z1P80 -92 0.46 —-123 0.03 0.49 0.05 =51 —40
0X50Z4P80 -95 0.23 -129 0.04 0.68 0.09 =50 -39
PDMS —76 0.65 -127 0.22 0.12 0.23 —47 —40

Neat PDMS crystallizes at —76 °C and X. is 0.65 wt (Table 6.2). Both crystallization
temperature, 7T, and degree of crystallinity, X, are suppressed in all OX—-50/PDMS samples.
Suppression gets stronger with zirconia modification for both polymer loadings (Table 6.2).
Crystallization during cooling at 10 K/min is very weak for OX50Z1P80 and OX50Z4P80
(Table 6.2), thus PDMS in these samples crystallizes partially during heating (cold
crystallization [Gedde95], Fig. 6.3f). The results suggest that silica particles do not act as
crystallization nuclei [Gedde95]). Results similar to those presented here have been obtained
in previous work on silica/PDMS NCs [Aranguren98, Klonosl1, Sulym14], as well as on
polymers confined between solid surfaces [Vanroy13].

At higher temperatures, complex endothermic melting peaks are observed between —
51 and —39 °C (T, Tz in Table 6.2). The temperature difference between these two peaks
varies between 7 and 11 K (Table 6.2). T,,; is lower in the case of NCs as compared to neat
PDMS, suggesting lower density (worse lamellae packing [Gedde95, Dobbertin96,
Aranguren98]) of PDMS spherulites in OX-50/PDMS core—shell NCs. Complex and double
melting peaks have been observed before in PDMS systems [Aranguren98, Klonosl0A],
probably related also with events of recrystallization and subsequent melting of metastable
crystals [Aranguren98, Klonos12, Gedde95]. Thus, X, was not estimated from the melting

enthalpy in the present work.
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6.3.3.2. Polymer glass transition

Coming now to glass transition (Fig. 6.3e,f), the corresponding exothermic step was recorded
during heating for the high polymer content samples (i.e. 80 wt%) and initial PDMS (Fig.
6.31). The glass transition step is absent (or extremely weak) for samples of 40 wt% PDMS
(Fig. 6.3¢). The characteristic temperature 7,, determined as the midpoint of the heat capacity
step at glass transition, is —127 °C in neat PDMS and varies in the NCs between —123
(OX50Z1P80) and —129 °C (0X50Z4P80) (Table 6.2). T, and the change in heat capacity,
AC,,,, are ruled by spatial and physical constraints imposed by, both, the presence of oxide
nanoparticles (strong interfacial interactions) and condensed polymer crystal regions
[Klonos10A, Klonosl15A]. Thus, T, should increase in the NCs, as compared to neat PDMS,
due to PDMS-silica interactions and decrease due to lowering of crystallinity X, (Table 6.2).
The results in Table 6.2, in particular the decrease of 7, in OX50Z4P80, suggest that changes
in crystallinity dominate over the effects of PDMS-silica interactions.

In addition to 7, the temperature range of glass transition, T,ner—Tend, 1S Worth
discussing. In previous works [Klonos12, Klonosl0A] we have demonstrated the close
dependence of T,,5.—Tena On the degree of crystallinity X, of PDMS. Looking now at Fig. 6.3f,
we suggest that the smooth shaped glass transition steps (large 7,user—ens) for initial PDMS
and OX50P80 with higher 7, values correspond to highly crystallized polymer. The sharp
shaped glass transition (small 7ou5e—Tena) 0f OX50Z4P80 with lower Ty, on the other hand,
corresponds to a sample of highly suppressed degree of crystallinity (Table 6.2). It is
interesting to focus on the dual-structured glass transition for OX50Z1P80 (Fig. 6.3f), which
demonstrates the presence of both behaviors in the same sample (one dominated by the
unaffected amorphous part of the polymer and the second by the amorphous polymer
constrained between spherulites [Klonos10A, Yu09, Papageorgioul4]). This result will be

confirmed later by DRS.
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Fig. 6.4. FTIR spectra of initial OX—50, OX50P40, 0X50Z1P40 and OX50Z4P40.
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We recall at this point that the physical adsorption of PDMS onto silica is
accompanied by the formation of hydrogen bonds between surface hydroxyls and the O atoms
of the PDMS backbone [Gunko13, BokobzalO]. The intensity of FTIR spectra (Fig. 6.4) in
the region of O—H vibrations decreases with polymer adsorption (details in Appendix A.6.2),
the decrease being stronger in the NCs of modified oxides. The decrease suggests that a
significant amount of free surface hydroxyls [Gunko13] are disturbed by PDMS chains. The
disturbance is stronger for the zirconia modified oxides, suggesting that the number of contact
points between silica and polymer chains increases with zirconia. Further support for that will
be provided in the following DSC and DRS results.

The above discussion suggests that the particles—polymer interactions should be
responsible for the formation of a rigid amorphous polymer fraction [WurmlO] in the
interfacial layer, similarly to previous works in PDMS [Fragiadakis07, KlonoslOA,
Klonos15A]. We proceed now with calculation of the various polymer fractions using Egs.
(3.4,3.5) (Section 3.2).

The calculated values are listed in Table 6.2. RAFpsc varies between 0.47 and 0.54 wt
for the samples of low polymer loading and between 0.23 and 0.68 wt for the samples of high
polymer loading. For neat PDMS, the respective value is 0.12 wt and it corresponds to
RAFys,psc, while CF is 0.65 wt. Considering that X, is in general lower for the NCs with
modified oxides for both polymer loadings while, at the same time, RAFpgc is higher (changes
are systematic for 80 wt% PDMS), we conclude that the increase on RAFpgc originates from
an increase of RAF;, psc.

In agreement with the values of V), in Table 6.1, the increase of RAF ;. psc reflects the
increasing of accessible volume for polymer chains in the macro—pores. According to DSC
results (and DRS later) the calculated V), distributions (Table 6.1) seem to describe better the
adsorption of PDMS chains in the voids of OX-50 aggregates, rather than Sggr. Finally, by
comparing the DSC results for the different surface modification of OX-50, we can follow in
Table 6.2 that with increase of zirconia content (from 0 to 2.6, and to 8.4 wt%, Table 6.1)
polymer adsorption is enhanced (RAFpsc increases) at the expenses of bulk mobility and

crystallization (the sum MAF + X. decreases in Table 6.2).

6.3.4. Segmental dynamics (DRS)

DRS results are comparatively presented in the form of frequency dependence of the
imaginary part of dielectric permittivity (dielectric loss), ¢" (Fig. 6.5, isothermal plots) for

two selected temperatures. We focus again on segmental dynamics, i.e. on the dielectric

115



relaxations o, o, and o, [Klonos10A, Klonos15A] corresponding to the calorimetric glass

transition in Figs. 6.3e,f. The origin of these relaxations (see below) has been described in our

previous works on PDMS systems [Fragiadakis07, Klonos10A, Klonos15A].
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Fig. 6.5. Isothermal DRS plots of the imaginary part of dielectric permittivity (dielectric loss), ¢, vs frequency
for PDMS and for composites with (a,c) 40 wt% adsorbed PDMS and (b,d) 80 wt% PDMS, at —110 °C (a,b) and

—80 °C (c,d). The arrows mark the frequency of ¢ maximum for each relaxation.

6.3.4.1. Raw data and analysis

In Figs. 6.5a,b o relaxation at around 10° Hz at —110 °C is associated with the glass transition
of the bulk amorphous unaffected polymer fraction [Klonos10A, Klonos12, Klonos15A]. This
relaxation corresponds to the lower temperature sharp—shaped glass transition step in DSC for
the amorphous part of the polymer (Fig. 6.3f). Next to a, at around 10° Hz at =110 °C in Figs.
6.5a,b, a. relaxation originates from polymer chains restricted either between condensed
crystal regions [Klonos10A, Yu09, Papageorgioul4] (which is the case of neat and 80 wt%
PDMS, Fig. 6.5b) or in the voids between nanoparticles in their aggregates (which is the case
of core—shell NCs at low polymer loading, Fig. 6.5a) [Klonos15A]. Finally, a;, relaxation in
the broad range from 5-10° to 10> Hz at —80 °C (Figs. 6.5¢,d) represents the dynamics of
semi-bound polymer chains in the interfacial layer, with strongly reduced mobility due to

interactions with the surface hydroxyls of OX—50 [Fragiadakis07, Klonos10A, Klonos15A].
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DRS results were analyzed in terms of Havriliak-Negami equation (Eq. (3.6), details
in Section 3.4) and values of the fitting parameters for the shape of the relaxations (mean
values over the temperature range of measurements) are listed in Table 6.3. By plotting the
frequency of maximum of ¢”" from Eq. (3.6) against reciprocal temperature for the three
segmental relaxations, the Arrhenius plot of Fig. 6.6a was constructed. Included in the
Arrhenius plots of Fig. 6.6a are the respective peak temperatures at the equivalent frequencies
of DSC and TSDC [Klonos15A] (i.e. 20 mHz and 1.6 mHz, respectively [Fragiadakis07]).
TSDC (Thermally Stimulated Depolarization Currents, Section 3.3) is a special dielectric
technique in the temperature domain which was employed here to determine peak
temperatures at the equivalent frequency of the technique. The Vogel-Tammann—Fulcher—
Hesse (VTFH) equation (Eq. (3.7), [VTFH]), characteristic of cooperative processes
[Richert98] has been fitted to the data of Fig. 6.6a (lines) and the fragility index m was
determined (Table 6.3). We recall that m is a measure of cooperativity (deviation from linear
behavior) [Klonos15A, Richert98]. VTFH could not be fitted to the data for a;,, in OX50P40
and OX50P80, which are described by the Arrhenius equation (Eq. (3.11) [Arrhenius1889],
straight lines in Fig. 6.6a). Finally, we present in Fig. 6.6b the reciprocal temperature

dependence of Ae from Eq. (3.6) for the relaxations of all measured samples.
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Fig. 6.6. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the segmental relaxations:
bulk polymer (a), restricted in voids and crystal regions (a.) and interfacial polymer (a;,,) for OX-50/Zr/PDMS
composites and neat PDMS. The blue triangles correspond to 40 wt% adsorbed PDMS, while the red cycles
correspond to 80 wt% adsorbed PDMS. Included in (a) are the respective DSC and TSDC points. The lines in (a)
are fittings of the VIFH and Arrhenius equations Eqgs. (3.7,3.11) to the data for the recorded relaxations. The
inset in (b) shows in more detail the region of «;, relaxation. The arrows in (a) mark changes on o, between

unmodified and modified of OX-50.

117



Table 6.3
Values of interest from DRS results: Shape parameters, oy and Sy, and fragility index, m, for the recorded
dielectric relaxations, interfacial polymer fraction, RAF;, prs, and mobile amorphous fraction, MAFpgs, at ~—95

°C. (*) corresponds to relaxations which do not obey VTFH equation.

Process o Oc Olint
parameter | ony  Puv  m | oun  Puv m | amn  Puv m | RAFuprs MAFprs
sample | (V) (V)
0OX50P40 - - - 023 1.0 721047 10 * 0.05 0.42
0X50Z1P40 - - - 025 1.0 8 | 030 1.0 30 0.10 0.44
0X50Z4P40 - - - 029 1.0 9 | 040 1.0 35 0.10 0.44
OX50P80 - - - 031 1.0 88 ]049 1.0 * 0.01 0.42
0X50Z1P80 | 0.60 0.8 115|030 1.0 &7 (030 1.0 34 0.04 0.50
0X50Z4P80 - - - 0.27 1.0 8 | 030 1.0 49 0.11 0.67
PDMS 0.35 09 106 | 030 1.0 96 - - - 0.00 0.25

6.3.4.2. Bulk dynamics (a and a. relaxations)
We discuss separately bulk dynamics (o and a. relaxations) in this section and interfacial
dynamics (a;,;) in the next section. The dual character of a. relaxation (characterized by shape
parameters oun~0.25, fuv=1, mean values over the temperature range of the relaxation),
concerning the type of spatial restriction of PDMS chains (between PDMS crystals
[Klonos10A, Yu09] and in voids of OX—50 aggregates), is better revealed by dividing the
discussion into low (40 wt%) and higher polymer contents (80—100 wt%). For the low PDMS
content, a. originates from the reduced segmental mobility of PDMS chains inside the voids
in the layers above the interfacial layer. In Fig. 6.5a and Figs. 6.6a,b we follow that in theses
samples time—scale and strength of a. are suppressed with zirconia. This result is consistent
with the simultaneous increase of the interfacial layer in the voids of OX-50 (Table 6.2),
which increases the constraints imposed on polymer bulk-like mobility. Recalling DSC
results, it is worth to point out the absence of glass transition for the 40 wt% PDMS NCs (Fig.
6.3e). On the other hand, owing to the higher resolving power of DRS, both the interfacial
(atine in Fig. 6.5¢) and the bulk—like segmental dynamics (o, in Fig. 6.5a) are recorded by DRS
in these NCs.

For the high polymer loading o, relaxation seems to dominate the segmental response
of PDMS in Fig. 6.5b. In addition, the frequency—temperature position of a. in Fig. 6.6a is
almost identical for these samples, contrary to a. for low polymer loading which slows down

with nanozirconia modification. We recall that the DSC results for 80 wt% PDMS samples
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and neat PDMS (Fig. 6.3) show crystallization events (either at cooling or at heating, at 10
K/min). Considering that during DRS measurements the samples stay at each temperature of
measurements for about 10 minutes (isothermals), this procedure of measurements could be
considered as a type of multi-temperature crystallization annealing, which leads to increased
degree of crystallinity, most probably higher than in DSC measurements. That is the reason
for the same pattern of a. relaxation in neat PDMS and the composites of 80 wt% PDMS (Fig.
6.5b), despite different degrees of crystallinity by DSC (Table 6.2). Please note also that a.
and o were simultaneously recorded at —110 °C (Fig. 6.5b) for OX50Z1P80, similarly to the
dual structured glass transition recorded by DSC (Fig. 6.3f).

Bulk unaffected PDMS mobility is recorded via a relaxation only for two samples
(Fig. 6.5b), namely the initial PDMS (agn~0.35, funv=0.9) and OX50Z1P80 (aun~0.60,
Luv=0.8) (Table 6.3). The absence of unaffected polymer mobility (bulk) in the majority of
the NCs reveals the high degree of constraints imposed on polymer mobility in these highly

complex systems.

6.3.4.3. Interfacial dynamics (a;, relaxation)

The relaxation process of PDMS in the interfacial layer (a;,, characterized by mean values of
the shape parameters over the temperature range of the relaxation ay~0.30 — 0.49, fuy=1) on
the surfaces of OX-50 (inner walls in the voids and external walls of the aggregates) is the
slowest of the three segmental relaxations. We should remind, at this point, that the
assignment of this process to PDMS in the interfacial layer is supported by the following
observations are: (i) a;, is absent in neat PDMS, (ii) its time—scale trace extrapolated to the
respective DSC equivalent frequency (~10 > Hz [Fragiadakis07]) approaches the region of T o
and (iii) its fma(7) dependence is, in general, of the VTFH type [Klonosl10A, KlonosI5SA]
revealing its cooperative character. Similar results have been obtained recently by employing
DRS in NCs of various polymers [Fragiadakis1 1, Fullbrant13, Holt14].

For both polymer loadings in Fig. 6.6a a;, is slower for unmodified OX-50 than for
zirconia modified samples. As surface modification increases (zirconia content increases from
0 to 2.6, and 8.4 wt%, Table 6.1) a;,, immigrates towards higher frequencies / lower
temperatures and its cooperativity increases (increased m, Table 6.3), suggesting gradual
enhancing of polymer dynamics at the OX—50/PDMS interface. At the same time, Ae for o
in Fig. 6.6b exhibits higher values for the lower PDMS loading NCs, whereas changes with
degree of modification are non—systematic. The same is true for the real part of dielectric

permittivity, ¢, (Fig. 6.7) and AC conductivity, o4¢ (not shown), which are, however, higher
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than additivity values [KramarenkoO5]. These results can be rationalized in terms of increased
orientational polarization in the interfacial layer (inset schemes to Fig. 6.7), at the lower
PDMS content (to be further discussed below), in agreement with results reported recently for

similar systems [Klonos15A].
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Fig. 6.7. Selected results of the real part of dielectric permittivity, ¢, against frequency at —150 °C. The inset
schemes show simplified models for the conformations of interfacial polymer chains adsorbed on the surface of
unmodified and modified silica. The arrows mark changes imposed by zirconia modification in the

nanocomposites.

The fraction of polymer in the interfacial layer (the reduced mobility polymer fraction)
RAF;,;prs Was calculated employing Eq. (3.10) (Section 3.4). Bearing in mind that the
dielectric strength changes with temperature, we employed DRS results at a temperature (—95
°C) where all relaxations were simultaneously recorded. Similar to RAFpsc (Table 6.2),
RAF;u prs calculated by DRS increases systematically with surface modification of OX-50.
We recall that, in addition to RAF;. prs increase (Fig. 6.8a), the dynamics at the interface is
also accelerated (Fig. 6.6a). We suggest that the increase of the concentration contact points at
the interfaces accessible to PDMS is at the origin of both these results (inset to Fig. 6.8a).

The insets to Fig. 6.8a show the simplified model employed for the interpretation of
our results. According to this model and previous experimental findings obtained with
silica/PDMS core—shell systems with high surface area fumed silica (previous Chapter), it is
suggested that adsorption of PDMS proceeds via two chain conformations, which can be
considered responsible for the molecular mobility recorded by DRS as interfacial oy
relaxation process: (a) extended tails forming the outer region, with bulk—like density but
reduced mobility and (b) flattened chain segments which form the inner quite dense region
due to multiple contact points (loops) with the silica surface [Kogal2]. It has been also

suggested that for low polymer contents the tails are mobile enough to cooperate with each
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other, but being sparsely distributed on the surfaces of the nanoparticles their cooperativity
length (¢) [Richert98] is relatively large. The extended (orientated) tails imply high
polarizability and, this way, increase ¢, ¢~ and Ag, in agreement with experimental results
obtained with PDMS adsorbed on high surface area silica (Chapter 5 and [KlonoslI5A]).
Similar results have been obtained here for the 40 wt% PDMS systems. In addition, surface
modification of OX-50 by zirconia in the present work leads to increased number of contact
points and, therefore, more dense interfacial layer. This implies reduction of the cooperativity
length ¢ and, thus, in the frame of Adam—Gibbs theory [Adam65, Hodge97], faster and more
cooperative segmental dynamics, in agreement with results for a;, in the present work (Fig.
6.6a, Table 6.3). The additional polymer chains that connect to the additional contact points
(in agreement to FTIR, discussion in section 6.3.3.2) can form both extra tails and loops. This
implies serious obstacles to the orientation of the tails, resulting in reduction of dielectric

response (Ae and ¢, in Fig. 6.6b and Fig. 6.7, respectively).
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Fig. 6.8. Estimated (a) modified polymer fractions (RAFpsc, RAF;,; prs), and (b) bulk mobile amorphous polymer
fraction, MAF, against the amount of surface modification of initial OX—50 particles with nanozirconia, for
systems loaded with 40 wt% PDMS (blue triangles) and 80 wt% PDMS (red cycles). Results for RAFpgc- are
shown comparatively at T, (solid symbols) and for RAF;, prs at —95 °C (empty symbols) (details in text). The
lines are used as guides to the eyes. The insets to (a) show simplified models for the conformations of polymer
chains during the first stages of adsorption on the surface of silica at 40 wt% PDMS loading for the different

surface modifications of OX-50.

So far the discussion was limited to the 40 wt% PDMS NCs. RAF;,; prs for samples of
80 wt% adsorbed PDMS are again in close qualitative agreement with DSC (Fig. 6.8a). Also,
interfacial dynamics accelerates systematically with zirconia in Fig. 6.6a. In addition, MAF
follows opposite trends with zirconia modification for DSC and DRS in Fig. 6.8b for the high
PDMS loading, while MAF for the low polymer loading is almost constant for both DSC and

DRS. These results reflect, on the one hand, the suppression of interfacial polarizability at
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high polymer loading (¢ in Fig. 6.7) and, on the other hand, the significance of the degree of
crystallinity in the determination of MAF (MAF = 1 — X, — RAF). Kumar and coworkers
pointed to the primary role of crystallization in semicrystalline PNCs, affecting also filler
distribution and aggregation [Khan09].

Increased orientational polarizability in the interfacial layer as compared to bulk is
also at the origin of differences in the absolute values of RAF;, prs and RAFpsc and in their
dependence on surface modification in Fig. 6.8a. It is interesting to note in this connection the
significantly lower dielectric response of the NCs of the present study, as compared to similar
NCs based on high surface area silica in a previous study [Klonos15A]. Please note also that
the two procedures of determining RAF;,, based on different experimental methods, are
different in principle [Eslamil3]. So, as mentioned previously, RAF;,.prs Was determined
through the contribution of interfacial polymer fraction to total polarization (Eq. (3.10)),
while RAFpsc (Eq. (3.5)) through the missing of the corresponding contribution to the heat
capacity jump at the glass transition.

In Fig. 6.9 we compare time scale of interfacial dynamics in the present and in
previous works in (a) conventional PDMS/silica and PDMS/titania NCs (Chapter 4), i.e.
spherical nanoparticles in situ generated and dispersed in a matrix of crosslinked PDMS
[FragiadakisO7, Klonos10A], and (b) in core—shell systems based on high specific surface
area silica and linear PDMS [Klonos15A].
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Fig. 6.9. Comparative Arrhenius plots of interfacial dynamics (a,.) in core—shell and conventional oxide/PDMS
nanocomposites. Open and solid triangles correspond to OX50P40 and OX50Z4P40 core—shell systems,
respectively (present work). Lines (1) and (2) correspond to the interfacial relaxation in conventional (sol-gel)
PDMS/silica and PDMS/titania nanocomposites, respectively [Klonos10A]. Line (3) corresponds to core—shell
system based on fumed silica of high surface area (A380, Spz~342 m*/g) on which 40 wt% of PDMS has been
adsorbed [Klonosl5A]. Line (4) corresponds to the interfacial relaxation of the same system after thermal

(crystallization) annealing [Klonos15A].
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The traces of the recorded o, in the present study (Fig. 6.9) are, in general, similar to
those of conventional (Chapter 4 [KlonoslOA]) and core-shell based (Chapter 5
[Klonos15A]) silica/PDMS from previous work. Differences for different types of filler, i.c.
slower for conventional titania/PDMS than for silica/PDMS, grey dash—dotted lines (2) and
(1), respectively, in Fig. 6.9 and [Klonosl0A], have been previously ascribed to stronger
hydrogen bonding between PDMS and the —OH of titania [Bokobzal0] as compared to silica
[Klonos10A, Klonosl1]. Evidence against this interpretation was provided in the previous
Chapter, by the study of PDMS adsorbed on fumed silica and silica gel (with high Sger for
both) [Klonosl15A], where the traces of a;, in the Arrhenius plot at 40 wt% and 80 wt%
polymer loadings were found to coincide with those of titania/PDMS and silica/PDMS
[Klonos10A], respectively. Moreover, thermal annealing of the systems at the temperature of
PDMS crystallization was found to suppress significantly both dynamics and strength of o,
relaxation, especially in the case where PDMS crystallization was absent (i.e. for NCs with 40
wt% PDMS, red dotted lines (3) and (4) in Fig. 6.9).

Combining all the above observations we suggest that the strength of polymer—particle
hydrogen bond is not the main factor dominating interfacial dynamics. Similar to results in
high specific surface area silica in previous chapter, we gain here additional support that
interfacial dynamics is mainly ruled by: (a) the number and accessibility of contact points
(surface properties of the particles) and (b) structure and flexibility of polymer chain (polymer
topology at the interfaces). Additionally, our results could be, again, explained by employing
models proposed previously involving different conformations of polymers adsorbed onto a

solid surface [Kogal2, Rotellal 1, Kritikos13].

6.4. Conclusions

Structure, porosity and interfacial characteristics of low specific surface area (Szzr~58 m’/g)
fumed silica nanoparticles (~15-100 nm in average diameter), partly modified via
nanozirconia grafting, along with polymer organization during polymer adsorption and
preparation of core—shell based nanocomposites (NCs), were in the center of interest for this
study. To that aim adsorption—desorption nitrogen isotherms, morphology (SEM), thermal
(DSC) and dielectric (DRS) techniques were employed. From the fundamental point of view,
this work provides additional evidence that the core—shell type NCs present an alternative

model system for the investigation of interfacial dynamics: by controlling polymer content,
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the recorded DSC and DRS responses may be dominated by the interfacial polymer layer,
being the majority among other polymer fractions.

Amorphous silica nanoparticles were found to aggregate with each other in the 10 nm
scale, forming interparticle voids of the meso (1 nm < R,,;; < 25 nm) and macro (R,sq > 25
nm) scale. Nanozirconia modification increased the macroporosity and simultaneously
suppressed the mesoporosity in the aggregates. Results indicate that during the initial stages
of polymer adsorption strong hydrogen bonding develops between the surface hydroxyls of
silica and the oxygens on PDMS backbone, resulting in high coverage of both the inner and
external surfaces of silica aggregates. Results by DSC and DRS, in agreement with each other,
reveal higher degree of initial PDMS adsorption in the case of modified surfaces. This last
result was obtained by monitoring the fraction and dynamics of polymer chains at the
interface (i process), and interpreted in terms of increased density of contact points of silica
(accessible hydroxyl groups) with PDMS chains. The increase of concentration of polymer
chains at the interface is accompanied by faster dynamics and increased cooperativity.
According to a previously proposed model [Klonos15A], we suggest that during the initial
adsorption of PDMS the chains are strongly attached (although sparsely distributed) and
highly orientated (tails) over the surfaces, characterized by lower cooperativity. Nanozirconia
modification increases the concentration of accessible to PDMS contact points and, thus, the
number of tails. Further polymer adsorption proceeds via loop—like conformations, probably
in more dense packing onto the surfaces, resulting in increase of the degree of cooperativity of
polymer chains in the interfacial layer and in faster interfacial dynamics [Klonos15A]. Thus,
number and accessibility of contact points (surface properties of the particles) and structure
and flexibility of polymer chain (polymer topology at the interfaces) dominate interfacial
interactions. Finally, it becomes clear that the characteristics of interfacial polymer and, most
probably, polymer adsorption depend on the surface roughness of the hosting particles, the
latter being described by Szer in case of high textural porosity. Therefore, in the following
Chapter we investigate the above dependence in NCs based on PDMS and metal oxide

nanoparticles of a wide range of Szer.

APPENDIX A.6
A.6.1. Incremental Pore Size Distribution (IPSD) and analysis

To analyze the textural characteristics of nanooxides, low—temperature (77.4 K) nitrogen

adsorption—desorption isotherms were recorded using a Sorptometer KELVIN 1042
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(COSTECH Instruments) adsorption analyzer. Samples were previously out—gassed at 473 K
for several hours. The specific surface area (Sgrr) was calculated according to the standard
BET method [Brunauer38].

The total pore volume V}, was evaluated from the nitrogen adsorption at p/po = 0.99,
where p and po denote the equilibrium and saturation pressure of nitrogen at 77.4 K,
respectively. The nitrogen desorption data were used to compute the pore size distributions
(PSDs, differential fv(R) ~ dV,/dR and fs(R) ~ dS/dR) using a self—consistent regularization
(SCR) procedure under non—negativity condition (fy(R) > 0 at any pore radius R) at a fixed
regularization parameter & = 0.01 with a complex pore model with cylindrical (C) pores and
voids (V) between spherical nonporous nanoparticles packed in random aggregates (void—
cylindrical pore model was used for silica (CV/SCR model) or silica and zirconia (VCV/SCR
model)). The differential PSDs with respect to pore volume fA/(R) ~ dV/dR, [f(R)dR ~ V, were
re—calculated to incremental PSD (IPSD) at ®(R,) = (f(Ri+1) + /(R))(Ri+1 — R)/2 at 2Dv(R;)
= V}). The differential fs(R) functions were used to estimate the deviation of the pore shape

from the model as follows
Rmilx
Aw= {S Az (R)dR]—l (1)
Rmm

where Rmax and Ruyin are the maximal and minimal pore radii, respectively. The fv(R) and fs(R)
functions were also used to calculate contributions of nanopores (Vpano and Snano at 0.35 nm <
R < 1 nm), mesopores (Vmeso and Smeso at 1 nm < R < 25 nm), and macropores (Vmacro and
Smacro at 25 nm < R < 100 nm). The average values of the pore radii were determined with
respect to both pore volume and specific surface area, respectively, as the corresponding

moments of the distribution functions

<R, >= j Rf, (R)dR/ j £, (R)dR ©)
<R >= j Rf,(R)dR/ j f.(R)dR 3)

R R

‘min ‘min

A.6.2. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of powdered samples (grinded with KBr at the mass ratio 1:9) over the 400 —
4000 cm™' range were recorded employing a ThermoNicolet FTIR spectrometer in diffuse

reflectance mode.
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7. Dependence of interfacial polymer fraction and

dynamics on roughness of hosting surfaces

7.1. Introduction

The existence of an interfacial polymer fraction in polymer nanocomposites (PNCs)
[Wurm10, Ackora09, Boucher10], characterized by a modified structure [Eslamil 3, Voyatzis
13, Harmandarisl4, Voyatzisl4], slower dynamics [FragiadakisO5, KlonoslOA,
Fragiadakisl1, Fullbrantl3, Holtl4, Klonosl5A] and increased thermal stability
[Galaburdal4, Sulym14], as compared to the bulk, has been found to affect significantly or
even dominate the properties of PNCs [Schmidtl0]. In chapter 4 we suggested that the
stronger polymer—particle hydrogen bonding is at the origin of the increased interfacial layer
thickness in polydimethylsiloxane (PDMS) / titania as compared to PDMS / silica
conventional PNCs [Klonos10A]. Kumar and coworkers suggested that the interfacial layer
thickness may decrease with curvature of the adsorbing surface [Harton10] and increase with
size of nanoparticles [Gongl4]. In chapters 5-6 we demonstrated systematic changes on
interfacial PDMS fraction and dynamics on the surface and porosity characteristics
(roughness) of fumed silicas. The latter are reflected in the specific surface area, Sppr
[Fullbrant14, Klonosl5A, Klonos15B], especially in case of silicas with mainly textural
meso— and macro— porosity (i.e. surface pores of >2 nm diameter).

An interesting question, so far not considered in the respective literature, refers to the
dependence of the characteristics of the interfacial polymer fraction on surface roughness.
Therefore, we present in this chapter results by differential scanning calorimetry (DSC) and
dielectric relaxation spectroscopy (DRS) in systems based on linear PDMS (40 wt%)
adsorbed (via hydrogen bonding) on aggregates of fumed metal oxide particles of a wide

range of nanometric surface roughness (Sggz, 25-342 m?/g). Results are discussed in terms of
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dynamics in the interfacial layer and evaluation of the interfacial polymer fraction and
apparent thickness/density of the interfacial layer. The interfacial polymer fraction (Rigid
Amorphous Fraction, RAF) was evaluated in DSC by the deviation (missing part) of the heat
capacity step of the nanocomposites (NCs) at glass transition, AC,, from that of the neat
polymer [Wurm10]. In DRS, on the contrary, the segmental dynamics of the polymer at the
interfaces was recorded (o relaxation) [Klonos10A, Klonos15B] and RAF was evaluated by
comparing its dielectric strength (A¢) with that of the total segmental response (interfacial and
bulk). The methodology for that has been described in Chapter 3 and already used in chapters
4-6.

7.2. Materials

The metal oxides used [Sulim(09] are titania (~70 nm in diameter for primary particles, ~800
nm in size for aggregates, Spzr~ 25 m*/g, details of preparation later in chapter 9) and various
silicas (8-85 nm in diameter for primary particles, 300—-600 nm in size for aggregates, Szer ~
55-342 m?/g, details of preparation in chapters 5 and 6). PDMS (Kremniypolymer,
Zaporozhye, Ukraine, linear, MW ~ 7960, degree of polymerization ~105 monomers/chain, —
CHj; terminated) was physically adsorbed onto dried oxides at the constant amount of 40 wt%.
This specific fraction of PDMS loading was selected as results in our previous studies on
similar systems [Klonos15A, Klonos15B, Galaburdal4, Sulym14] have indicated that the
accessible area (accessible contact points) of metal oxides can be fully covered already at 40
wt% PDMS in all cases of Szer. Thus, keeping most of the parameters constant (type and
fraction of polymer, preparation process, type of porosity (namely textural) of initial oxides)
we will attempt to directly record the effects of changes in surface roughness on interfacial

interactions and polymer dynamics in the interfacial layer.

7.3. Results and discussion

7.3.1. Differential scanning calorimetry (DSC)

Figure 7.1 presents comparative DSC thermograms in the glass transition region for PDMS
and NCs. The glass transition temperatures, 7,, determined as the midpoint of the heat
capacity step, AC,, (Table 7.1) increases in the NCs by 1-5 K, comparing to neat amorphous
PDMS (-129 °C). The heat capacity step, normalized to the same amorphous PDMS mass,
AC,,, (Eq. (3.3) in section 3.2.), decreases in the NCs, due to the growth of the interfacial
Rigid Amorphous Fraction, RAF;,, [Wurml10]. Because of the semi—crystalline nature of
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PDMS, an additional Rigid Amorphous Fraction exists in close proximity to polymer crystals,
RAF 4 [Dobbertin96]. RAF;,, and RAF s do not contribute to AC,, forming together RAF.
Furthermore, we employ Eq. (3.5) according to a ‘3—phase model’ (section 3.2) and calculate
RAF (Table 7.1). In Fig. 7.1b we follow that RAF increases with Szer almost linearly, varying
between 0.35 wt (titania, Sz ~25 m?/g) and 0.79 wt (silica of Szer ~342 m%/g).
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a 1 neat amorphous PDMS b o MAF
o 2 data from ATHAS 170.02 J/gK 08, i g;F roar
g’ | nanocomposites of il . . f”{_ oryst
- |3 titania 25 m%/g 2 linear fit |
) 4 silica 55 m%/g g 0.6 - J
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c [ 6 | A
4
T T r T T T T T T T . 0.0 — 1777 A
-145 -140 -135 -130 -125 -120 -115 0 50 100 150 200 250 300 350
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Fig. 7.1. (a) Comparative DSC thermograms for samples of 40 wt% PDMS adsorbed on silica and titania
particles and for pure amorphous PDMS, in the glass transition region. Heat capacity curves for PDMS from the
ATHAS databank ([Wunderlich95, Wunderlich03]) are also shown. The curves are normalized to sample mass.
(b) fractions of rigid amorphous polymer (RAF), mobile amorphous polymer (MAF) and crystalline polymer

(CF) against specific surface area, Sger, of the hosting particles.

Table 7.1
Quantities of interest from DSC measurements: glass transition temperature, 7,, normalized heat capacity step at
glass transition, AC,,, rigid and mobile amorphous polymer fractions (at T,), RAF and MAF, respectively, and

crystalline polymer fraction, CF.

Sz Ty AC,, RAF MAF CF
(m’/g)  (°C)  (/gK) (W (W) (W)
25 128 011 035 0.8 047
55 = 0.00 047 0.00 0.53
240 129 0.2 055 031 0.14
319 -129 008 076 024 0.00
342 -129 007 079 021 0.00
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7.3.2. Dielectric relaxation spectroscopy (DRS)

DRS results recorded isothermally (section 3.4) have been replotted in Fig. 7.2 as isochronal
imaginary part of dielectric permittivity ¢ "(7) plots to facilitate direct comparison with the
DSC thermograms of Fig. 7.1a. A relative to DSC high frequency of 3.1 kHz was selected to
suppress effects of conductivity [Kremer02]. Additionally, DRS results were analyzed by
fitting the Havriliak—Negami (HN) equation (Eq. (3.6), details in section 3.4) to the
experimental data in order to evaluate the time scale (temperature dependence of the
frequency maxima) (Fig. 7.3a) and the dielectric strength, Ae, (Fig. 7.3b) of the various
relaxations [Kremer02]. One HN term for each of the relaxations (namely Soz, 0, 0., and o)
was critically fitted to the experimental data at each temperature and the fitting parameters

were determined.

a o015 ' ' POMs
3.1 kHz nanocomposites of
—o—titania 25 m2/g
o —a—silica 55 m’/g
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Fig. 7.2. (a) Comparative isochronal plots of the imaginary part of dielectric permittivity (dielectric loss), ¢, at

3.1 kHz for 40 wt% PDMS adsorbed in silica and titania and for pure PDMS. (b) shows selected results for the
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real part of dielectric permittivity, ¢, at —150 °C against frequency for the initial components (titania, silica and

PDMS) and the respective nanocomposites.
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Fig. 7.3. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature for the segmental relaxations of
bulk (au,) and interfacial polymer (o;,) and for the local relaxation of the —OH groups on the surface of the
particles (Son). The lines in (a) are fittings of the VTFH and Arrhenius equations (Egs. (3.7,3.11) in section 3.4).
The lines (1),(2) in both (a) and (b) correspond to the interfacial relaxation in conventional (1) PDMS/silica and
(2) PDMS/titania nanocomposites (chapter 4, Fig. 4.11). Included in (a) are DSC and TSDC data. The arrows

mark changes imposed by the increasing of Szzr.
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The bulk segmental relaxation consists of two contributions in Fig. 7.2a, arising from
extended amorphous regions (a) and from polymer chains restricted between condensed
crystalline regions (a.), respectively, more clearly discerned for neat PDMS. In the NCs one
of the two contributions dominates depending on the degree of crystallinity. a. becomes
gradually weaker with the increasing of Spzr and a dominates (Fig. 7.3). The Son relaxation,
related to local motion of free hydroxyls on the surface of the oxide particles (Si-OH, Ti—-OH)
[Fontanella09], dominates the response of initial nanooxides (not shown) [Klonos15A] and is
present here in the NCs of high specific surface area (Fig. 7.3). Please compare Soy relaxation
here with S relaxation in chapter 5 (Fig. 5.8) in relation to changes imposed by thermal
(crystallization) annealing.

The most interesting results come from the slower a;, process (Figs. 7.2a,7.3a), which
monitors the segmental dynamics in the interfacial polymer layer [FragiadakisO07, Klonos10A,
Klonos15A]. With Sggr increasing, a;,; becomes faster (Fig. 7.3a), stronger (Fig. 7.3b), and
more cooperative (higher fragility index m in Fig. 7.4, details of calculation in section 3.4, Eq.

(3.8), Table 7.2).

Table 7.2
Quantities of interest from DRS measurements: interfacial polymer fraction and fragility index, RAF;, and m,
respectively, apparent interfacial polymer layer thickness and density, d;, and p;,, respectively, and estimated
really accessible surface areas, Sy, and S, (Eqs. (7.3),(7.4)).

Sser RAF m it Pint Saint S/),int

(m%/g)  (vol) (nm) (gem’) (m%/g) (m'/g)
25 004 5 064 023 10 4
55 005 10 037 0137 13 5

240 0.50 30 0.86 0.321 132 48
319 0.76 48 0.98 0.367 200 72
342 0.94 52 1.10 0.424 241 90

By employing a model analogue to the one used previously for DSC we calculate the
interfacial PDMS fraction in the NCs, RAF,;, according to Eq. (3.10) (Table 7.2). Results for
RAF;,, are shown in Fig. 7.4, for -95 °C (Ae changes with temperature, Fig. 7.3b). They reveal
that, next to enhanced dynamics and cooperativity, RAF;, increases systematically with Szgr,
in qualitative agreement with DSC, despite in principle different methods of measurement
and calculation [Eslamil 3]. Interestingly, the dependence of RAF;, on Sggr is not linear in

Fig. 7.4, as we would expect. Similarly to this result, non-linear dependence of RAF;, on
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nanoparticle fraction, obtained also by DRS, has been previously reported for polymer

nanocomposites (however not discussed) [Klonos10A, Fullbrant13, Holt14].
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Fig. 7.4. (Left axis, cycles) interfacial polymer fraction (RAF;,) and (right axis, squares) fragility index, m, of the
interfacial relaxation (o) against specific surface area, Sper, obtained by DRS at —95 °C. RAF (interfacial and

around crystals) at T, obtained by DSC is also shown (dash—dotted line, values refer to the left axis).

In the previous 2 chapters we have discussed results on similar core—shell systems for
the interfacial a;,, process in terms of the formation of two types of segment conformations at
interfaces, namely (a) extended tails with bulk—like density but reduced mobility, and (b)
loop—like chain segments with multiple contact points with the silica surface resulting in
increased density and cooperativity (schemes in Fig. 7.4) [Kogal2, Klonos15A]. Obviously,
both types of segments are characterized by increased orientation (order) and polarizability, as
compared to segments in the bulk, which explains the increased dielectric response in the NCs
beyond additivity (Fig. 7.2b). The loops / tails ratio increases with increasing Sgzr as depicted
in Fig. 7.4. This dependence is also at the origin of an explanation for the increase / decrease
of Ae of a;, relaxation with temperature, for samples of respectively high / low interfacial
polymer fraction in Fig. 7.3b. In addition, increase in nanometric surface roughness in the
present work leads to increased number of contact points and, therefore, gradually denser
interfacial layer. This implies reduction of the cooperativity length & thus, in the frame of
Adam-Gibbs theory [Adam65], faster and more cooperative segmental dynamics is expected

[Hodge97], in agreement with results for a;, here (Figs. 7.3a,7.4).
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7.3.3. Evaluation of interfacial polymer layer thickness / density

The thickness of the interfacial layer is often employed for the description of the
extent of polymer—filler interactions [Gongl14]. We employ here Eq. (7.1) for the estimation
of interfacial layer thickness (same as in chapter 5, i.e. Eq. (5.1)). We recall that by using this
equation we assume (i) constant density of PDMS in the interfacial layer and in bulk, equal to
that of neat PDMS (pppus=1.62 g/em’) [Klonos10A], and (ii) accessibility of the whole oxide
surface area, Sgzer, to PDMS. Please note that Spzr was determined from nitrogen adsorption—
desorption measurements [Sulim09]. Thus, we estimate the ‘apparent’ interfacial layer
thickness, d;,, by the following equation.
_ VOIUme, . 1.ciu pouss _ Mass ampie - Xppus - RAE, ] Pppys (7.1)

surface, mass e (L =X ppys) -+ Sper

int
nt erfacial

The results show that d;,, increases in general with Sggr varying between 0.37 and 1.10
nm (Table 7.2). The relatively low absolute values, smaller than values obtained in
conventional PDMS/silica NCs (~2 nm) [Fragiadakis07, Klonos10A], also smaller than the
Kuhn segment length for PDMS by a factor of 2 — 4, can be probably understood in terms of
assumption (ii) above (apparent values). Kumar and coworkers discussed d;, values in
relation to Kuhn segment length, which should be at the upper limit of d;,, [Gongl4].
Combining this last statement with the changes in interfacial polymer chain conformations
(insets to Fig. 7.4), which explain our overall findings by DRS, we proceed with the
calculation of the ‘apparent’ interfacial polymer density. Under the above assumption (ii) and
supposing now that d;, is constant and equal to Kuhn segment length (~1.56 nm for PDMS
[Gilral1]) for all PNCs, we estimate the ‘apparent interfacial layer density’, pi;, by the
following equation
RAF,

X interfaces
‘ (72)
(=X ppuss) - S -1.56(nm)

mass

MASS; orfacial,PoMS PDMS

sample

pim =

volume, mass

int erfacial,PDMS sample
The absolute values of p;, increase with Szzr, varying between 0.137 and 0.424 g/cm® (Table
7.2). pim is smaller than bulk density (1.62 g/cm’®) by a factor of 4 — 12. The deviation of d,
and p;,; from the Kuhn segment length and bulk density of PDMS, respectively, may be useful
for rationalizing results by Egs. (7.1,7.2) in the frame of assumption (ii). Thus, we attempt to
estimate the really accessible surface area (Suin, Syint) Of the particles according to the
following equations

dim dim (7 . 3 )

S,.. =8 =S
amc BT Kuhn,length " 1.56(nm)
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S =8, Pu g P (7.4)

pint

Results are shown in Fig. 7.5 and suggest that the really accessible (to PDMS) surface area
should vary between 10 and 241 m%/g (squares in Fig. 7.5) or between 4 and 90 m?g
(triangles in Fig. 7.5) with the measured Szer, based on Eq. (7.3) or (7.4), respectively.
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Fig. 7.5. Estimated accessible surface area of the hosting particles, S and S, i, (details in text), against the
measured specific surface area Szzr (determined by nitrogen adsorption—desorption). The lines are used to guide

the eyes.

At this point we cannot conclude as to whether interfacial polymer density is lower or
higher comparing to density in bulk, since respective results in the literature are not clear.
Polystyrene (PS) adsorbed on flat Si substrate has demonstrated higher density than that in
bulk in the inner region of the interfacial layer, while the outer interfacial region is
characterized by density equal to that in bulk [Kogal2]. Computer simulations in PS grafted
on spherical nanoparticles demonstrate that the density of grafted chains in the interfacial
layer of the inner 2—3 nm is about double than that of polymer chains in bulk [Voyatzis13].
On the other hand, results by Small Angle X—ray Scattering (SAXS) in poly(2—vinylpyridine)
(P2VP) absorbed on silica nanoparticles (Ref. [Holt14] and personal communication) indicate
lower density of interfacial polymer as compared to that in bulk. Similar studies in future
work on NCs based on various levels of surface roughness is expected to provide further
insight into polymer structure and dynamics. Finally, work is in progress for understanding

the non linear dependence of RAF;,, and m on Sggr.
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7.4. Conclusions

DRS in combination with DSC revealed that the increase of specific surface area, Spgy, of
silica—like oxide particles results in increase of polymer—particle contact points, reflected in
increased interfacial polymer fraction and, furthermore, enhanced mobility and cooperativity.
In an attempt to explain the changes in the overall dielectric response (¢, ¢’, Aeg), the
characteristics of interfacial relaxation were interpreted in terms of bimodal conformations
(tail- and loop-like) of PDMS at the oxide surface. The increase of interfacial polymer
density / thickness (apparent values) with Sggr, surprising at first glance, is probably related to
the reported increase of mean pore size (roughness) with Szgr [Sulim09], resulting in
increased accessibility of the oxide surface to PDMS, a point worth to be followed in future

work.
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8. Effects of hydration on interfacial polymer dynamics

8.1. Introduction

Effects of hydration (moisture) on the properties of polymer nanocomposites (PNCs) are often
discussed [Plueddeman82, FeldmanO1, Schonhals02, Karul09, Pissis13, Wangl5], along with
the general study of PNCs based on both hydrophobic and hydrophilic substances (such as in
this thesis, where PDMS is hydrophobic and metal oxides are hydrophilic). On the basis of
these effects and the respective employed experimental methods, similarities between
artificial and natural polymers (e.g. proteins) have been reported [Cebel4A, Cebel4B,
Khodadadil5]. Jhon and Andrade have suggested [Jhon73] that, regarding structure and
molecular mobility, adsorbed water molecules can be classified to (a) bound, (b) semi—bound,
and (c) free water [Pissis13, Stathopoulos10, Pandis11]. Bound water consists of molecules
interacting directly with the hydrophilic surface, via strong bonding (e.g. hydrogen bonding)
with the primary hydration sites of the surface. Water molecules with weaker interaction, or
else interacting at second level, form the semi—bound water. Finally, free (unbound) water is
formed by molecules not interacting with the hydrophilic sites of the surface and, also, with
bound water. It has been suggested [Plueddeman82, Yangl14] that a part of bound (interfacial)
water cannot be removed from the hydrophilic surfaces, at least by conventional drying
techniques (for example, by heating at 80 °C in vacuum). In addition, the presence of
interfacial water cannot be avoided in PNCs even if the composites are prepared under
perfectly dried conditions [Plueddeman82, Gunko13B].

The structure and mobility of water molecules in PNCs depend on their state (liquid,
ice) [Wul0, Wolfl2, Panagopouloul2], on the strength of interaction with the hydrophilic
surface (surface properties of nanoparticles) [Stirnemannl 1], and on the scale of spatial
confinement (e.g. in the pores of metal oxide aggregates) [Gunko13B]. Except of the surface

properties and distribution of the nanoparticles, the transport of water molecules in a PNC
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depends also on the degree of agglomeration [Geddell] and the size [Tiggerll] of
nanoparticles. The combination of these last two characteristics resembles the accessible
surface area of the nanoparticles, which is thought to be well described by specific surface
area, Sper [Gunko13B, Klonos15A, Klonos15B]. In computer simulations, the presence of
interfacial (bound) water in PNCs has been considered of high significance for polymer
adhesion [Wangl5, Wangl4], the latter has been found to increase with hydration. Polymer
adhesion on a solid surface in the presence of interfacial water is preserved well
[Kochumalayill3, Wangl5], resulting, among others, in retarded thermal degradation of the
polymer [Galaburdal4, Sulyml14]. Regarding the state of polymer in PNCs, Karul et al.
[Karul09] demonstrated differences in accumulation of moisture on a hydrophilic solid
surface coated with thin polymer layer between rubber (low accumulation) and glassy
polymers (higher accumulation). Gee et al. [Gee04] showed that dehydration of PDMS/silica
NCs results in a decrease of polymer—silica contact distance [Gunkol3B, Schonhalsl5],
accompanied with decreased mobility of interfacial polymer, so that an overall stiffening of
the polymer matrix is observed. By employing dielectric spectroscopy techniques, the main
technique of investigation in this chapter, the molecular dynamics of interfacial water has
been studied via recording of a specific dielectric relaxation mechanism in PNCs (i.e. the
local relaxation of the —OH groups on the surface of the particles with one water molecule
attached) [Fontanella09, Kirst93, Klonos13, Galaburdal4, Klonos15A], while the presence of
semibound and free water has been recorded indirectly via changes in local and segmental
polymer dynamics in aqueous polymer mixtures [Shinyashiki07, Shinyashiki07B,
Stathopoulos10]. Interfacial water has been also proposed to be at the origin of changes in the
interfacial Maxwell-Wagner—Sillars (MWS) relaxation [Mijovic06, Pissis08, Siengchin0§]
and also of changes in the dc conductivity [FeldmanO1, Schonhals02, Nikajl0, Pissisl3,
Yangl4, Schonhals15].

In this chapter, we discuss effects imposed by hydration—dehydration of PNCs on
molecular dynamics in systems based on silica / titania and adsorbed PDMS. Except for the
type of nanooxides, we also study specific surface area, Sprr, as a relative parameter, by
studying PNCs based on silicas of different Spezr. We present changes in the dynamics and
fraction of the polymer in the interfacial layer. Hydration/dehydration of the samples and
evaluation of water content in the NCs is achieved by employing equilibrium water sorption—
desorption isotherms (ESI, EDI), while molecular dynamics is followed by dielectric

relaxation spectroscopy (DRS). Similarly to previous chapters, the effects of water content on
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interfacial dynamics are finally discussed in terms of additive contribution of interfacial water

to the concentration of polymer—particle contact points [Klonos15A, Klonos15B].

8.2. Experimental

In this chapter we show results obtained by the ESI method (section 3.5) and by DRS (section
3.4) for initial silica and titania oxides and respective PNCs of the same oxides and adsorbed
PDMS. The metal oxides used are two types of silica (~10 nm in diameter for primary
particles, ~300 nm in size for aggregates, Szer ~ 242 and 342 m?/g, details of preparation in
chapter 5) and titania (~70 nm in diameter for primary particles, ~800 nm in size for
aggregates, Sgzr ~25 m’/g, details of preparation later in chapter 9). PDMS (Kremniypolymer,
Zaporozhye, Ukraine, linear, MW ~7960, degree of polymerization ~105 monomers/chain, —
CHj; terminated, code name PDMS-1000) was physically adsorbed onto dried oxides at the
amounts of 40 and 80 wt%.

8.3. Results and discussion

8.3.1. Equilibrium water sorption isotherms (ESI)
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Fig. 8.1. (a) Comparative ESI measurements of the initial nanooxides: titania (Szer ~25 m’/ g) and silica
(Sper ~240 and 342 m%/ g). The inset shows in more detail the ESI result for initial titania. The lines are fittings of
GAB equation (Eq. (3.13)) to the experimental data. (b) water content vs specific surface area of the nanooxides

at selected 74 levels. The lines were added as guides to the eyes.

Figure 8.la presents results of ESI measurements for neat silica and titania
nanooxides. The water sorption isotherms of Fig. 8.la are of class I in the Brunauer
classification [Brunauer38] for initial nanooxides, judging from the strong increase in 4 at

very low rh. Water sorption isotherms of Type I are characterized by their approach to a
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limiting value of adsorption and usually describe adsorption onto microporous adsorbents.
This behavior, especially in the case of titania Fig. 9.1a, is consistent with previous results of
initial silica in the form of network prepared by Sol-Gel technique [Pandis1 1]. In addition, it
has been shown [Pandisl 1] that the data for initial oxides, such as silica, can be analyzed
according to so called Langmuir equation [Kumar05]. Coming back to the obtained data, a
steep increase of water content is observed at vk values above ~0.6, reflecting the completion
of the first hydration layer (bound water) and the existence of semi—bound and free water
molecules around the primary hydration sites [Pissis13]. The hydrophilicity of silica for both
Sper is remarkably higher as compared to that of titania. The water uptake, 4, (Eq. (3.12))
increases systematically with increasing of Szgr as shown in Fig. 8.1b. The h(Sger)
dependence is almost linear for 2 up to 0.64, while for higher »4 increase in & becomes
stronger with Spgr. It is worthy to report that the hydration / dehydration processes by
ESI/EDI methods were non reversible for initial fillers (formation of a gel on the specific
surface of the samples during hydration), while the opposite was found true in the case of
silica nanoparticles prepared by sol-gel technique [Pandis1 1, Stathopoulos10].

Hydration of the respective PNCs (not shown) is significantly weaker. We report that
ambient /2 of nanocomposites based on 40 and 80 wt% PDMS is ~0.002 wt, while / increases
to ~0.003 wt for ¥h=0.95, these values being representative for all types of nanooxides. These
results reveal the strong coverage of the hydrophilic sites of the nanooxides by the PDMS
chains (hydrophobic polymer). However, due to the low absolute values of / differences in
polymer filler interactions between the various fillers cannot be reliably evaluated via changes
in hydration of the PNCs. On the contrary, DRS has been proved quite more revealing in such
evaluation [Klonos10A, Klonos15B], in particular by demonstrating a systematic increase in
interfacial (bound) polymer fraction with increasing of Szzr (chapter 7). Therefore, we
proceed with the presentation of results by DRS that show the effects of hydration—
dehydration on the fraction and dynamics of PDMS at the nanooxide—polymer interface.

8.3.2. Dielectric relaxation spectroscopy (DRS)

Figure 8.2 presents the frequency dependence of the imaginary part of dielectric permittivity,
e"(f), at different temperatures for initial PDMS for samples previously equilibrated in the
ambience (i.e. ~0.40 /) and in environment of high relative humidity (0.85 7). We follow in
Fig. 8.2a,b the segmental relaxations related to glass transition at —115 °C, namely, a and «a,
affiliated to bulk amorphous polymer and to amorphous polymer spatially confined between

condensed crystal regions, respectively (details in chapter 4). It seems in Fig. 8.1a that a is
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more pronounced, as compared to o, in the case of ambient hydration of the sample, while a.
dominates the response for the sample previously equilibrated at 0.85 rh. At this point we
should report that the mass of the neat PDMS samples was the same for both cases of 74,
suggesting unchanged level of hydration (within experimental error of the measurements).
Thus, we suggest that any changes in segmental dynamics arise, most probably, from changes
in the degree of crystallinity, X.. Crystallization of polymer-based systems is expected to
increase with hydration [Bolhuis75, Miyazaki02]. In agreement to that, Gee at al. [Gee04]
reported a slight decrease in the polymer melting enthalpy (by ~6 %) upon desiccation of
silica/PDMS systems. However, with temperature increasing at —105 °C, i.e. within the
temperature range of cold crystallization of PDMS (please compare with Fig. 5.1), X.
increases for both samples and, as a result, the intensity of a decreases and, subsequently, a.

becomes stronger in Fig. 8.2b.
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Fig. 8.2. Comparative isothermal DRS plots of dielectric loss, ¢, at (a) —115 °C, (b) —105 °C, (c) —80 °C, and (d)
—50 °C, versus frequency for neat PDMS previously equilibrated in the ambience (open symbols) and in 0.85 rh

(solid symbols). The arrows indicate the recorded relaxations.
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Fig. 8.3. Comparative isothermal DRS plots of AC conductivity, o4c, versus frequency for neat PDMS
previously equilibrated in the ambience (open symbols) and in 0.85 r# (solid symbols) at (a) —150 and 30 °C for
comparing between fully immobile and fully mobile polymer chains and at (b) —50 and 0 °C for comparing

before and immediately after melting of polymer crystals.

For higher temperatures (-80 and —50 °C in Figs. 8.2c,d, respectively) the low
frequency side of the ¢ spectra is dominated by effects related to electrical charges trapped
at interfaces (MWS relaxation) and dc conductivity (conductivity relaxation, CR), these
phenomena being more pronounced for samples equilibrated at the higher 2. MWS relaxation
is related to crystallized/amorphous PDMS interface (possibly, the case in Fig. 8.2d, X.#0)
and also with the interface between the polymer and the brass electrodes. In Fig. 8.3
interfacial electrode polarization along with dc conductivity dominate AC conductivity,
oac(f), for the low frequencies at 30 °C where X.=0 (melting point of PDMS is ~ —40 °C).

Summarizing all the above observations, we conclude that the hydration level of neat
PDMS equilibrated at high 74 is similar to that at ambient 4. Segmental dynamics of PDMS
equilibrated at low and high 74 is practically unchanged, while conductivity-related
phenomena are more pronounced for high 4, as compared to those recorded for lower r#.

We may focus now on the effects of hydration in PNCs. Figure 8.4 shows DRS
spectra of ¢"(f) for the sample A380PS80, i.e. 80 wt% PDMS adsorbed on silica of high Szzr
~342 m?/g (A-380). The sample had been previously equilibrated at 0.02, 0.40 and 0.85 r#,
this procedure resulting in 4 (on dry basis) equal to 0, 0.2 and 0.3 wt%, respectively. DRS
results were analyzed in terms of the Havriliak—Negami equation (Eq. (3.6), details in section
3.4). By plotting the frequency of maximum of & from Eq. (3.6) against reciprocal
temperature for the three segmental relaxations, the Arrhenius plots of Fig. 8.5a were
constructed. The Vogel-Tammann—Fulcher—Hesse (VTFH) equation (Eq. (3.7)), characteristic
of cooperative processes [Richert98] was fitted to the data of Fig. 8.5a (lines) and the fragility
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index m was determined. We recall that m is a measure of cooperativity (deviation from linear

behavior) [Klonosl15A, Richert98]. S relaxation and in the case of dried nanocomposites @,

relaxation (details in the following) were described-fitted by the Arrhenius equation (Eq.

(3.11), straight lines in Fig. 8.5a). Finally, we present in Fig. 8.5b the reciprocal temperature

dependence of Ae from Eq. (3.6) for all recorded relaxations. Similar measurements and

analysis were performed for nanocomposites based on titania (Szzr ~25 m*/g) and the same

PDMS. The respective results for titania/PDMS NCs are compared with those of silica/PDMS

in terms of time scale and reciprocal temperature dependence of dielectric strength in Figs.

8.6a and

b, respectively.
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Fig. 8.4. Comparative isothermal DRS plots of dielectric loss, ¢, at (a) —120 °C, (b) —100 °C, (c) —80 °C, and (d)

—50 °C, versus frequency for A380P80 (details in the text) at different hydration levels, indicated on the plots.

Arrows mark the peak frequency, f,..x, of the various relaxations.
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Fig. 8.5. Comparative (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the local (S),
segmental bulk—like (o), and interfacial polymer dynamics (a;,) for A380P80, at different hydration levels. The
lines in (a) are fittings of the VIFH and the Arrhenius equations. The arrows mark changes induced by

hydration. Values for the activation energy, E,,, for S relaxation have been added in (a).

In general, the increase in hydration results in an increase of the overall dielectric
response for the samples (Fig. 8.5b). Regarding molecular dynamics, we follow in Fig. 8.4a
and Fig. 8.5 that increase in hydration results in an increase of the strength and the average
activation energy, E,., of S relaxation (related to the free surface hydroxyls at the surface of
silica). These results would suggest an increase of the concentration of free hydroxyl groups
with /4 increasing (although absolute values of 4 are quite low). Bulk—like dynamics in this
nanocomposite is expressed via a. relaxation, the time scale of which is practically unchanged
with hydration in Fig. 8.5a, while its dielectric strength seems to increase (Fig. 8.5b), most

probably drifted by the overall increase in dielectric response (increased conductivity).
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The most interesting results, with respect to hydration of the NCs, are observed for a;,
relaxation. We recall that a;, is suggested [FragiadakisO5, FragiadakisO7, Klonosl0,
Klonos15A] to monitor the retarded segmental dynamics of the fraction of PDMS in the
silica/polymer interfacial layer. In Fig. 8.4d the difference in the ¢ '(f) response between the
dried and the hydrated samples is remarkable, as a;, is recorded by more than 3 orders of
frequency magnitude slower and by 3—4 times weaker (Fig. 8.5b) for the dried samples as
compared to the hydrated ones. In addition, the increase in water content imposes increase in
the cooperativity (fragility m, Eqs. 3.7-8) of a;,. The results are qualitatively similar in the
case of PDMS adsorbed on titania of significantly lower Szzr ~25 m*/g (Fig. 8.6), although
the changes imposed by hydration are weaker for 80 wt% PDMS and stronger for 40 wt%
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PDMS. In all cases of titania/PDMS systems, a;x, is recorded slower as compared to that in
silica/PDMS for the same 4. It is interesting to report, from the methodological point of
view, that changes imposed on a;,, with hydration/dehydration were reversible, as obtained
with respective experiments (not shown). The suppression of interfacial dynamics with
dehydration here resembles the effect on a;,, observed previously, with crystallization
annealing (chapter 5, Fig. 5.8) and, also, with the decrease in specific surface area of the

hosting nanooxides (chapter 7, Fig. 7.3).
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Fig. 8.7. Effects of hydration level on the interfacial polymer fraction (RAF;,) for samples of 40 wt% and 80
wt% PDMS (solid and open symbols, respectively) adsorbed on silica and titania (cycles and triangles,

respectively). Absolute values for RAF;,, were added beside the respective points.

Having clear evidence about the origin of the recorded relaxations, we now proceed
with the calculation of interfacial polymer fraction, RAF;,, according to Eq. (3.10). We recall
that the dielectric strength changes with temperature in Figs. 8.5b, 8.6b, thus, we employ DRS
results at the same temperature —95 °C for RAF},. Results of RAF;, are shown in Fig. 8.7.
They reveal that RAF;,, tends to increase with hydration (#4) for all NCs compositions. RAF;
is larger for lower polymer loading (40 wt%) in Fig. 8.7, as expected. In addition, RAF;, is
larger for silica/PDMS as compared to titania/PDMS systems.

We showed previously that hydration/dehydration does not affect directly bulk—like
dynamics of PDMS in both the neat PDMS samples and in NCs, we suggest that all recorded
changes in segmental dynamics originate from changes on the surface of the hydrophilic
oxides. Thus, following the same formalism as in the previous 3 chapters, we suggest that
with hydration of NCs increasing the concentration of polymer/particle contacts also

increases. This would imply increase in the fraction of interfacial polymer (Fig. 8.7) and
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decrease in the cooperativity length £ thus, faster and more cooperative segmental dynamics
[Adam65, Hodge97], in agreement with results for RAF;,, (Fig. 8.7) and a;,, here (Figs. 8.5a,
8.6a). Gee et al. [Gee04] studied PDMS/silica NCs by employing computer simulations for
molecular dynamics in combination with experimental techniques for the structure and
demonstrated that dehydration of NCs imposed a decrease of polymer—silica contact distance
by 1.5 A (i.e. equal to the approximate size of a chemisorbed silanol group) accompanied with
decreased mobility of interfacial polymer. Therefore, combining our results with those
obtained by Gee et al. we propose that the additional interfacial water molecules make
additional contact points on the surface of the nanooxides for interaction with the polymer
(Scheme 8.1), as the presence of interfacial water molecules induces, among other structural
changes [Gunko13B, Gunko14B], an increase in the concentration of free surface hydroxyls.
We report that the maximum distance between the —OH sites of the same water molecule is
~0.2 nm [Kim91], while the radius of gyration for PDMS varies between 0.2 — 4 nm
[Melnichnko03, Luol1]. Thus, it is reasonable that a part of the additional free hydroxyls
cannot be engaged by PDMS. The latter can be supported by the recorded upcoming of the
dielectric strength of S relaxation with 4 in Figs. 8.5b, 8.6b. Also, the increase of RAF;,; with
hydration is consistent with respective predictions by computer simulations [Wangl5],
demonstrating that the adhesion of biopolymers on the surfaces of nano-clays increases with

interfacial hydration of the same surfaces.

I PNC H,O I
. O N
'3
N P e ik = N\ 7
S >
Scheme 8.1. Schematic simplified model for describing how interfacial water molecules (blue dots) may act as
additional contact points between the hydrophilic surface of nanooxides and the polymer chain segments (red

tails/loops).

It is, however, remarkable how such weak changes in hydration (0.1-0.2 wt%, Fig.
8.4) lead to tremendous changes in the dynamics of interfacial polymer. The high resolving
power of DRS, especially for investigating effects related to interfacial phenomena (e.g. MWS
relaxation) and water at the same interfaces has been previously demonstrated [FeldmanO1,

Schonhals02, Schonhals15].
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8.4. Conclusions

DRS in combination with ESI in polymer nanocomposites based on hydrophilic nanooxides
(silica, titania) and adsorbed PDMS revealed that the increase of hydration of oxide particles
results in increase of polymer—particle contact points, reflected in enhanced
mobility/cooperativity and fraction of the interfacial polymer. Effects on interfacial polymer
relaxation (ai») by hydration were found qualitatively similar to effects imposed by thermal
annealing and changes in the surface roughness of nanooxides (chapters 5 and 7,
respectively). Results were found consistent with observations from the literature, in the sense
of increased adhesion of the polymer onto the hydrophilic surface in the presence of moisture.
From the methodological point of view, the very weak changes of the amount of the adsorbed
water in the PNCs (0.2-0.3 wt%) were proved sufficient enough for DRS for recording
changes in interfacial dynamics, more specifically, in both the segmental dynamics of
interfacial polymer and the local dynamics of surface hydroxyls of nanooxides. These effects
imposed by hydration/dehydration of the samples are worth to be followed in future work, in
combination with DSC (also, in Temperature Modulation mode) and by employing different

thermal protocols (e.g. temperature annealing).
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9. Effects of polymer molecular weight on interfacial

interactions in nanocomposites based on titania and

physically adsorbed PDMS

9.1. Introduction

In the present chapter, the focus is on the surface characterization and interfacial interactions
in systems of linear polydimethylsiloxane (PDMS), of short and long polymer chains and of
various amounts, that is adsorbed physically on aggregates of titania (TiO,) nanoparticles,
characterized by respectively low nanometric roughness ( i.e. low specific surface area, ~25
m?/g). We study and discuss the effects of surface characteristics, morphology and polymer—
filler interactions on the fraction and dynamics of the polymer in the interfacial titania/PDMS
layer. We follow the effects of polymer chain length on polymer adsorption, by means of two
types of linear PDMS with different molecular weights (MW ~ 7960 and 1700). The structural
and adsorption properties of initial TiO, and TiO,/PDMS nanocomposites were investigated
employing low temperature nitrogen adsorption/desorption technique, while morphology was
examined employing scanning electron microscopy (SEM). The evaluation of interfacial
polymer characteristics was achieved via the critical comparison between the bulk and
interfacial (rigid) segmental polymer responses (related to glass transition) as recorded by two
techniques, namely DSC and DRS, following in both widely adopted formalisms [Wurm10,
Fragiadakis07].
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9.2. Materials

Initial fumed titania (TiO,) (pilot plant of Chuiko Institute of Surface Chemistry, Kalush,
Ukraine) is characterized by low specific surface area (Sger ~25 m?/g, Table 9.1, Appendix
A.9.1) and average nanoparticle diameter of ~58 nm. Nanoparticles are crystalline according
to XRD (Appendix A.9.2). Commercial polydimethylsiloxane (PDMS) (Kremniypolimer,
Zaporozhye, Ukraine, linear, —CH3 terminated) of two molecular weights (code names:
PDMS—1000 and PDMS-20 for PDMS with molecular weight MW ~7960, degree of
polymerization d, = 105, and MW~ 1700, d, = 22, respectively) was adsorbed onto titania in
the amounts of 5, 10, 20, 40 and 80 wt% in dry samples. Before adsorption, the oxide samples
were dried at 150 °C for 1.5 h. Different amounts of hexane solution of PDMS at a constant
concentration (1 wt% PDMS) were added to fixed amounts of dry titania powder. The
suspension was mechanically stirred and finally dried at room temperature for 24 h and then
at 80 °C for 3 h. Samples at PDMS concentration from 0 to 40 wt% are in the form of powder,
similar to the initial titania powder, while at higher PDMS concentrations of 80 wt% and 100

wt% the samples are liquid—like and liquid, respectively.

9.3. Results and discussion

9.3.1. Surface and porosity characterization

The nitrogen adsorption—desorption isotherms (not shown) for initial TiO, and both types of
composites (TiO/PDMS-1000 and TiO,/PDMS-20) demonstrate narrow hysteresis loops of the H3
type [Gregg82, Kruk01] in the p/p, range between 0.8 and 1.0. The isotherms are sigmoidal-shaped
for all the samples and correspond to type II of the [UPAC classification of pores [Gregg82, Kruk01].
The distribution functions of voids between particles in aggregates (Fig. 9.1, details of analysis in
Appendix A.9.1) show that the textural characteristics of the TiO,/PDMS materials depend on the
molecular weight of PDMS. The specific surface area, Spzr, of composites was reduced with
increasing polymer adsorption (Xppys). The reduction of Sper is stronger for PDMS-1000 at Xppys <
20 wt%, while at Xppms = 40 wt% Sger decreases by 69 % and 79 % (in comparison to the initial titania
powder) after the adsorption of PDMS-1000 and PDMS-20, respectively (Table 9.1). As expected,
the pore volume of TiO,/PDMS composites decreases with increase of Xppys (Table 9.1). In addition,
this decrease is systematically stronger for the polymer of a shorter chain (PDMS-20) with the
exception of 5 wt% PDMS.
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Fig. 9.1. Incremental pore size distributions for initial TiO, and TiO/PDMS composites, based on polymer of
low and high molecular weight, PDMS-20 and PDMS-1000, respectively. Details of the analysis are given in
Appendix A.9.1.

Table 9.1

Textural characteristics of initial TiO, and TiO/PDMS composites. Specific surface area in total, Sggy, of
MiCropores, Smicro, MESOPOIES, Speso, MACTOPOTES, Spacro, and respective specific pore volumes, Vi, Vinicros Vinesos
Vimacro- <Rpv> and <R, > represent the average radii of the pores with respect to the pore volume and specific
surface area, respectively.

Sper Swico  Sweso Smacro Viiaro  Vineso Vinacro Vp Rov  Rps
Sample 2 2 2 2 3 3 3 3

(m7/g) (m7g) (m7g) (m/g) (cm/g) (em7/g) (em’/g) (em7g) (nm)  (nm)
TiO; initial 25 13 211 24 0.001 0.04 0.044  0.081 37 9
TiO/(5 %)PDMS-1000 22 08 179 29  0.000  0.03 0.038  0.064 37 10
TiO/(10 %)PDMS-1000 23 03 208 14 0000  0.03 0.028  0.053 37 6
TiO0»/(20 %)PDMS-1000 16 0.1 148 1.1  0.000 001 0.026  0.040 47 7
TiO,/(40 %)PDMS-1000 8 0.1 7.4 02 0000  0.01 0.003  0.009 21 4
TiO»/(5 %)PDMS-20 23 02 183 43 0.000  0.03 0.080  0.110 47 13
TiO»/(10 %)PDMS-20 24 02 224 15 0000 002 0.026  0.049 37 6

Ti0»/(20 %)PDMS-20 18 02 175 06  0.000 002 0.013  0.031 29

TiO,/(40 %)PDMS-20 5 0.0 5.1 0.1 0.000  0.00 0.003  0.007 37 4

The nitrogen adsorption—desorption isotherms of the composites and the analysis of the
results (Appendix A.9.1) suggest the existence of mainly mesoporosity (Vieso and Speso at 1
nm < pore radius < 25 nm) and secondly macroporosity (Vo and Syacro at 25 nm < pore
radius < 100 nm) of aggregates of nanoparticles or PDMS/nanoparticles and their
agglomerates. The respective changes in Sueso, Vineso, Smacro, ad Vipacro are listed in Table 9.1.

The polymer adsorption leads to suppression in the specific surface area, Sger, and volume,
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V,, of the pores (voids between TiO, particles in their aggregates) (Table 9.1). The
suppression in Sggr values is stronger in the case of TiO,/PDMS-1000 in comparison with
TiO,/PDMS-20 (Table 9.1). In general, the addition of polymer can change the porosity
characteristics because each long macromolecule may bind several oxide nanoparticles
[Kim12, Bershtein09, Gunkol3]. Thus, the aggregates become denser with increasing the
amount of polymer and the volume of voids decreases. At Xppms = 40 wt% the porosity

decreases sharply (Table 9.1) since PDMS fills the voids between particles.

9.3.2. Morphology

SEM images of initial titania (Fig. 9.2) show well-formed and spherical-like TiO, particles
varying in size between 40 and 140 nm. Figures 9.3a—h demonstrate changes in the outer
surfaces of samples due to the adsorption of PDMS. The gradual covering of titania with
increasing polymer layer simultaneously with smoothening of the surfaces is observed due to
layer—by—layer polymer growth on the surfaces of aggregated nanoparticles. Up to 10 wt%
PDMS (Fig. 9.3a—d) the nanoparticles can be visually distinguished, suggesting that the
average thickness of adsorbed polymer layers is less than 10 nm. Additionally, the voids
between nanoparticles in aggregates are not fully filled with PDMS at low PDMS
concentrations. Addition of more PDMS leads to thicker coverage of the surface resulting in
no further distinguishable nanoparticles at 40 wt% PDMS (Fig. 9.3g—h) due to complete
filling of the voids. The last observation supplements the results by the gas adsorption
technique (section 9.3.1). The Spzr values of initial TiO,, TiO,/(5 wt%)PDMS and TiO,/(10
wt%)PDMS (for both polymer types) are rather similar (Table 9.1) in contrast to the samples
at 40 wt% PDMS. So, in the case of intra—aggregate porosity (i.e. voids between nanoparticles
in aggregates) of a broad range, flexible PDMS can nearly completely fill these voids at Xppus
= 40 wt% and higher. At lower amounts of the polymers, < 20 wt%, the nanoparticulate
structure remains and the system is in the powder state.

The smooth coverage of the titania surfaces at Xppys = 40 wt% (Fig. 9.3g—h) seems to
be at higher extent for the shorter PDMS-20, than for the longer PDMS-1000. This is also in
good agreement with the textural analysis results (Table 9.1), where the suppression of
porosity was found stronger in TiO,/PDMS-20 than in TiO,/PDMS-1000. This result
suggests that the interfacial polymer layer with shorter PDMS fills more strongly the contact
zones between adjacent titania nanoparticles. This point will be further discussed later in

relation to DSC and DRS results.
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Figure 9.4 shows SEM images for TiO,/(80wt%)PDMS-1000 representatively for
samples at high polymer concentration. The titania aggregates of ~500 nm in average size are

well distributed in the samples.

Fig. 9.3. SEM micrographs of TiO,/PDMS composites (solid samples — powders) with PDMS—-1000 (a, c, e, g)
and PDMS-20 (b, d, f, h) at different Xppps (5 — 40 wt%)

51542["“

Fig. 9.4. SEM micrographs of TiO,/(80 wt%)PDMS—-1000 composite (liquid sample)
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9.3.3. Thermal transitions
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Fig. 9.5. Comparative DSC thermograms of PDMS—-1000 (a,c,e) and PDMS-20 (b,d,f) adsorbed in TiO,, and for
comparison of pure PDMS, during (a,b) cooling and (c,d) subsequent heating. Indicated are the main thermal
events of crystallization, melting and glass transition. Details in the glass transition region are given in (e) and (f)
for the composites of PDMS—-1000 and PDMS-20, respectively. The heat flow curves of (e,f) are normalized to
the mass of the amorphous polymer and to heating rate (specific heat capacity, C,). The lines represent the

baselines of the thermograms before and after glass transition.
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9.3.3.1. Polymer crystallization and melting
During cooling in DSC at 10 K/min crystallization for the different polymer loadings of

TiO,/PDMS-1000 and TiO,/PDMS-20 occurs in the region between —110 and —85 °C (Figs.
9.5a,b, Table 9.2). The degree of crystallinity, X., was calculated from crystallization enthalpy
according to Eq. (3.2). Crystallization of neat PDMS-1000 occurs at —82 °C and X; is 0.65 wt
(i.e. 0.65 by weight) (Table 9.2). The crystallization peak position, 7., and degree of
crystallinity, X., are both suppressed in TiO,/PDMS-1000 systems. In the case of 10 wt%
PDMS-1000 crystallization is extremely weak, while for 5 wt% PDMS-1000 it is completely
absent. Similar results are obtained for melting, during heating, for the same samples.
Crystallization during cooling, at 10 K/min, is completely absent in all TiO,/PDMS-20
samples and neat PDMS-20 (Fig. 9.5b). Samples with polymer concentration from 20 to 100
wt% were crystallized partially during heating (cold crystallization [Gedde95] in Figs.
9.5¢,d). The peak temperature for the recorded cold crystallization event is, in all cases, lower
than the initial 7, of neat PDMS. The combination of the changes related to crystallization in
the nanocomposites suggests strongly that TiO, particles do not act as crystallization nuclei
and the crystallization event of PDMS is developed not close to the surface of the
nanoparticles [Gedde95, Vanroyl3]. The last observations are similar to those in systems of
silica/PDMS (Chapters 4-6).

At higher temperatures, complex endothermic melting peaks are observed between
—66 and —39 °C (T, Twe in Figs. 9.5¢,d and Table 9.2). Both peak temperatures are lower in
the case of nanocomposites as compared to neat PDMS, suggesting worse lamellae packing
[Gedde95] of the PDMS spherulites in TiO,/PDMS systems. Complex and double melting
peaks are typical for PDMS systems [ Aranguren98].

9.3.3.2. Glass transition and evaluation of rigid amorphous fraction (RAF)

Figures 9.5e,f show raw data of DSC measurements in the region of the glass transition for
titania/PDMS nanocomposites and for comparison neat PDMS. We recorded this exothermic
step during heating at 10 K/min for all the samples. The characteristic temperature 7, was
obtained between —134 °C (neat PDMS-20) and —125 °C (TiO2/(5 wt%)PDMS-20) (Table
9.2). Results of 7, in neat polymers here (—127 °C and —134 °C for PDMS-1000 and PDMS—
20, respectively, Table 9.2) are quite similar with previous study of linear PDMS for a wige
range of molecular weight [HintermeyerO8]. The temperature position (7)) and temperature

range (Tend — Tonser) Of the glass transition are systematically ruled by the spatial constraints
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imposed by (i) the presence of nanooxide particles (interfaces and voids) [Klonosl5SA,
Klonos10B] and (ii) condensed polymer crystal regions [KlonoslOA]. In both cases of
constraints 7, increases. Case (i) is the one dominating the changes in glass transition for all
TiO,/PDMS-20 samples and samples with 5-10 wt% adsorbed PDMS—-1000. Case (ii) is
responsible for the respective changes for samples with 20-80 wt% adsorbed PDMS-1000
and for neat PDMS-1000. The increase of 7, in the presence of nanooxides is quite
systematic, the effects being more clear in the series of TiO,/PDMS-20 where crystallization
during cooling is absent. Moreover, the increase in 7, is accompanied by a broadening of the
glass transition temperature range T,,q — Tonser, SUggesting slowing down of dynamics and
increasing in the population of ‘relaxation times’ in glass transition, respectively. As
expected, the physical and spatial constraints, imposed by the nanoparticles and/or

spherulites, act as obstacles to polymer diffussion during glass transition [Gedde95].

Table 9.2

Values of interest from DSC measurements of initial TiO, and TiO,/PDMS composites: glass transition
temperatures, T,, normalized heat capacity change at the glass transition, AC,,, rigid amorphous polymer
fraction, RAF, mobile amorphous polymer fraction, MAF, crystallization, cold crystallization, and melting

temperatures, 7., T.., and T, », respectively, and degree of crystallinity, X. for PDMS and TiO,/PDMS systems.

. X T,  AG,  RAF MAF  T. Tn Tuw
sample C)  (wt) (0 (J/gK) (wt) (wt) C) (O (O
(£5%)  (£0.5)  (£0.02)  (£10%)  (£10%)
TiO,/(5 Wt%)PDMS—1000 - 000 -126  0.05 0.85 0.15 - -
TiOy/(10 wt%)PDMS-1000  —99  0.03  —128  0.06 0.79 0.18 - 49 43
TiOy/(20 wt%)PDMS-1000 -89 023  —128  0.08 0.58 0.19 — 51 41
TiOy/(40 wt%)PDMS-1000  —88 047  —128  0.11 0.35 0.18 -74 50 41
TiO»/(80 wt%)PDMS-1000  —96 057  —130  0.19 0.18 025 98 53 40
PDMS-1000 neat 82 065  -127 022 0.12 023 93 49 -39
TiO/(5 wt%)PDMS—20 - 0.00 125 0.08 0.86 0.14 - -
TiO,/(10 wt%)PDMS—20 - 0.00  -128  0.10 0.82 0.18 = =
Ti0,/(20 wt%)PDMS—20 - 000  -130 027 0.52 048 98 58 —46
Ti0,/(40 wt%)PDMS—20 - 0.00 132 041 0.27 073 96 —60 49
Ti0,/(80 wt%)PDMS—20 - 0.00 134 049 0.13 087 -92 65 -58
PDMS—20 neat - 0.00 134 0.6 0.00 1.00 91 -66 58
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We can now calculate from the data for the glass transition, in particular from the heat
capacity step, AC,,psc, the Rigid and Mobile Amorphous polymer Fractions, RAF and MAF,
respectively, employing a ‘3—phase model’ (CF + MAF + RAF) [Dobbertin96] and Egs. (3.4,
3.5).

RAF varies between 0.85 and 0.18 wt for TiO,/PDMS-1000 and, quite similarly,
between 0.86 and 0.13 for TiO,/PDMS-20 (Table 9.2). From the present data we cannot
distinguish RAF;,, and RAF,,, for the nanocomposites, as the extent of effects of X.
simultaneously with polymer immobilization on the surfaces on RAF are not clear
[Purohit14]. However, RAF in Table 9.2 for neat PDMS-1000 represents uniquely RAF s
(0.12 wt), while in case of all PDMS-20 based systems RAF represents RAF;, since X.=O0.
Considering the increased X. in samples based on PDMS-1000 and the above discussion
about RAF;, and RAF.,s, practically no changes of RAF at the interfaces are observed
between 5 and 80 wt% adsorbed polymer, in both PDMS-1000 and PDMS-20 composites
(Table 9.2). In agreement with Sggr results, this suggests high degree of immobilization of the
polymer in the TiO, aggregates, in general. Moreover, up to about 40 wt% PDMS each grown
polymer layer seems to depend on the surface roughness (Sgzr, Table 9.1) of the previous
layer (shell), this being indicative of the core—shell character of these nanocomposites. As
polymer adsorption increases the fraction of RAF decreases at the benefit of bulk mobility
(Table 9.2, MAF) and, for TiO,/PDMS—-1000, also crystallization (Table 9.2).
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9.3.4. Molecular dynamics (DRS)

9.3.4.1. Raw data and analysis of the DRS spectra

Before we proceed with discussion on molecular mobility, we would like to briefly present
some quantitative results for the real part of dielectric permittivity of the systems under
investigation. Dielectric permittivity, ¢, for initial PDMS of both types and initial TiO, was
recorded equal to 3.1 and 10.2 (Fig. 9.6), respectively, at —150 °C and equal to 3.1 and 12.0,
respectively, at 30 °C (not shown). The respective values for TiO,/PDMS composites of
various compositions are located between the values of the initial components. However, the
changes with composition do not follow the predictions of Effective Medium Theories (EMT)
[Pelster01], providing additional support for strong polymer—filler interactions and possibly

increased polarization at the interfaces [Klonos15A].

T

' {

i PDMS-1000 PDMS-20 | initial components
i o 20% —&— PDMS-20
g ! - - PDMSs-1000 |

{o—e— 40% —a—
I —®— 80% —4A— - -- —titania

frequency (Hz)

Fig. 9.6. Real part of dielectric permittivity, ¢, against frequency at —150 °C for initial components (lines), for
nanocomposites with 20 wt% (open symbols), 40 wt% (semi—solid symbols) and 80 wt% (solid symbols)
adsorbed polymer. The arrows mark changes imposed by the gradual increase of the adsorbed polymer from 20
to 40 and to 80 wt%.

We will now focus on DRS recordings of segmental dynamics, related to glass
transition. Results are representatively presented here in the form of frequency and
temperature dependence of the imaginary part of dielectric permittivity (dielectric loss) &
(isothermal plots of Fig. 9.7 and isochronal plots of Fig. 9.8, respectively). Isochronal plots of
Fig. 9.8 facilitate comparison with the DSC thermograms in the temperature range from —140
to —120 °C in Figs. 9.5¢,f. A higher frequency of 3 kHz has been selected for the plots, aiming

to suppress effects of conductivity [Kremer02].
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DRS results were analyzed by fitting the asymmetric Havriliak—-Negami (HN)
equation (Eq. (3.6)) [Havriliak67] to the experimental data [Kremer02] (examples of fitting
are shown in Fig. 9.8). By plotting the frequency of maximum of ¢ against reciprocal
temperature for the three segmental relaxations, the Arrhenius plot of Fig. 9.9a was
constructed. In Fig. 9.9b we present the reciprocal temperature dependence of Ae for the

relaxations of all compositions studied.

9.3.4.2. Bulk—like segmental dynamics (o. and o, relaxations)

a relaxation at around 10°~10° Hz in Figs. 9.7a,b and at —120 °C in Fig. 9.8a,b is associated
with the glass transition of the bulk amorphous polymer fraction [Klonosl0A, Klonosl2,
Klonos15A]. a (characterized by mean values of the shape parameters over the temperature
range of the relaxation apn~0.35, fun=0.9) is recorded for all cases of PDMS samples
(composites and neat PDMS). According to the results on shape parameters, a could be
satisfactorily fitted only with the asymmetric HN, uniquely among the recorded segmental
relaxations, as expected for bulk (unaffected) dynamics [Ezquerra04]. Comparing the two
types of PDMS chains, it is observed in Fig. 9.10 that for the shorter polymer chains (PDMS—
20) the relaxation is faster (Fig. 9.9a) and stronger (Fig. 9.9b).

Next to a, at around 10'-10% Hz in Figs. 9.7a,b and at —110 °C in Figs. 9.8a,b, a.
relaxation originates from polymer chains restricted either between condensed crystal regions
[Klonos10A] (i.e. case of neat PDMS-1000) or in the voids between nanoparticles in their
aggregates (i.e. case of nanocomposites) [Klonosl15A]. This dual character of the a. relaxation
(characterized by mean values of the shape parameters over the temperature range of the
relaxation aun~0.30, fun=1), concerning the type of spatial restriction of the PDMS chains,
requires that the discussion should be divided into two parts, low (1040 wt% PDMS) and
higher polymer content samples (80—100 wt%). For low PDMS contents a. originates from

the reduced segmental mobility of PDMS chains inside the voids, i.e. above the interfacial

polymer layer.
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Fig. 9.9. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the local relaxation (S) and
segmental relaxations: bulk polymer (a), polymer restricted in voids and crystal regions (a.) and interfacial
polymer (a;,) dynamics for TiO,/PDMS composites, neat PDMS and initial TiO,. The red solid symbols
correspond to TiO,/PDMS—-1000 systems, the blue open symbols correspond to TiO,/PDMS-20 and the green
open stars correspond to initial TiO,. The lines that connect the experimental data for the recorded relaxations in
(a) are fittings of the VIFH [VTFH] and Arrhenius [Arrhenius1889] equations. In (a), the dash—dotted lines
correspond to the interfacial relaxation in conventional (1) PDMS/silica and (2) PDMS/titania nanocomposites
(Chapter 4), while line (3) describes a;,, in nanocomposites based on PDMS—-1000 and silica of high specific

surface area (Chapter 5). The inset in (b) shows in more detail the region of a;, relaxation. The arrows in (b)

mark representative changes in a;,, between PDMS-1000 and PDMS-20.
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For the samples with 1040 wt% PDMS we follow in Fig. 9.9a that the time scale of
a. is identical, while values of dielectric strength in Fig. 9.9b are rather similar to each other.
For the higher polymer content samples, TiO,/(80 wt%)PDMS and neat PDMS(-1000, —20),
we recall that the DSC results in Table 9.2 show crystallization events (either at cooling or at
heating, at 10 K/min). Considering now that during DRS measurements the samples stay at
different temperatures (isothermals) for about 10 minutes at each temperature, this procedure
of measurement could be thought of as a type of multi-temperature crystallization annealing,
which, for sure, leads to increased degree of polymer crystallinity, most probably higher than
in DSC at standard cooling—heating. This could be the explanation for recording o, relaxation
in both neat PDMS—1000 and PDMS-20 and composites of 80 wt% PDMS. For neat PDMS—
20, o, is faster (Fig. 9.9a) and weaker (Fig. 9.9b) than for PDMS-1000. This suggests that the
constraints imposed by the PDMS—-20 crystals are, possibly, more loose than those imposed
by the crystals of PDMS-1000. This may be also related to lower density (worse quality) of
PDMS-20 crystals, manifested by lower melting points in DSC (Table 9.2, Tni2), as
compared to PDMS-1000. The respective trends (both in timescale and strength) of the
relaxation in the samples of 80 wt% PDMS are quite similar for both types of PDMS,
suggesting a balance in the interplay between effects arising from the extent of volume
restriction (volume between crystals and volume of voids between nanoparticles) and from
the average length of polymer chains.

One might expect that the mobility of polymer chains restricted in a volume in a scale
of tens of nm could be, also, dominated by confinement effects [Kremer14], thus its dynamics
(in our case a. relaxation) could be faster than that in bulk. In previous studies of PDMS in
well defined cylindrical pores (25-35 nm) of anodic aluminum oxide (AAO) [Krutyeval3], in
mesopores (5—20 nm) glasses [Schonhals03], and in cylindrical intraparticle cavities (6—20
nm) of silica—gel (Chapter 10, [KlonosI5A]) it has been shown that spatial confinement may
severely affect the dynamics of polymers, at least for PDMS, in the scale between 1 and 30
nm, in 2-D confinement. Additionally, it has been demonstrated previously [Sundararajan02 ]
that PDMS crystallizes in the form of spherulites of ~20 — 100 pm in diameter. In this case we
may expect that the dimension of amorphous polymer between the crystals should be in the
scale of 100 nm and higher. Similar is the scale of the dimension of the voids in TiO,
aggregates in the present study (R, in Table 9.1). Consequently, in both cases of volume
restriction of PDMS, the spatial dimensions are higher than the confinement scale. These

points provide additional support for our interpretation of the o, relaxation.
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9.3.4.3. Local relaxation of —OH groups of titania surface (S relaxation)

S relaxation at ~—105 °C in Fig. 9.8 dominates the response of initial nanooxides. S is thought
to represent the local dielectric relaxation mechanism of hydroxyl surface groups of titania
(Ti—OH) with attached water molecules [Fontanella09]. S relaxation contributes also to the
response of TiO,/PDMS composites, more strongly at lower polymer contents (i.e. 10 wt%
PDMS-1000 and 20 wt% PDMS-20 in Fig. 9.8). Results on dried samples and samples
hydrated at gradually higher levels (shown partly in the previous Chapter) have clarified its
origins. S relaxation has been previously recorded also in both neat silica samples
[Fontanella09, KlonosI5A] and in polymer nanocomposites [Fragiadakis07, Klonosl5A,
Sulym14, Galaburdal4]. The S relaxation (characterized by shape parameters apn~0.40, fun =
1, mean values over the temperature range of recording) was recorded for the initial TiOs,
TiO,/(10 wt%)PDMS—-1000 and TiO,/(20 wt%)PDMS-20 samples, slightly suppressed in the
nanocomposites (both in time scale and relaxation strength, Figs. 9.9a and b, respectively).
Bearing in mind that the S relaxation is related to interfacial free —OH groups on the surface
of TiO, particles [Fontanella09], our findings indicate that the surface coverage of the
nanoparticles by PDMS is lower at these low polymer loadings, as compared to higher PDMS
loadings, in agreement to FTIR findings (Appendix A.9.3, please compare in Fig. A.9.3 the
two FTIR peaks related to —OH groups between initial TiO, and the nanocomposites).

9.3.4.4. Interfacial polymer dynamics (o, relaxation)

ain relaxation in the broad range from —50 °C to —20 °C of Figs. 9.7,9.8 represents the
dynamics of semi-bound polymer chains in the interfacial layer, with strongly reduced
mobility due to hydrogen bonding with TiO, [Klonosll, Fragiadakis07, Holtl4]. a, is
characterized by ayn~0.41, fun = 1, mean values over the temperature range the relaxation is
recorded. a;, is recorded in the high temperature-low frequency part of the Arrhenius
Diagram (Fig. 9.9a). This means that, in consistency with the raw data in Figs. 9.7,9.8, oy is
the slowest among the three segmental relaxations recorded. The main reasons for proposing,
now and previously (Chapters 4-6), that aiy represents segmental mobility (not local) in the
interfacial layer are: (a) oy is absent in neat PDMS, (b) its fmax(7) dependence is, in general,
of the VTFH type revealing its cooperative character, and (c) its trace of time scale
extrapolated to the respective DSC equivalent frequency (~1072 Hz) approaches the region of
T,. Point (c) gains additional support by the previously observed increased 7, values in DSC
(section 9.3.3.2) and the simultaneous broadening of glass transition step in the

nanocomposites (more clear for PDMS-20) in Fig. 9.5f. The results in Fig. 9.9a suggest
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further that a;, is, in general, slower for the shorter PDMS chains, i.e. slower for the
TiO,/PDMS-20 samples as compared to the TiO,/PDMS-1000 samples. As polymer
adsorption decreases a;,; immigrates towards lower frequencies—higher temperatures (i.e. its
dynamics slows down) and cooperativity decreases (becomes more Arrhenius—like), except
for the case of TiO,/(10 wt%)PDMS-1000, where a;,,; is recorded faster than in any other
sample. This exceptional behavior is related to the higher interfacial water content for this
sample (main discussion in Chapter 8).

At the same time, by comparing samples of the same polymer amount between
PDMS-20 and PDMS-1000, we observe that the strength of the respective a;,, relaxation, Ae
in Fig. 9.9b, is stronger in the case of shorter polymer chains. Ae seems to change with
composition not in a systematic way. The same was found true previously for the changes of
¢’ with composition (Fig. 9.6). These results can be explained in terms of increased
orientational polarization in the interfacial layer [Klonos10A, Klonos10B], which results in
increased dielectric response of the samples with lower PDMS content (5 to 40 wt% PDMS),
where the interfacial to bulk polymer ratio is higher, as compared to samples with higher

PDMS content (80 wt%) (Scheme 9.1).
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Scheme 9.1. Schematic view of the different polymer chain conformations for the gradually increasing PDMS
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Similar effects have been observed in previous work on fumed silica/PDMS-1000
core—shell systems in Chapters 5 and 6, suggesting that the adsorption of PDMS in the first
layer(s) onto the surfaces of the oxide particles proceeds via two, at least, chain segment
conformations at the interfaces, which can be considered responsible for the molecular
mobility recorded by DRS as interfacial a;, relaxation process: (a) extended tails with bulk
like density but reduced mobility and cooperativity and (b) flattened chain segments in the
inner quite dense region due to multiple contact points with the silica surface (Scheme 9.1)
[Kogal2, Kritikos13]. It has been also suggested that for low polymer contents (up to 40

wt%) the tails can be mobile enough to cooperate with each other, but being distributed
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sparsely on the surfaces of the nanoparticles their cooperativity length (&) [DonthO1] is
relatively large [Hodge97]. Both conformations are characterized by increased orientation
(order), implying high polarizability and increased ¢, ¢ and Ae values [Klonosl5A,
Klonos15B]. Results obtained in the present work with the titania—based materials at low
PDMS contents, 10 — 40 wt%, are similar to those obtained with the silica—based materials
(Chapter 5). On the other hand, for higher polymer adsorption (i.e. 80 wt% PDMS), the
loops/tails ratio increases in population, resulting in higher degree of cooperativity (decreased
¢ length) (Scheme 9.1¢) [Hodge97]. In combination with cooperative motions of the tails, the
additional polymer layers that cover and disturb the initial layer(s) imply serious obstacles to
the orientation of the tails and, thus, the dielectric response (¢ in Fig. 9.6 and A¢ in Fig. 9.9b)
decreases. This interpretation of the results obtained with the silica—based materials fits,
again, very well with the present results for samples with 80 wt% PDMS.

Concerning now the effects imposed by the different molecular weight of PDMS, we
suggest that the shorter polymer chains of PDMS-20 are folded at a lower extent (increased
concentration of free chain ends) than those of PDMS—1000, resulting in easier adopting of
contact points and higher orientation (stretching) onto the surfaces of TiO, (Scheme 9.2). The
opposite should be true for PDMS-1000, where the increased concentration of folds along
each chain most probably hinders the orientated conformations (tails), and, promotes, this
way, loop—like conformations in the interfacial layer (Scheme 9.2). Support to the above
suggestions is given here in Fig. 9.9 in which we observe that a;, for titania/PDMS—1000 is
faster with increased cooperativity (more VTFH-like) (Fig. 9.9a) and suppressed Ae¢ (Fig.
9.9b), as compared to titania/PDMS-20.

\‘\(\lﬂq/ \0\ | I’)/
C 2 > -

PDMS-1000 PDMS-20

Scheme 9.2. Simplified model for the description of the different polymer chain conformations for the polymer

nanocomposites based on (left) PDMS—1000 with long chains and (right) PDMS-20 with shorter chains.
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9.3.4.5. Evaluation of the interfacial polymer fraction (RAF ;)

We can now discuss the not systematic changes of Ae with composition in our samples in Fig.
9.9b. We calculate the reduced mobility polymer fraction RAF;, (the fraction of polymer in
the interfacial layer) by Eq. (3.10). Results of RAF},, for all samples are shown in Fig. 9.10a,
comparatively with results for RAF obtained with DSC.

RAF, is larger for PDMS-20 and decreases systematically with polymer content. As
discussed above, the increase of concentration of nanoparticles in the polymer composites
results in increased polymer/particle interfacial area and, subsequently, higher interfacial
polymer fraction. This result was reflected in the suppression of AC,, in DSC measurements
(Table 9.2). In contrast to DSC, in the case of DRS measurements the polymer in the
interfacial layer is thought mobile (represented by o process) and at the same time it seems
to imply additional polarization, increasing both ¢ and Ae in DRS. According to previous
dielectric studies on polymer thin films adsorbed on solid substrates [Capponil2], one would
suggest that this fact (increased polarizability in the interfacial layer) is inconsistent with the
use of Eq. (3.10) for our calculations. Nevertheless, the calculations of RAF;,, via the simple
Eq. (3.10) revealed the higher effects of internal polarization due to the interfaces for low

polymer loading between the two types of PDMS (Fig. 9.10a).
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Fig. 9.10. (a) interfacial polymer fraction, RAF;,, calculated from the additive contribution of ¢;, relaxation to
the total dielectric relaxation strength of segmental mobility, Ae, at 95 °C, in DRS (black symbols, solid lines)
and rigid amorphous polymer fractions, RAF, at T,, from the suppression of AC, in DSC measurements (red
symbols, dash—dot lines). The lines are used as guides to the eyes. (b) interfacial layer thickness, d;,, as
estimated from DRS and DSC results. Line (1) in (b) corresponds to d;, in conventional PDMS/titania
nanocomposites (Chapter 4) [Klonos10A]. The inset schemes in (b) present our estimation for the gradual

polymer adsorption at the surface of titania.
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9.3.4.6. Evaluation in terms of thickness of the interfacial polymer layer (d;y)

A term often used to describe the extent of polymer—particles interactions [Holt14, Harton10]
is the thickness of the interfacial polymer layer. A quite useful tool for employing such
calculation here is the knowledge of Sggr value for the initial titania aggregates (Table 9.1).
Thus, assuming that (i) the whole oxide surface area (Szgr) is accessible to PDMS chains, and
(i1) the density of PDMS in the interfacial layer and in bulk is constant and equal to that of
neat PDMS, we estimate the ‘apparent’ interfacial layer thickness, d;,, by the simple Eq.
(5.1). The results show that d;,, increases in general with the adsorbed polymer fraction in Fig.
9.10b varying between 0.4 and ~6 nm for titania/PDMS-1000 and between 1.5 and ~7 nm for
titania/PDMS-20.

The absolute values of di,; seem relatively low for the lower polymer contents, but
most probably results could be rationalized in the sense of not uniform coverage of titania
surface at low polymer loadings (formation of separated islands of interfacial polymer, insets
to Fig. 9.10b). The latter is supported by recording S relaxation for low polymer loadings,
suggesting a significant amount of free Ti-OH groups on the surface of particles, i.e. not
engaged by PDMS chains (scheme 9.1). Moreover, the above results are consistent with other
findings for low polymer loading; on the one hand, with changes in aggregation observed in
PSD (section 9.3.1) and SEM (section 9.3.2) and, on the other hand, by the recording of bulk
mobility (namely, existence of glass transition in DSC and a relaxation in DRS) for the same
nanocomposites compositions. Thus, in the frame of the above assumption (i) the used Sperin
Eq. (5.1) is higher than the really covered (by PDMS) surface of titania, at least for low
PDMS adsorption. As expected with polymer adsorption increasing values demonstrate a
saturation-like trend, showing a maximum at ~6 nm, this value being, within the experimental
error, similar for both types of PDMS.

The case of high polymer loading (20 wt% titania) in core-shell nanocomposites here,
resembles that of conventional nanocomposites, which are in general loaded with <50%
nanoparticles, while nanocomposites of higher loadings have been more rarely studied
[Sargsyan07, Wurm10, Holt13, Holt14]. In addition the relatively high d;, for 80 wt% PDMS
can be understood in terms of increasing of void volume at polymer loadings > 40 wt%
(increasing of distance between particles / aggregates). Kumar and coworkers have pointed to
the primary role of polymer kinetics on the filler distribution and aggregation of nanoparticles
in a polymer matrix [Khan09, Kalathil4], while they have discussed [Gongl4] the relation
between d;,, in polymer nanocomposites and the Kuhn segment length (~1.56 nm for PDMS
[Gilral4]) of the respective polymer. The latter should be an upper limit for confined chain
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segments at the interfaces [Gongl4]. This was not found true here. In combination with the
discussion above (changes in aggregation, selective polymer adsorption on the surface), it
seems more likely that the evaluation of interfacial layer thickness has possibly different
physical meaning between conventional and core-shell type nanocomposites. From the
methodological point of view, we can observe in Figs. 9.10a,b that the results for RAF},, and
dine by the two techniques coincide better (quantitative agreement also) at higher polymer
loadings. This has been observed also in previous work in polymer nanocomposites (Chapter
4 and [Galaburdal4]).

Finally, we may compare our findings with those in previous work on PDMS/titania
and PDMS/silica conventional nanocomposites (Chapter 4), i.e. spherical silica particles in
situ generated and well dispersed in a matrix of crosslinked PDMS (MW ~18000). Significant
similarities with respect to the interfacial dynamics were recorded in the present work. In Fig.
9.9a lines (1) and (2) were added, representing the dynamics of PDMS in the interfacial layer
of silica and titania, respectively, in the conventional nanocomposites mentioned above. The
traces of a;, for conventional and core—shell type titania/PDMS nanocomposites are quite
similar. Interestingly, d;,, was calculated ~2 nm for PDMS/silica, whereas d;,, was found
almost double for PDMS/titania (line 1 in Fig. 9.10b). The difference between the o, traces
and d;, between the two types of filler (a;» slower and d;,, higher for titania) was thought to
originate from the stronger hydrogen bonding between the —OH of titania with PDMS (Ti—
OH more acidic than Si—-OH [Bokobzal0]). This suggestion was proved rather weak, as we
recently showed that the traces of o, in the Arrhenius plot at 40 wt% (almost identical to line
2 in Fig. 9.9a) and 80 wt% (line 3 in Fig. 9.9a) polymer loadings were found to coincide with
the trace of lines (2) and (1), respectively, in Fig. 9.9a. Moreover, thermal annealing of the
systems at the temperature of PDMS crystallization was found to slow down and weaken o
relaxation, especially in the case where no PDMS crystallization is promoted
(nanocomposites with 40 wt% PDMS). Thus, similarly to Chapters 5—7, we confirm also here
that the differences in the strength of polymer—particle hydrogen bonding, arising from the
type of metal-oxide particle, do not form the main factor that affects interfacial effects. In
terms of models proposed for the description of conformations of polymers adsorbed onto a
solid surface [Kogal2, Klonos15A], the interfacial segmental polymer dynamics should be
ruled more strongly by: (a) the concentration and accessibility of contact points (increasing
with surface roughness of the particles in Chapter 7 and with interfacial water content in

Chapter 8), and (b) the structure and flexibility of polymer chain (e.g. in Schemes 9.1,9.2).
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9.4. Conclusions

Effects of structure / surface characteristics of titania nanooxides on the fraction and dynamics
of physically adsorbed polydimethylsiloxane nanocomposites of the core—shell type were in
the center of interest in this Chapter. Moreover, effects of polymer chain length on the
development of PDMS onto the low specific surface area (Szzr~25 m*/g) of spherical titania
(TiO2) nanoparticles (~70 nm in average diameter) were studied employing nitrogen
adsorption—desorption isotherms, morphology (SEM), thermal (DSC) and dielectric (DRS)
techniques.

The TiO, nanoparticles were aggregated with each other in the 10% nm scale, forming
intraparticle meso— and macro—pores (voids). Results indicate that during the first stages of
layer—by—layer polymer adsorption strong hydrogen bonding has been developed between the
surface hydroxyls of titania and the oxygens of the backbone of PDMS, resulting in high
coverage of TiO, surfaces.. The adsorption on the initial interfacial layers leaded to gradual
filling of the voids at the polymer content of 40 wt%. The reduction of specific surface area
(Sper), corresponding to the reduction of pore (void) volume with polymer content, was
stronger in the case of PDMS with longer chains (i.e. PDMS-1000, ~105 monomers/chain) as
compared to shorter polymer chains (i.e. PDMS-20, ~22 monomers/chain). However,
employing the high resolving power of DRS we were able to reveal that the fraction of
interfacial PDMS chains is higher and the respective dynamics (a;, process) is slower for the
short polymer chains as compared to longer chains. This last result could be interpreted in
terms of increased number of contact points of the short PDMS chains with the surface of
titania. In terms of interfacial layer thickness, similar values (~6 nm in apparent values) were
obtained for both short and long PDMS chains in nanocomposites.

From the methodological point of view, the isothermal gas adsorption—desorption
method was proved able to describe, in a sufficiently good degree, changes in the textural
porosity due to the adsorption of flexible macromolecules, such as those of PDMS.
Comparing with previous works on conventional (Chapter 4) and core-shell (Chapters 5-7)
nanocomposites based on PDMS, the characteristics of a;, relaxation (time scale, dielectric
strength) were found to depend mainly on the surface characteristics of the hosting metal
oxide particles (available surface for interaction), rather than on the type of particle (hydrogen
bond strength). The present work provides additional support that nanocomposites based on

polymer physically adsorbed (although not grafted) on nanoparticles can be considered of the

169



core—shell type and that they can provide, among others, an alternative system for the

investigation of molecular dynamics of polymer adsorbed onto a solid surface.

APPENDIX A.9

A.9.1. Textural characterization of initial oxides and nanocomposites

The textural characteristics of TiO, and TiO,/PDMS (5 — 40 wt% PDMS) systems were
studied employing low temperature (77.4 K) nitrogen adsorption—desorption technique
[Gunko14] using a Micromeritics ASAP 2405 N adsorption analyzer. Similar measurements
for the liquid-like sample at 80 wt% PDMS were not possible. Before measurements the
samples were outgassed by heating at 110 °C in a vacuum chamber. The specific surface area
(Sger) was calculated according to the standard BET method [Gregg82]. Additionally, the
specific surface area was measured using low temperature desorption of argon. The total pore
volume ¥}, was evaluated by converting the volume of adsorbed nitrogen at p/py = 0.98 — 0.99
(p and py denote the equilibrium pressure and the saturation pressure of nitrogen at 77.4 K,
respectively) to the volume of liquid nitrogen per gram of the adsorbent.

The nitrogen desorption data were used to compute the pore size distributions (PSDs,
differential fv ~ dV},/dR and fs ~ dS/dR) using a self—consistent regularisation (SCR) procedure
under non—negativity condition (fy > 0 at any pore radius R) at a fixed regularisation
parameter o = 0.01. A complex pore model was used for that with slit-shaped (S) and
cylindrical (C) pores and voids (V) between spherical nonporous nanoparticles packed in
random aggregates (SCV/SCR model) with model parameters for titania (anatase) and
polymer (PDMS) [Gunko14]. The differential PSDs with respect to pore volume fy ~ dV/dR,
[AdR ~ ¥V, were re—calculated to incremental PSD (IPSD) at ®v(R;) = (fv(Ri+1) + fv(R)(Ri+1 —
R))/2 at 2Dy(R;) = V). The fy and fs functions were also used to calculate contributions of
nanopores (Vpano and Spano at 0.35 nm < R < 1 nm), mesopores (Vmeso and Speso at 1 nm < R <
25 nm), and macropores (Vmacro and Smacro at 25 nm < R < 100 nm). Thus, the average radius, R,,

with respect to the pore volume and specific surface area can be calculated from the differential PSD

according to the equations
Rinax Rinax Rinax Ripax
<Ryv> = j Rf,(R)dR/ j £, (R)dR and <R,s> = j Rf,(R)dR/ j f,(R)dR,

R R

min

ma;

: Rinin R,

respectively, where Ryin = 0.35 nm and Ryax = 100 nm.
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A.9.2. X—ray analysis

X-ray diffraction (XRD) patterns were recorded in 20 range between 10° and 60° employing a
DRON-3M (Burevestnik, St.—Petersburg, Russia) diffractometer using CuK, radiation
(4=0.15418 nm) in combination with a Ni filter. The average size of titania nanocrystallites
was estimated according to the Scherrer equation [Gorelik70]. Titania crystalline structure

was analyzed using the JCPDS Database [JCPDSO01].

4000 —— 7
/f\ TiO, neat
~ 3000+ : 1
S
© !
: 1 A : anatase phase
= 2000 !: R : rutile phase
i
T i
= iR
|
1000 1 it A A y
iy R R IR
i ] I\ [ ) N
o fr b Mo .,i‘-l"',"'.\,,r'.“ ) .J.‘\.. ! ‘45,..-. "B,.j\
10 20 30 40 50 60 70
20 (degq)

Fig. A.9.2. X—ray diffraction patterns for initial pyrogenic TiO,. A — identifier of anatase phase, R — identifier of

rutile phase.

A.9.3. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of powdered samples (grinded with KBr at the mass ratio 1:9) over the 400 —

4000 cm™' range were recorded employing a ThermoNicolet FTIR spectrometer in diffuse

reflectance mode.
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Fig. A.9.3. FTIR spectra of (1) neat TiO,, (2, 3) TiO,/PDMS-20 and (4, 5) TiO,/PDMS-1000, at Xppys = 5 wt%
(2, 4) and 40 wt% (3, 5).
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10. Effects of surface modification and thermal annealing
on interfacial and confined polymer dynamics of PDMS

adsorbed at the interfaces and in the pores of silica—gel

10.1. Introduction

Polymers constrained to spatial dimensions less than about 100 nm typically exhibit a shift of
glass transition to lower temperatures and an acceleration of segmental dynamics as compared
to the bulk, often discussed in terms of less intermolecular constraints and greater unoccupied
volume [Krutyeval3, Fukao00, Floudas97]. Confinement is a widely used term for the
description of the above effects. The extent of confinement depends, among other factors, on
the characteristics of the confining surface and the chemical properties of the polymer
[Kremerl4], on the type of the confining medium (solid inorganic or polymeric
[Colmenero14, Colmenero10]), and the space dimensionality of the latter (1D [Napolitano11],
2D [Chrissopouloul3, Schonhals03], and 3D [Yabul4]).

A strong correlation between the behavior of polymers under confinement and the
presence of the layers directly adsorbed onto supporting solid substrates has been widely
suggested [Guiselin91, Napolitanol4, Rotellall, Vanroyl3, Capponil2]. To that aim,
analytical models have been proposed describing the evolution of polymer adsorption
[Napolitano14], in combination with chemical and thermal annealing procedures during
adsorption [Guiselin91, Rotellal1, Capponil2]. In addition, Schonhals et al. [Schonhals03]
and more recently Colmenero and coworkers [Krutyeval3] studied the interplay between
surface and confinement effects, by manipulating the surface interactions (from maximum to
zero) of polymers inside cylindrical pores (2D). For polydimethylsiloxane (PDMS)
[Schonhals03, Krutyeval 3], the polymer of interest in the present work, the confining length
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with an upper limit of 30 nm has been discussed in relation to the cooperativity length of the
glass transition [Hodge97].

In this chapter we study the interplay between confined, interfacial, spatially
constrained and bulk dynamics in the same polymer nanocomposite systems, through the
study of linear PDMS physically adsorbed (by hydrogen bonding) on silica—gel particles of
high intraparticle porosity. The specific system offers the possibility to study the interfacial
dynamics of the adsorbed polymer simultaneously with the 2—D confined dynamics, both
coexisting in the 620 nm in diameter cylindrical-like pores of silica—gel. In order to
manipulate the surface and study in more depth the above effects, we modify here both the
surface and porosity characteristics of the initial silica—gel by generating small amorphous
zirconia nanoparticles on silica particles, before the adsorption of the polymer [Sulim09]. The
investigation involves differential scanning calorimetry (DSC) for thermal transitions and
dielectric relaxation spectroscopy (DRS) for segmental dynamics. Surface and confinement
effects were also studied employing different thermal treatments (annealing of
crystallization), which have been proved quite revealing in our previous study on similar

nanocomposites (chapters 4,5 and [Klonos12, Klonos15A, Klonos15C]).

10.2. Materials

Commercial silica—gel Si—60 (Merck) was used as the substrate for the development of
zirconia nanoparticles [Sulim09] at various amounts by reiteration of the zirconia reaction
cycle from 1 to 4 (resulting in ~6 to 16 wt% ZrO,, respectively, Table 10.1). Linear
polydimethylsiloxane (PDMS, Kremniypolymer, Zaporozhye, Ukraine, molecular weight MW
~ 7960, degree of polymerization 105, —CHj terminated) was adsorbed at the amounts of 40
and 80 wt% from hexane solution of PDMS (1 wt% PDMS) onto dried silica—gel samples
[Sulim09].

Seven polymer nanocomposite compositions were prepared and studied in the present
chapter, the initial PDMS, silica/PDMS with 40 and 80 wt% PDMS and
silica/zirconia/PDMS, containing modified silica with 1 and 4 cycles of zirconia, again with
40 and 80 wt% PDMS. Throughout the chapter, specific code names that describe the samples
are used. For instance (i) Si60Z1 P40 corresponds to the sample in which PDMS at 40 wt% is
adsorbed onto 60 wt% Si—60 that previously suffered 1 cycle of zirconia reaction (i.e. ~6 wt%
Z10y), (ii) Si60Z4 P80 corresponds to the sample in which PDMS at 80 wt% is adsorbed onto
20 wt% Si—60 that previously suffered 4 cycles of zirconia reaction (16 wt% Zr0O,), and (iii)
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Si60P80 corresponds to the sample in which PDMS at 80 wt% is adsorbed onto 20 wt% Si—60

that has not suffered any zirconia reaction.

Fig. 10.1. SEM images of (a) a large Si—60 globule and (b) Si60P80 nanocomposite

10.3. Results

10.3.1. Structural characteristics of materials under investigation

We will now describe briefly the modification of silica—gel before polymer adsorption
[Sulim09]. Silica—gel Si—60 consists of porous globules with rigidly binding and tightly
packed large spherical particles (0.5-1.0 um in diameter, SEM images in Fig. 10.1)
[Klonos15A], with rather smooth surface, characterized by intra—particle cylindrical pores
with diameters between 6 and 20 nm [Sulim09]. The initiator of zirconia synthesis (Zi(acac);)
reacted with the free silanol (=Si~OH) groups of silica—gel (both in the inner and external
surfaces) forming =Si—Zi(acac)s; groups, on which zirconia nanoparticles were subsequently
generated. According to FTIR [Sulim09] the coverage of the free silanols was not complete. It
should be noted that zirconia seems to suppress, in general, the concentration of free hydroxyl
groups in the modified Si—60 particles. We should also report that according to a study of
fumed silicas (aerosils) modified with zirconia via different techniques, contribution of nano—
zirconia to the concentration of free —OH in the mixed oxides is a controversial issue

[Kickelbick12].
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Table 10.1

Surface and porosity characteristics of initial unmodified and modified Si—60 oxides. Z1 and Z4 correspond to 1
and 4 reaction cycles of zirconia grafting, respectively. Zirconia content, Cz,,, specific surface area as recorded
by Nitrogen adsorption—desorption isotherms, Szrr, average pore volume, V,, average volume of mesopores (2
nm < pore diameter < 50 nm), V.., and macropores (50 nm < pore diameter), V..., average pore diameter,

<2R,>.

Cz02 Ser V, Vneso Vinacro <2R,>
Oxide (Wt%)  (m¥/g) (ecm’/g) (cm’/g) (cm/g)  (nm)
Si60 unmodified 0 384 0.788  0.752  0.032 11.0
Si60Z1 5.6 388 0.770  0.685  0.084 10.4
Si60Z4 16.0 355 0.625  0.612  0.008 9.6

According to XRD measurements [Sulim09], zirconia of ~3—10 nm in diameter was
found to be in the amorphous state, while its content, C0,, was found equal to ~6 wt% and
16 wt% for 1 and 4 cycles of grafting reaction, respectively. The specific surface area, Sper, of
initial Si—60, representative for polymer-silica interaction area, was measured employing
nitrogen adsorption isotherms [Gunko05] to 384 m%g (Table 10.1) [Sulim09]. Sszr was
slightly increased to 388 m?/g after the 1% reaction cycle and, subsequently, reduced to 355
m?/g after the 4™ reaction cycle [Sulim09]. The cylindrical-like meso—pores of silica—gel (6—
20 nm in diameter) [Sulim09] form the main accessible regions for Nitrogen adsorption,
contributing strongly to the high Sgzr values. The initial increase of Szzr after the 1% zirconia
reaction cycle was suggested to originate mainly from the growth of small zirconia
nanoparticles on the external surfaces of Si—60. Therefore, increase in macroporosity (¥uacro)
was observed after the 1% cycle of zirconia reaction (Table 10.1, although absolute values of
Vinacro are low, in general [Gunko13B]), simultaneously with a slight decrease of pore volume
by ~2 % for V, and 9 % for Ve (Table 10.1). The further increase of zirconia content after
the 4™ reaction cycle resulted in significantly lower Szer, indicating the additional growth of
nanozirconia on the walls inside the cylindrical pores of Si—60, suppressing further 7, and
Vieso by ~21 % and 19 %, respectively (Table 10.1). The pores were not filled fully by
zirconia, in any case [Sulim09]. It should be noted that for nanosilicas with mainly textural
porosity (e.g. fumed silicas of high Szzr 240, 300 and 380 m?/g [Gunko05, Gunkol3B,
Klonos10B]), ¥, can also be high, in particular Ve (i.e. for pore diameter > 50 nm),
resulting in high degree of accessibility for both Nitrogen molecules and PDMS chains
[Klonos15A, Klonos15B Galaburdal4].
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10.3.2. Differential scanning calorimetry (DSC)
10.3.2.1. Protocol A (standard crystallization)
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Fig. 10.2. Comparative DSC thermograms during (a,b) cooling and (c,d) the subsequent heating of samples of
(a,c) 40 wt% and (b,d) 80 wt% PDMS adsorbed in silica—gel, Si—60, surface modified silica—gel, and for
comparison of pure PDMS, for measurements under Profocol A. (e,f) show details in the glass transition region
during heating. The curves are normalized to sample mass. The drawn lines represent the baselines of the glass

transitions, while the arrows mark the glass transitions temperatures (7y;, Tg2).
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During cooling in DSC in Fig. 10.2a, crystallization of neat PDMS occurs at —76 °C
and the respective degree of crystallinity, determined by Eq. (3.2), is equal to 0.65 wt (Table
10.2). No crystallization of PDMS is observed for nanocomposites of 40 wt% PDMS at
cooling (Fig. 10.2a). During the subsequent heating (Figs. 10.2c—f) all samples demonstrated
glass transition steps in the region between —150 °C and —110 °C, T; and T, in the order of
increasing temperature (Figs. 10.2e,f, Table 10.2). For neat PDMS and Si60P40 single glass
transition steps were observed (7> and Ty, respectively, Table 10.2), while for Si60Z1P40
and Si60Z4P40 both steps were observed (7,; and Tg»). The recorded value for neat PDMS is
—126 °C. Interestingly 7, of the nanocomposites is by ~10 K lower than that of neat polymer,
and it is slightly reduced on addition of nanozirconia. The normalized change of the heat
capacity at glass transition, AC,; (Table 10.2), is weaker in the case of modified silica than for
the initial Si—60. Next to T, an additional weaker glass transition step is recorded in the
composites of modified silica—gel at around —118 °C (7, in Figs. 10.1le,f, Table 10.2). T,
corresponds to the glass transition of the PDMS confined within Si—60 pores, while Ty,
correspond to the bulk—like mobility of the polymer [Klonos15A].

For Si60P40 nanocomposite an exothermic event above 7, in the region between —
110 and —80 °C, representing cold crystallization, was observed during heating (Fig. 10.2¢).
We recall that, in general, cold crystallization follows uncompleted crystallization during

cooling [Gedde95].
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Table 10.2
Quantities of interest from DSC measurements for Profocols A and AC: crystallization temperature, 7., degree of crystallinity, X, glass transition temperatures, T,; and T,
normalized changes of heat capacity at glass transition, 4C,; and AC,,, temperature maxima of melting, T, ., fraction of confined polymer, Xconr, rigid and bulk amorphous
fractions RAF and Xz «, respectively. Note: X., CONF, RAF and Xpy; ¢ refer to whole polymer mass (i.e. X, + Xpyix + CONF + RAF = 1) at ~T,.
T. To AC,, Ty AC,; T T2 X. Xpurk CONF RAF
(0 O (gK)y (O (K (O (O (w (W) (wt) (wt)
sample (#0.5) (1) (*0.01) (0.5) (£0.01) (£0.5) (£0.5) (*5%) (£10%) (+20%) (£15%)

- Si60P40 - -137 0.13 - - —54 -39 0.00 0.00 0.39 0.61
.§ Si60Z1P40 - —138 0.08 -117 0.02 - - 0.00 0.06 0.24 0.70
= ;i S160Z4P40 - —-140 0.08 -118 0.03 - - 0.00 0.09 0.24 0.67
§ % Si60P80 -89 142 0.03 —-129 0.16 =51 —40 0.24 0.37 0.07 0.32
E é Si60Z1P80 96 144 0.02 —128 0.24 =51 —40 0.08 0.67 0.06 0.19
g Si60Z4P80 94 145 0.02 —128 0.07 =51 —40 0.07 0.20 0.06 0.67
X PDMS 76 - 0.00 -126 0.22 47 —40 0.65 0.23 0.00 0.12
R Si60P40 - -137 0.14 - - =52 -39 0.05 0.00 0.40 0.55
-g Si60Z1P40 - —138 0.09 -116 0.03 - - 0.00 0.09 0.27 0.64
&é % S160Z4P40 - -139 0.08 -117 0.05 - - 0.00 0.15 0.24 0.61
§ jé; Si60P80 = —142 0.03 = = =50 -39 0.46 0.00 0.05 0.49
Q% :2 Si60Z1P80 = —144 0.02 —-119 0.04 =51 —40 0.58 0.05 0.03 0.34
o Si60Z4P80 = —145 0.02 —118 0.07 =51 —40 0.24 0.16 0.05 0.55
\% PDMS - - 0.00 -126 0.15 —46 —40 0.67 0.15 0.00 0.18
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At higher temperatures, complex endothermic melting peaks are observed between —
54 and -39 °C (T, Tn2 in Table 10.2) for neat PDMS and a very weak one for Si60P40.
Melting events are completely absent for Si60Z1P40 and Si60Z4P40. Complex and double
melting peaks are typical for systems containing PDMS [Aranguren98, KlonosloA,
Galaburdal4], involving also melting and recrystallization of metastable crystals
[Aranguren98, Klonos12].

In the case of higher polymer adsorption (80 wt% PDMS), weak crystallization peaks
are observed during cooling (Fig. 10.2b). The presence of Si—60 and, furthermore, the surface
modification of Si—60 shift the peak of crystallization towards lower temperatures (7, between
—96 and -89 °C, in Table 10.2), while the degree of crystallinity is strongly suppressed in the
composites, varying between 0.07 (for Si60Z4P80) and 0.24 (for Si60P80). During heating, in
Fig. 10.2f, double glass transition steps are clearly recorded for the composites based on
modified silica (Table 10.2). The first step (polymer confined in mesopores) is relatively
weak (AC,;~ 0.02 J/gK in Table 10.2) and Tg; is by 4-8 K lower than for the lower polymer
content nanocomposites. 7,; reduces with surface modification (Table 10.2). The second glass
transition step is quite strong and sharp shaped in Fig. 10.2f, recorded at around —128 °C (7>
in Table 10.2). We have suggested in previous results (Chapters 4—6) that this sharp shaped
glass transition step corresponds to bulk PDMS, and it is characteristic for samples with X, <
0.40 wt. We will discuss further glass transition properties later in relation to results by DRS.
As temperature increases, strong cold crystallization peaks are recorded at about —90 °C for all
nanocomposites in Fig. 10.2f. Complex melting peaks are recorded, for all samples of high

polymer loading, between —54 and —39 °C (T,us, T2 in Table 10.2).

10.3.2.2. Protocol AC (annealed crystallization)
Concerning measurements under Protocol AC, we do not show all raw data, however, we
present a comparative thermogram in the glass transition region in Fig. 10.3. All results were
analyzed and evaluated (details in section 3.2), and the respective values of interest are shown
in Table 10.2 comparatively to those of Protocol A.
Crystallization annealing leaded to slight increase of X, for Si60P40 (from 0 to 0.05
wt, Table 10.2) and stronger increase for all the samples of high polymer content (80 wt%).
The low—temperature glass transition step remained almost unaffected (both 7,; and
AC,; in Table 10.2). On the other hand, the higher—temperature glass transition step (7g2) was
again absent for Si60P40, while for Si60Z1P40 and Si60Z4P40 T,, was almost unaffected and

AC,, was increased. For the samples of 80 wt% PDMS, T, was increased (as representative,
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please compare the changes on Si60Z1P80 in Figs. 10.3a,b) and the respective heat capacity
change (AC,,) was suppressed for Si60P80 and Si60Z1P80 (Table 10.2), while it remained
unchanged for Si60Z4P80.

a | si60z1P80 b | sisozipso
1 1 rotocol AC

protocol A N A W/gI | p
= o
s = 0.01 W/gJ
12 o]
5 y S A
3 3
B =
i |3

n 0 — 0
T =144°C T,=119°C
-1 I60 -1 I40 -1 I20 -1 IOO -éO -1 |60 -1 |40 -1 |20 -1 |00 -8|0
temperature (°C) temperature (°C)

Fig. 10.3. DSC thermogram in the glass transition region for the sample Si60Z1P80 during heating, under (a)
Protocol A and (b) Protocol AC. Curves are normalized to sample mass. Indicated are two well separated glass

transition steps (T, Tg2).

10.3.2.3. Evaluation in terms of models

As discussed in Experimental Techniques (Section 3.2), we may evaluate the various polymer
fractions in polymer nanocomposites from the results of DSC measurements according to
multi-phase models. Here we employ a ‘4—phase model’, namely CF + MAF + RAF +
CONF. In this model CF, MAF and RAF have been previously described (section 3.2.2),
while CONF is added to represent the fraction of polymer confined in the cylindrical-like
pores of Si—60. Thus, in the following we evaluate the different polymer fractions with
respect to the type of their contribution to glass transition. We first estimate the amount of
polymer which contributes to bulk—like mobility, Xpy.x, and to mobility confined within Si—
60 mesopores, CONF, according to Eqs. (10.1 and 10.2), respectively.

AC,,
s = g — (=X (101

AC
CONF =——"__(1-X,) (10.2)

A PDMS
p.amorphous

We remind that AC?” s the heat capacity step of fully amorphous unaffected PDMS

p.amorphous
and was found equal to 0.33 J/gK from fast cooling measurements (chapter 5, Fig. 5.1c,

[Klonos15C]).
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The sum of these two fractions makes the total fraction of mobile amorphous polymer
in DSC, MAF (Eq. (10.3)).
AC, +AC,,
ACPDMS

p.amorphous

MAF =CONF + Xy, = (1-x,) (10.3)

According to our calculations (Table 10.2), the sum of mobile amorphous and
crystallized polymer fractions (MAF + X.) is lower than 1 in the nanocomposites, suggesting
that, in agreement with the 4-phase model, one part of the response is missing from the
calculated fractions. This deviation is thought to represent RAF, which can be easily
calculated by Eq. (10.4).

RAF =1-X_,—CONF — X ,,,x =1-X, —MAF (10.4)
All the above quantities (fractions of various polymer phases) are included in Table 10.2, for
measurements under both thermal protocols.

CONF is reduced with zirconia modification and does not seem to change after
annealing of crystallization (Table 10.2). CONF values are in general higher for 40 wt% than
for 80 wt% PDMS.

The sum of X, and Xpyx is higher for 80 wt% PDMS, while, as expected, RAF is
higher for samples of 40 wt% PDMS. In addition, X, Xzyrx and RAF in Table 10.2 do not
change systematically with zirconia modification, while, changes on RAF, especially for low
polymer adsorption (no interference of crystallinity), seem to follow the respective changes
on Sger (Table 10.1). These effects will be discussed later in comparison with respective DRS
findings.

Summarizing the findings from DSC, the interactions between Si—60 and the polymer
in the nanocomposites suppress highly the crystallization ability of PDMS, which is in general
absent for the 40 wt% PDMS content. The effect is stronger in the case of zirconia
modification. 7,; and AC,; of the confined polymer become slightly lower with the growth of
zirconia onto the inner interfaces of Si—60 pores (Table 10.1). Thermal annealing does not
seem to affect the confined mobility (Fig. 10.3, Table 10.2), whereas, it suppresses
significantly bulk mobility (75> and AC,,) and rigid amorphous polymer fraction (RAF).
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10.3.3. Dielectric relaxation spectroscopy (DRS)
10.3.3.1. Raw data and analysis
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Fig. 10.4. Isothermal DRS plots of the imaginary part of dielectric permittivity (dielectric loss), ¢, vs frequency
for PDMS and the composites with (a,b,e) 40 wt% and (b,d,f) 80 wt% PDMS adsorbed in silica gel, at (a,b) —80
°C, (¢c,d) —110 °C, and (e,f) —130 °C. The results refer to measurements by Protocol A. Included are selected
analysis results in terms of individual Havriliak—Negami components (Eq. (3.6)) for each of the segmental

relaxations (G, O, 0, ).
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The dielectric response (imaginary part of dielectric permittivity, ¢ "', Fig. 10.4) of the
nanocomposites was found significantly higher (by about ten times) for the samples
containing 40 wt% PDMS (Figs. 10.4a,c,e) as compared to 80 wt% PDMS (Figs. 10.4b,d,f).
This difference was also confirmed by the data for the real part of dielectric permittivity, ¢,
and conductivity, g4¢, (not shown) and can be explained in terms of chain conformations with
higher orientation (polarizability) of interfacial polymer (Chapter 7), which is the majority at
low PDMS content (40 wt%) and dominates the dielectric response.

The DRS results will be comparatively presented here in the form of frequency
dependence of the imaginary part of dielectric permittivity, ¢ " (Fig. 10.4, isothermal plots) at
selected temperatures. The focus is again on segmental dynamics, namely on the dielectric
relaxations a,, a, a. and a;, corresponding to the DSC response in the temperature range from
—150 to —110 °C in Figs. 10.2¢,f. After analysis of the complex DRS spectra (details in section
3.4.2, selected examples are shown in Figs. 10.4a,c,e) and by plotting the frequency of
maximum of ¢ " and Ag, from Eq. (3.6), for the four segmental relaxations against reciprocal
temperature the plots of Figs. 10.5-7 were constructed. Included in the Arrhenius plots of
Figs. 10.5a,10.6a,10.7a are also Thermally Stimulated Depolarization Currents (TSDC, raw
data in Appendix A.10.1) and DSC data, peak temperatures and glass transition temperatures,
respectively, at the equivalent frequencies of TSDC and DSC (1.6 mHz and 20 mHz,
respectively [Fragiadakis05]).

After fitting the Vogel-Tammann—Fulcher—Hesse (VTFH) equation, Eq. (3.7),
[VTFH, Richert98] we obtained values for the Vogel temperature, 7y, and fragility strength
parameter, D [Boehmer93]. Next to that, we calculated the fragility index, m, according Eq.
(3.8). Fragility (cooperativity) index values for the relaxations which follow VTFH equation
are listed in Table 10.3.

From a first glance at the Arrhenius plots (Figs. 10.5a and 10.6a), the time—scale of a,
relaxation seems to tend to more linear—like (Arrhenius, temperature—independent activation
energy) behavior as compared to a and a,. Thus, in order to have a rough estimation of the
average activation energy (average over temperatures, Table 10.3) of a,, we employed the

Arrhenius equation (Eq. (3.11), [Arrhenius1889]).
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Fig. 10.5. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the segmental dynamics

confined in pores (o,) and semi—bound at interfaces (o;,) for Si60P40, Si60Z1P40 and Si60Z4P40 composites,

as recorded in isothermal DRS measurements of ¢ *" under thermal Profocol A. Respective points from DSC and

TSDC measurements have been added in (a). The lines in (a) are fittings of the Arrhenius and the VIFH

equations to the data for the segmental relaxations. The black dash—dotted lines represent the typical bulk (o) and

bulk-like (a.) behavior of initial PDMS, while the grey dash—dotted lines (1,2) correspond to the interfacial

relaxation in conventional (1) PDMS/silica and (2) PDMS/titania nanocomposites [Klonos10A]. The arrows

mark changes in a;, and o, relaxations imposed by the addition of zirconia in the initial Si—60 particles.

0 -20 -40 -60

temperature (°C)
80 -100  -120

-140

log[f (Hz)]

PDMS
SiB0PS0 |
Si6021P80
Si60Z4P80

1000/T (K")

T T
b —©—SiB0P80 el
0.15] —+— Si60Z1P80 ]
—e¢— Si60Z4P80 I
a /
oInt /
0.10 \, a 7 1
@ \v«&N\ C J
< %
+7r0, A
0.05 \..j\, .
. P T A‘ﬁﬁ:&ﬁf"‘ﬂ
N_?—ﬁjj:e Lo hnagann  haa, P
int ¢ > ¥ oo 0
0.004+—"1 : : :
4 5 6 7 8
1000/T (K™

Fig. 10.6. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the segmental bulk (a),

constrained between polymer crystals (a.), confined in pores (a,) and interfacial (a;,,) dynamics for Si60P80,

Si60Z1P80 and Si60Z4P80 composites, as recorded in isothermal DRS measurements of ¢ under thermal

Protocol A. Respective points from DSC and TSDC measurements have been added in (a). The lines in (a) are

fittings of the Arrhenius and the VIFH equations to the data for the segmental relaxations. The black dash—

dotted lines in (a) represent the typical behavior of initial PDMS. The arrows mark changes in a;, and a,

relaxations imposed by the addition of zirconia in the initial Si—60 particles.
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Table 10.3

Evaluation of DRS data: shape parameters of the fitted Havriliak—Negami equation, ayy and Sy, (average values over the temperature range of measurements), activation energy,

E.«, and fragility index, m, for the recorded dielectric relaxations, confined and interfacial polymer fractions CONF, RAF;,,, respectively, and the apparent thickness and density of

the interfacial polymer layer, d;,, and p;,, respectively, for all the samples. Results are shown for both Protocols A and AC. Note: (*) corresponds to relaxations which do not obey

VTFH equation.

Process a, o O Olint Ot

Protocol Aand AC A and AC A and AC A AC

parameter | apyy ﬁHN Eu m CONF | apy ﬁHN m apn ﬁHN m apn ﬁHN m  RAF,, dint Pint apn ﬁHN m  RAF;, dint Pint

(eV) (vol) (vol)  (nm) (g/em’) (vol)  (nm) (g/em’)

Si60P40 025 1 099 32 032 — — — — — - 1041 1 49 0.68 0.7 0272 1040 1 32 0.39 0.4 0.156
Si60Z1P40 | 023 1 087 * 0.40 — — — — — - 1032 1 39 0.60 0.6 0238 1044 1 29 0.34 0.4 0.135
Si60Z4P40 | 0.25 1 0.78 * 0.53 — — — — — - 1030 1 36 047 0.5 0204 | 043 1 28 0.33 0.4 0.143
Si60P80 025 1 1.16 35 0.14 | 0.50 1 100 1025 1 86040 1 34 030 1.9 0.080 | 040 1 33 028 1.8 0.075
Si60Z1P80 | 025 1 089 40 021 |085 045 113|035 1 99042 1 29 027 1.7 0.071 | 0.41 1 31 025 1.6 0.066
Si60Z4P80 | 0.28 1 062 62 029 | 087 040 118|034 1 90042 1 30 026 1.8 0.075 | 042 1 30 025 1.7 0.072
PDMS - - - - - 0.89 043 106 {030 1 96| - - - - - - - - - - - -
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10.3.3.2. Confined polymer relaxation (o)

a, relaxation (characterized by mean values of the shape parameters over the temperature
range of the relaxation axy~0.25, fun=1) is recorded for both PDMS contents at —130 °C in
Figs. 10.4e.f, at around 100 Hz. Comparing Figs. 10.5,10.6 we can easily conclude that a,
relaxation is not significantly affected by the polymer content, although a, seems slightly
faster and weaker (Ae) for 80 wt% PDMS loading. Interestingly, the relaxation becomes
faster, immigrating towards higher frequencies / lower temperatures with the addition of
nanozirconia (Figs. 10.5a,10.6a). Additionally, zirconia modification imposes reduction of the
activation energy of a,, while its fragility, m, decreases in 40 wt% PDMS samples and
increases for 80 wt% PDMS (Table 10.3). Finally, a, remains completely unaffected by
thermal annealing in Fig. 10.7, in close agreement to DSC (7g; in Table 10.2) and TSDC (in
Appendix A.10.1).
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Fig. 10.7. Comparative (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the confined
in pores (a,) and interfacial (o) dynamics for Si60P40 (red triangles) [Klonos15SA] and Si60Z4P40 (blue
cycles) composites, as recorded in isothermal DRS measurements of ¢ under thermal Profocols A (solid
symbols) and 4C (open symbols). Respective points from DSC and TSDC measurements have been added in (a).
The lines in (a) are fittings of the Arrhenius and the VTFH equations (details in section 3.4) to the data for the

segmental relaxations. The arrows mark changes imposed by thermal annealing.

10.3.3.3. Bulk—like relaxations (0. and a.)

Recorded at —110 °C, one can observe in Figs. 10.4c,d a, (ayn~0.25-0.35, funv=1) and «
(av~0.50-0.89, Bun~0.40-1.00) relaxations of PDMS and the majority of nanocomposites
with 80 wt% PDMS at around 200 Hz and 100 kHz, respectively. Both relaxations are absent

in samples of 40 wt% (Fig. 10.5a). The effects of nanozirconia on these relaxations are
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indirect and are mainly expressed via the changes in the degree of crystallinity (Table 10.2),
in agreement to previous studies on dielectric behavior of PDMS [Lund08, Klonosl2,

Klonos15A].

10.3.3.4. Interfacial relaxation (o)

In Fig. 10.4a we follow the isothermal ¢ " spectra at —80 °C for PDMS and the composites
with 40 wt% PDMS. a;, relaxation (ayy~0.30-0.42, fun=1) is recorded exclusively in the
composites and is located at around 100 Hz for Si60P40 and Si60Z1P40 and at lower
frequencies (~10 Hz) for Si60Z4P40. Being the slowest of the segmental relaxations, oy
relaxation monitors polymer dynamics at the polymer—particle interfaces [Fragiadakis07,
Klonos10A, Klonos15A—C].

o becomes slower (Figs. 10.5a,10.6a) and its strength (Figs. 10.5b,10.6b) and
cooperativity (m in Table 10.3) are reduced with zirconia modification. a;,, for composites
with 80 wt% PDMS is recorded weaker in strength (Fig. 10.4b), as compared to 40 wt%
PDMS. The respective changes with zirconia modification (Fig. 10.6) are qualitatively

similar, although less pronounced, than those of the low polymer fraction.

10.3.3.5. Evaluation of polymer fractions according to dielectric response

Having clear evidence about the origins of the relaxations described above and in

combination with DSC results, we may calculate the various fractions of polymer from the

dielectric response of each fraction. To that aim we employ a model analogue to the one used

previously for DSC (i.e. Egs. (10.1-4)) and calculate the fractions of PDMS confined in

pores, CONF, and interfacial, RAF;,, according to the following equations,

C Ae,(-X))
Aeap +Ag, +Ag,. +A¢e

Ag,
CONF =—-(1-X_)

total

(10.6)

aint

Aeim (1- X,) (10.7)

RAF, =
Ag,, +Ag, +Ag, +Ac

int
aint

where Aeg is the dielectric strength [Kremer(02] of the segmental relaxations and X, is the
degree of crystallinity (obtained from DSC, Table 10.2). Bearing in mind that the dielectric
strength of all recorded relaxations changes with temperature, for the sake of clarity, we
employed DRS results at the same temperature —95 °C for RAF;, calculation and —140 °C for
CONF. Results are shown in Table 10.3.

Results for the different polymer fractions in Table 10.3 reveal that RAF;, decreases
(from 0.68 to 0.47 wt) and CONF increases (from 0.32 to 0.53 wt) with surface modification,
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in particular for 40 wt%, interplaying at the expenses of each other. CONF and RAF;, are
reduced by a factor of about 2 in the 80 wt% polymer nanocomposites. However, also here
CONF increases (from 0.14 to 0.29 wt) and RAF;, decreases (from 0.30 to 0.26 wt) with
surface modification. The results will be discussed later comparatively with those obtained
from DSC.

We now draw attention to the effects of crystallization annealing on a,, relaxation. By
comparing results by the two protocols, it becomes clear that annealing of crystallization leads
in general to slower a;, relaxation (Fig. 10.7a), with lower dielectric strength (Fig. 10.7b),
suppressed fragility (m) and RAF;, (Table 10.3) for both polymer loadings. The effects
imposed by annealing on a;, become gradually weaker with increasing of surface
modification, for example in the case of Si60Z4P40 in Fig. 10.7, where o, is the slowest and
weakest among the 40 wt% samples, annealing does not imply any further suppression to

interfacial dynamics.

10.4. Discussion

10.4.1. Glass transition (bulk and in pores)

Glass transition of bulk is extremely weak or, even, absent for samples of low PDMS
adsorption (40 wt%). Changes in the glass transition temperature 7,,, which corresponds to
glass transition outside the pores, are dominated by X.. For samples of high PDMS adsorption
(80 wt%), T, increases with X, in Table 10.2, as expected for a highly crystallizable polymer,
such as PDMS (X, ~0.6-0.8) [Aranguren98, Klonos10A], as physical and spatial constraints,
imposed by the spherulites [Sundararajan02], hinder the diffusion of polymer chains during
glass transition [Gedde95]. Furthermore, crystallization annealing suppresses bulk dynamics,
increasing X, and Ty, and, furthermore, eliminates the event of glass transition for Si60P80
(Table 10.2). The results could be also discussed in terms of rearrangements of the quite large
Si—60 globules (~1 um, Fig. 10.1), imposed by the growing of the larger PDMS spherulites
[Sundararajan02] (~10* um in size) [Khan09].

At lower temperatures, more than 10 K lower than 7}, an additional glass transition
step was revealed for the composites. This is the case of glass transition of PDMS confined in
the 620 nm (in diameter) cylidrical-like intraparticle pores of silica—gel. Recorded in the
range between —145 °C and —134 °C, T, decreases systematically with the addition of zirconia
or, in other words, with the suppression of mesopores volume, Vs (Table 10.1). Being a

clear effect of spatial 2-D confinement [Schonhals03, Krutyeval3], the reduction of 7, is
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accompanied with respective suppression of confined polymer fraction CONF (Fig. 10.8,
Table 10.2). A glance at Table 10.2 confirms that annealing of crystallization imposes no

serious changes on neither T,; nor CONF.
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Fig. 10.8. (a) Calorimetric and dielectric glass transition temperature and (b) fraction of polymer confined in
pores and in the interfacial layer against the estimated average pore diameter (<2R,>, Table 10.1) for samples of
40 wt% PDMS loading. Results are shown comparatively from DSC and DRS measurements (details in text).

The lines are used as guides for the eyes. The arrows in (b) mark changes imposed by thermal annealing.

10.4.2. Bulk—like dynamics (o and o, relaxations)

Expoiting the high resolving power of DRS, in combination with DSC (X, in Table 10.2), the
various polymer fractions could be further distinguished in the nanocomposites (Table 10.3,
Fig. 10.8).

Bulk—unaffected mobility of PDMS is monitored by « relaxation, characterized by an
almost universal time scale in the Arrhenius Plots of Fig. 10.6a, as compared to different
types of PDMS [Kirst93, Lund08, Klonos10A, Klonos15A—C]. The relaxation was present
only in the high PDMS loadings (i.e. 80 wt%) and neat PDMS. a is the only asymmetric in
shape (Buy < 1) relaxation recorded in the present work (Table 10.3), while its strength, Ae,
decreases with temperature (Fig. 10.6b), as expected for bulk—unconstrained segmental
dynamics [Kremer02, DonthO1].

Standard is also the time scale of a. relaxation (Fig. 10.6a), which describes the
retarded dynamics of polymer chains restricted between PDMS crystals [Klonosl0A,
Klonos15A, Lund08, Floudasl4], recorded, again, only in the samples of high polymer
loading (80 wt% PDMS) and in neat PDMS. Its A¢ increases with temperature (Fig. 10.6b), as
the constraints imposed by the crystals are gradually loosened [Gedde95, Lund08, Huo92]. In
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case of measurements after crystallization annealing, o, relaxation is enhanced at the expenses
of a, without significant changes in fragility and shape parameters.
Any effects of zirconia modification on the evolution of a and o, relaxations are again

indirect, depending on the degree of crystallinity.

10.4.3. Interfacial dynamics (oin relaxation)

Focusing now on interfacial mobility, quite interesting changes were recorded in o,
relaxation. a;, tends to become slower and less fragile (less cooperative [DonthO1]) with
zirconia modification (Figs. 10.5a,10.6a and Table 10.3). The changes recorded by DRS could
be better related with V), values in Table 10.1, rather than with the respective changes in Szgr.
The dielectric strength of a;, in Figs. 10.5b,10.6b is higher for the cases of unmodified Si—60,
for both amounts of adsorbed PDMS.

According to the surface characterization of samples (section 10.3.1) [Sulim09] the
changes in Spzr (Table 10.1) were interpreted in terms of (i) an initial growth of zirconia
nanoparticles in the cylindrical pores of Si—60 and (ii) the subsequent growth of nanozirconia
on the external surfaces. Case (i) dominates changes in Szgr for Si60Z1 while (ii) is more
significant for the lower Szzr of Si60Z4. In both cases one should expect an increasing in the
roughness of the inner surfaces (walls of pores) and, consequently, increased concentration of
contact points between silica and the adsorbed PDMS. This assumption proves weak on the
basis of DRS results in the case of Si60Z1P40 and Si60Z1P80, as a;,; relaxation was weaker
than in the unmodified silica samples. Our results suggest that both the fraction and dynamics
of interfacial polymer is reduced in silica—gel (in pores and on outer surfaces) (Table 10.3,
Figs. 10.5,10.6). It is likely that the method of adsorption of the gas molecules in cavities of
the nanometric scale is not representative of the respective polymer chains adsorption in the
same cavities. However, the opposite is true in the case of polymer adsorption on external
(free) surfaces, even if those are of nanometric roughness (e.g. textural porosity of ~100 nm in
diameter, Chapters 5-6).

Another point of interest is the temperature dependence of Ae for a;, relaxation. We
follow in Figs. 10.5b,10.6b that for the strong a;, relaxation of Si60P40 and Si60P80 (i.e.
unmodified samples) Ae¢ increases with temperature. Simultaneously with the weakening of
o, relaxation with zirconia modification, Ae tends to decrease with temperature (Figs.
10.5b,10.6b). As discussed in previous chapters, this behavior resembles that of conventional
nanocomposites of crosslinked PDMS (Chapter 4) and of natural rubber [Fragiadakis11] filled

with in situ generated silica particles (~5 nm in diameter) at low amounts (up to ~10 wt%), as
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well as that of core—shell nanocomposites based on PDMS and silica of low textural porosity
(Chapter 6), where Ae of a;, relaxation was lower than that of a and decreased with

increasing temperature.

10.4.4. Interpretation in terms of models

For the interpretation of our results on interfacial dynamics, we once again employ the model
which involves bimodal conformations of polymer chains at the interfacial layer (Section
5.4.5) [Kogal2, Klonos15A], namely the existence of (a) extended tails (Scheme 10.1a) with
bulk like density but reduced mobility, and (b) flattened chain segments which form the inner
quite dense region due to multiple contact points with the silica surface (loops, Scheme
10.1a). We assume that in our nanocomposites the high Szer values of Si—60 particles lead to
a successful adsorption of PDMS chains with a high ratio of loops / tails. Especially for the
nanocomposites with low PDMS content (40 wt%) we can suppose that the majority of
polymer chains are at the interfacial zone exhibiting high numbers of loops and tails, as well
[Klonos15A, Klonos15B]. In agreement with the latter, both DRS and DSC calculations
showed higher values for the interfacial polymer fraction (RAF;, and RAF in Tables
10.2,10.3, respectively) for samples of low polymer content (40 wt%).

a. Initial state b. surface modified c. annealed polymer

Scheme 10.1. Proposed 2-D schematic models for describing interfacial and confined polymer dynamics for (a)

unmodified Si—60 particles, (b) surface modified Si—60 and (c) thermally annealed systems.

Concerning the increase / decrease of Ae of a; relaxation with temperature, for
samples of respectively high / low interfacial polymer fraction (RAFi.), we suggest that
according to the model described above, the loop-like conformed chains onto a solid surface
are weakly attached [Kogal2, Rotellall, Klonosl5A] on the surface and can increase in
concentration, without simultaneous change of interfacial polymer density (Fig. 1.3b)

[Kogal2]. On the other hand, in case of higher tail / loop ratio (i.e. case of low RAF;,; and,
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respectively, lower Ae of ai,) the mobility of the tails (bulk—like density) can gradually
increase, drifted by the increasing of bulk polymer mobility.

The extent of polymer—filler interactions can be also discussed in terms of the
thickness of the interfacial polymer layer [Harton10, Gongl4]. Thus, assuming that the whole
oxide surface area (Spgr) is accessible to PDMS chains, we estimate the apparent interfacial
layer thickness, di,, employing Eq. (5.1). The results are listed in Table 10.3 and show that
d; decreases with zirconia modification (from 0.73 to 0.54 nm and from 1.9 to 1.7 nm for 40
wt% and 80 wt% PDMS, respectively). In agreement with the suppression of RAF;, after
thermal annealing, d;, reduces also varying between 0.42 and 0.38 nm and between 1.8 and
1.6 nm for 40 wt% and 80 wt% PDMS, respectively (Fig. 10.9a, Table 10.3). The absolute
values of d;, seem relatively low for the low polymer contents, but most probably results
could be rationalized in the sense of the above assumption for the real accessible interaction
area, which should be lower than Sger. diyy 1s significantly higher for 80 wt% as compared to
40 wt% PDMS. The origin of this difference is yet not clear, being also inconsistent with the
preparation procedure of the nanocomposites (Section 10.2.1). Moreover, the absolute values
of d;,; for samples with 40 wt% PDMS seem rather low, while they seem realistic for 80 wt%
comparing with findings in previous works in PDMS (~2 nm in PDMS/silica nanocomposites
[FragiadakisO7, Klonosl0A] and 2.5-3.5 nm for PDMS adsorbed in solid surfaces
[Schonhals03, Krutyeval 3]).

In the next step, it is worthy to compare with the discussion by Kumar and coworkers
[Gongl4] about the relation between d;,, and the Kuhn segment length of the respective
polymer, where the latter should be at the upper limit of dj,. Combining this last statement
with the changes in interfacial polymer chain conformations (Scheme 10.1), which explain
our overall findings by DRS, we proceed with the estimation of the interfacial polymer
density. Assuming again that the whole oxide surface area (Spgr) is accessible to PDMS
chains and that d;, is constant and equal to Kuhn segment length (~1.56 nm [Gilral 1]) for all
nanocomposites, we estimate the apparent interfacial layer density, pi;, by Eq. (7.2). The
results are shown in Fig. 10.9b and demonstrate that p;, decreases with zirconia modification
(from 0.272 to 0.204 g/cm’ and from 0.080 to 0.075 g/cm’ for 40 wt% and 80 wt% PDMS,
respectively, Table 10.3). After thermal annealing, p;,, reduces further varying between 0.152
and 0.143 g/cm’ and between 0.075 and 0.072 nm for 40 wt% and 80 wt% PDMS,
respectively (Fig. 10.9b, Table 10.3).
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Fig. 10.9. Calculated apparent (a) thickness and (b) density of interfacial polymer layer against the
average pore diameter , <2R,> (Table 10.1). The drawn dash—dotted lines in (a) and (b) represent the Kuhn
segment length in a PDMS melt [Gilral1] and the density of bulk PDMS [Klonos10A], respectively. The arrows

mark changes imposed by thermal annealing.

Results for the samples of 40 wt% PDMS show that the estimated d;,, is lower than
Kuhn length by a factor of ~3, while p;,, is lower than bulk PDMS density by a factor of ~6.
Thus, for rationalizing results by these equations we should take the real accessible oxide
surface area equal to about 3 — 6 times lower than Spzr (as determined by Nitrogen
adsorption—desorption measurments), as shown also in Chapter 7. In future work
measurements of changes in density of the interfacial polymer (e.g. employing Small Angle
X-ray Scattering, SAXS), which has been found higher than that in bulk in previous work on
polystyrene (PS) [Kogal2,Vogiatzis13], are expected to clarify these issues. To further clarify
this point, measurements employing small angel X-ray scattering (SAXS) [Griinewald15,

Holt14] on similar systems are in progress.

10.4.4.1. Effects of surface modification

The suppression of V,, RAF;, and p;, induced by surface modification and, at the same time,
the suppression of interfacial dynamics and cooperativity suggest strongly that according to
the model described above the loops / tails ratio on Si—60 is lower for modified samples
(Scheme 10.1b). This result can be explained in terms of decreasing of polymer—silica contact

points due to the smoothening of interfaces, in general (Chapter 5).
10.4.4.2. Effects of thermal (crystallization) annealing

In the samples of unmodified silica (i.e. Si60P40 and Si60P80) which have suftered thermal

annealing, a;, relaxation (a) immigrated towards higher temperatures / lower frequencies
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(Fig. 10.7a) and (b) Ae was suppressed (Fig. 10.7b). On the other hand, for the samples of
modified Si—60, effects of thermal annealing are not significant (Fig. 10.7, Table 10.3).
Similarly to surface modification effects, annealing procedure seems that could also lead to
reorganization of chain distribution in the interfacial layer. Moreover, some of the chains
could be detached, resulting in the restriction of the concentration and mobility of the loops
(Scheme 10.1c), which are probably more loosely attached on the surfaces of Si—60 as
compared to the tails [Kogal2, Rotellal1]. Interestingly, the case of Si60Z4P40 seems to be
at the limit of low polymer adsorption, in particular the case of lowest loop / tail ratio, as o,
was the weakest and the less cooperative interfacial relaxation and, at the same time, it was
not further affected by thermal annealing. Similar results were reported in Chapter 5 for core—
shell systems based on fumed silicas and PDMS, same as in this chapter. Mechanisms like
diffusion of free volume holes at the interfaces between the polymer and nanoparticles
[Colmenerol13SM] or redistribution of interfacial free polymer volume [Napolitano12] can be

the driving force for effects of annealing of these systems.

10.4.5. Changes in dynamics confined in pores (o, relaxation)

We focus now on polymer dynamics confined inside the mesopores of Si—60. Much evidence
was provided in the previous sections concerning the origin of o, relaxation. The dynamics
and fraction of confined polymer were not affected by crystallization annealing, in close
agreement with DSC (please compare Schemes 10.1a,c). Interestingly, we recorded
tremendous changes directly affiliated to the nanozirconia modifications, also significant in
DSC, but with opposite trend (Fig. 10.8b). More specifically, the addition of zirconia resulted
to even faster @, (Fig. 10.10) as compared to the unmodified Si-60. Additionally, lower
fragility and lower average activation energy (Table 10.3) were obtained. Structural
characterization of the initial silicas showed that spherical nanozirconia particles were formed
both on the outer surfaces and inside the pores (620 nm in diameter) of Si—60 [Sulim09].
The results described above are similar to those obtained previously for PDMS in mesoporous
glasses and spherical cavities ([Schonhals03, Colmenero10], Fig. 10.10), providing further
proof that zirconia was indeed developed onto the internal walls of Si—60 pores, and, thus, the
available volume (average pore diameter, <2R,>, Table 10.1) for polymer adsorption is
reduced (Scheme 10.1b). The 9% and 23% of restriction in pore volume (¥}, in Table 10.1) for
Si60Z1 and Si60Z4, respectively, imposed by nanozirconia, resulted in 50% and 70%

increase of the amount of confined polymer, as compared to unmodified Si—60 (Fig. 10.8).
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Fig. 10.10. (a) Arrhenius plots for polymer dynamics confined in pores («,) of Si60, for low (40 wt%) and high
(80 wt%) contents of PDMS, adsorbed in unmodified and modified Si60. Lines (1) and (2) correspond to
dynamics of PDMS confined in silica based mesopores of 20 and 5 nm in diameter, respectively [Schonhals03].
Lines (3) and (4) correspond to PDMS confined in spherical cavities of 15.5 nm (3-D) and in cylindrical pores
of 9.8 nm (2-D), respectively [Colmenerol0]. (b) Comparative diagrams of dielectric glass transition at 102 Hz,
Ty dier, €stimated from o, relaxation, against the % change in volume confinement for low (40 wt%) and high (80
wt%) adsorbed PDMS. The inset in (b) shows the respective effects on the activation energy, E,., of a,

relaxation.

As mentioned previously, CONF and RAF;, (vol) fractions in DRS were determined
through the additive contributions of the confined (a,) and interfacial (a;.;) polymer fraction to
total polarization (Egs. (10.6, 10.7)). On the other hand, in the case of DSC, CONF and RAF
(wt) fractions were extracted through an additional (AC,;) and a missing part, respectively, of
the corresponding contribution to the heat capacity jump at glass transition. Additionally, we
recall that for both Si60Z1P40 and Si60Z4P40 we recorded bulk—like glass transition steps in
DSC (T in Fig. 10.2, Table 10.2), whereas in DRS no bulk-like relaxations (a or a.) were
recorded. So, the in principle different experimental methods can be at the origin of the
differences observed in the trends of polymer fractions between DSC and DRS in Fig. 10.8b
[Eslamil 3].

In the case of low polymer adsorption (40 wt%), the sum of confined and interfacial
polymer fractions makes 100 % and ~95 % of the polymer response in DRS (Table 10.3) and
DSC (Table 10.2), respectively. Despite differences related to calculations, it can be easily
obtained from Fig. 10.8b, that there is a clear interplay between CONF and RAF;,, for the
different surface modifications, i.e. different degree of spatial confinement. In the case of high
PDMS adsorption (80 wt%) the situation is more complex due to the interference of

crystalline fraction (X;) and the rigid amorphous polymer fraction in close proximity to
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polymer crystals (RAF..s) (details in Section 3.2), rendering more uncertain any further
evaluation and comparison of CONF and RAF,; for the respective samples.

It is interesting, however, to discuss the difference in confined dynamics between low
and high polymer content. In Fig. 10.10a, a, relaxation for the samples of high polymer
loading (80 wt%) is in general faster, characterized by lower calorimetric (7;, Table 10.2)
and dielectric T, (g giet, Fig. 10.10b), and its E,, seems to be more sensitive to changes in
spatial confinement (inset to Fig. 10.10b), as compared to lower polymer loading (40 wt%).
Combining all the above observations, we conclude that PDMS is under stronger confinement
in the pores of Si—60 at the higher polymer loading. This can be further supported by the
results for the apparent interfacial density, d,, (Table 10.3), estimated higher for 80 wt% as
compared to 40 wt% PDMS. Thus, it can be realistic that a thicker interfacial polymer layer
probably reduces the intermediate dimension in the cylindrical-like pores and increase the
effect of confinement. On the other hand, these results would suggest that lower amount of
polymer has penetrated in the mesopores during preparation in case of 80 wt% PDMS, which
is not expected according to the preparation procedure of the materials (Section 10.2.1). It is
likely that reduction in pore volume of Si—60 occurs during polymer adsorption, possibly
higher for 80 wt% PDMS. Unfortunately, this hypothesis cannot be checked by Nitrogen
adsorption—desorption isothermal measurements because of the liquid—like character of the
samples at 80 wt% PDMS. It is interesting, however, that effects of adsorption of various
polymers on porosity and pore size distribution in silica and silica—like fumed particles (quite
metastable systems) have been previously demonstrated [Gunko 13B]. Finally, we should note
that crystallization in polymer nanocomposites may impose significant changes in filler

dispersion [Khan09].

10.5. Conclusions

Molecular dynamics and confinement effects of silica—gel/PDMS nanocomposites were in the
center of interest in this chapter. The hydrogen bonding developed between the surface
hydroxyls of silica and the oxygens of the backbone of PDMS has suppressed both the degree
of crystallinity and the segmental dynamics of bulk PDMS. Nanozirconia modification
resulted in increase of spatial confinement of the polymer in the intraparticle pores (~6—20 nm
in diameter) of silica—gel. At the same time, a second effect of this modification was
manifested by the reduction of polymer—particle contact points at the interfaces (external and
in pores). As a result, interfacial fraction and dynamics (o, relaxation) were suppressed. Bulk

like dynamics was monitored only for high polymer content. Combining results by DSC and
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DRS we were able to monitor the suppression of interfacial polymer fraction and dynamics
after thermal annealing of the samples (related also to crystallization), while, at the same time,
no changes were recorded in the dynamics and the fraction of confined polymer. Moreover,
the results by different thermal treatments proved quite useful for understanding better
polymer conformations in the interfacial silica/PDMS layer, similarly to chemical and thermal
annealing of polymers on solid surfaces [Guiselin91, Kogal2, Rotellal1]. Therefore, the
decreased density of polymer chains and the slowing of dynamics at the interfaces after the
annealing, also similar with the effects of zirconia grafting, could be explained by suppression
of the polymer—filler interaction surface / volume.

The discussion of the results obtained with these nanocomposites enables to
reconsider previous results obtained with conventional polymer nanocomposites of
PDMS/silica and PDMS/titania [Klonos10A]. The reported shift of interfacial dynamics to
lower frequencies / higher temperatures and the increased interfacial layer thickness in the
titania as compared to the silica nanocomposites may not originate exclusively from the
higher strength of the PDMS—titania hydrogen bonds (type of particle) [Klonos10A], but
determined also by the concentration and density of polymer chains on the available surface
of nanoparticles (concentration of contact points) [Klonosl5A]. Finally, we gained extra
support that confining effects, at least for PDMS, originate mainly from size effects

[Kremer14].
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APPENDIX A.10
A.10.1. Thermally stimulated depolarization currents (TSDC)
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Fig. A.10.1.1. Comparative TSDC thermograms for neat PDMS and nanocomposites of (a) 40 wt% PDMS, (b)
80 wt% PDMS adsorbed in Si-60/ZrO, in the glass transition region for measurements of thermal Profocol A.

Indicated are the dielectric relaxations related to polymer segmental dynamics.
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Fig. A.10.1.2. Comparative TSDC thermograms for neat PDMS and nanocomposites of (a) 40 wt% PDMS, (b)
80 wt% PDMS adsorbed in Si—60/ZrO; in the glass transition region for measurements of thermal Profocol AC

(annealed samples).
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11. Concluding remarks

In the present PhD Thesis we performed a systematic investigation of effects imposed on
molecular dynamics in polymer nanocomposites (NCs) by various physical parameters,
summarized in the following sections. Our main focus here was on the study of effects
imposed on the fraction and dynamics of the polymer in the interfacial layer with metal oxide
fillers, the characteristics of this polymer fraction being in the center of interest of
nanocomposite materials science for the last decades. To that aim, we have chosen to study
polymer NCs based on one type of polymer, namely polydimethylsiloxane (PDMS). This
choice of polymer was made mainly due to four characteristics, i.e. due to (i) the easy and
mild processing for preparation of materials based on PDMS, (ii) the rather simple chemical
type of PDMS macromolecule, as compared to other types of polymers, a useful characteristic
regarding the comparison with already studied simple model systems and with computer
simulations in future, (iii) the exceptional dielectric response of PDMS which, in contrast to
the majority of other polymers studied by similar techniques, offers the great benefit of
studying directly the interfacial polymer dynamics in respective NCs [Fragiadakis06,
Panagopoulou08], and (iv) the relatively high flexibility of PDMS chains in combination with
the low glass transition temperature, which have been found beneficial with regard to the
employed experimental techniques. Concerning NCs under investigation, two chemical types
of metal-nanooxide fillers are used here, namely silicon dioxide (SiO,, silica) and titanium
dioxide (TiO,, titania). NCs are categorized in two classes (a) conventional NCs consisted of
initial nanoparticles generated in situ and dispersed in a PDMS network and (b) core-shell
structured NCs consisted of nanoparticles in the form of aggregates on which linear PDMS is
physically adsorbed. The main interaction in both cases of NCs is hydrogen bonding between
the hydroxyls on the surface of nanooxides and the oxygens on the backbone of PDMS.
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The techniques employed in this PhD Thesis are scanning electron microscopy (SEM),
for studying morphology and filler dispersion in the NCs, differential scanning calorimetry
(DSC), in order to study the thermal transitions of the polymer (glass transition and
crystallization), two dielectric techniques, thermally stimulated depolarization currents
(TSDC) and dielectric relaxation spectroscopy (DRS), in order to study polymer dynamics,
and equilibrium water sorption / desorption isotherms (ESI/EDI) at room temperature, in

order to study effects on molecular dynamics imposed by hydration/dehydration.

11.1. Effects of filler type and loading

Effects of type of nanooxides and filler loading on glass transition, crystallization and
molecular dynamics of PDMS were studied with conventional NCs based on in situ
synthesized silica and titania nanoparticles, 5 and 2040 nm in diameter, respectively. The
fraction of nanoparticles in NCs varied between ~5 and 36 wt% for silica and between ~5 and
18 wt% for titania. Nanoparticles were finely dispersed in PDMS networks (crosslinked
polymer).

The strong interaction (hydrogen bonding) between the fillers and the polymer
suppresses crystallinity and affects significantly the evolution of the glass transition in the
NCs in DSC. The suppression of the degree of crystallinity, X., was found stronger in the case
of titania NCs than for silica. The recorded changes in glass transition temperature, 7g, by
filler loading were indirect, depending mainly on changes in X.. However, significant
systematic decrease in heat capacity change, AC,, of glass transition was observed in NCs,
this increase being systematic with filler loading. This suggests that a part of amorphous
polymer fraction in NCs does not contribute to glass transition, i.e. the so called rigid
amorphous fraction, RAF. Due to the semi-crystalline character of PDMS in NCs, RAF
consists of immobilized (rigid) polymer segments between condensed crystal regions,
RAF 4, and segments immobilized at the interfaces of polymer with nanoparticles, RAFj;.
These two fractions cannot be easily distinguished uniquely by DSC results, since there is a
still open debate about the extent of influence of crystals and interfacial interactions on
molecular mobility, further calculations being based on speculations for the moment.
However, in agreement with respective literature, we recorded that for both types of filler the
amount of PDMS which shows amorphous properties (mobile amorphous fraction, MAF),
participating in the glass transition, seems to be constant at ~12 wt% of the nanocomposite,

and keeps a balance between different phases in the NCs under investigation.
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The situation becomes more clear with results obtained by dielectric techniques.
Regarding molecular dynamics, according to DRS and TSDC, next to the a relaxation,
associated with the glass transition of the bulk amorphous polymer fraction, two additional
segmental relaxations were recorded, originating from amorphous polymer chains restricted
between condensed crystal regions (o, relaxation) and the semi-bound polymer in an
interfacial layer with strongly reduced mobility due to interactions with hydroxyls on the
nanoparticle surface (a;,, relaxation), respectively. We focused on the characteristics of a;y,
the intensity (dielectric strength, Ae) of which increases with filler loading, suggesting a
systematic increase of interfacial polymer fraction, RAF;,, with nanoparticles fraction. RAF;,;
was calculated by comparing the dielectric strength of a;,, with the total dielectric response
related to segmental mobility (a + a. + aiy) at a fixed temperature and the results suggest that
RAF;, is larger for silica than for titania. Interestingly, the time scale of a;,; does not vary with
filler fraction, as the temperature dependence of the characteristic frequency (fy.x) for o, is
recorded almost identical for the same type of filler. However, a;, for titania is slower
characterized by lower cooperativity (fragility) than that for silica. These results suggest that
the time scale of a;,, could possibly be the signature of polymer-particle interaction for each
type of oxide. Following a widely adopted formalism for evaluating the range of polymer-
filler interactions, we calculated the thickness of the interfacial polymer layer for NCs, which
was estimated around 2 nm for silica and at least double for titania NCs.

Combining the above results we concluded that the hydrogen bond between titania and
PDMS should be stronger than that between silica and PDMS, this resulting to thicker
interfacial layer and slower dynamics in the case of titania/PDMS. Such explanation is
reasonable, since the surface hydroxyl (-OH) of titania is more acidic than that on the surface
of silica [BokobzalO]. On the other hand, according to recent work [Gongl4] these
differences between titania/PDMS and silica/PDMS can be due to the size of particles (~30
nm for titania and ~5 nm for silica) and/or due to the surface curvature of the particles.

In a next step, we observed that A¢ of a;,; decreases with temperature, 7, for all titania
based NCs and for the low silica loaded NCs. In addition, we performed thermal annealing
experiments, aiming to increase crystallinity in NCs, which resulted in unchanged a;,, with
the exception of silica/PDMS NCs of high filler loading (~30 and 36 wt%). For the latter
samples, a;,; became slower and weaker after annealing, these changes being accompanied by
reduction in cooperativity. The after-annealing characteristics of a;,, for silica/PDMS
resemble those of a;,, for titania/PDMS. Thus, a new question arose, namely as to whether the

A&(T) behavior and the effects imposed by the different type of nanoparticle and by thermal
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annealing originate, on the one hand, from the strength of interaction and/or the geometrical
characteristics of nanoparticles or, on the other hand, from changes in the polymer
conformations in the interfacial layer and/or other characteristics of nanoparticles (e.g. the

available contact points on the surfaces).

11.2. Effects of surface roughness of nanooxides

In order to investigate further interfacial dynamics of PDMS at the interfaces with silica and
silica-like particles and other relative effects, as reported in the previous section, we employed
a combination of structure (SEM), thermal (DSC), and dielectric (DRS) techniques on core—
shell structured NCs of PDMS adsorbed onto fumed silica nanoparticles of low (~55 m?/g)
and high (~340 m?/g) specific surface area, Szer. Szer is estimated via nitrogen adsorption—
desorption (IPSD) and is affiliated mainly to textural porosity of nanooxides, thus, it can
describe the nanometric surface roughness. The initial particles (8—150 nm in diameter) were
found to aggregate (200-600 nm in diameter) and disperse well in the volume of NCs. In
order to manipulate the oxide surfaces, these were chemically modified by grafting of small
nanozirconia (ZnO) particles (3-10 nm in diameter). For oxides of low Szzr (smooth surfaces)
nanozirconia grafting resulted in slightly increased roughness, while for the high Szzr oxides
(rough surfaces) the same modification resulted in smoothened surfaces (lower Spzr).

PDMS was adsorbed both onto external surfaces and in the inner space of the voids of
the aggregates. According to DRS and DSC the fraction of interfacial polymer, RAF;,,
increases systematically with Szer. In addition, we observe in DRS that with increasing of
Szer the respective dynamics (o, relaxation) and cooperativity are enhanced.

Furthermore, in order to clarify further that these effects on a;, by Szer do not arise
from the presence of different type of oxide (zirconia), we studied interfacial dynamics of
PDMS adsorbed on homogeneous silica and titania nanoparticles of a wide range of specific
surface area (Szgz, 25 — 342 m%/g) by the same combination of DSC and DRS. Both
techniques revealed an increase of RAF;,, with increasing of Spgr (surface roughness),
accompanied by an enhancement of dynamics and cooperativity of a;,,. At the same time, bulk
dynamics (glass transition temperature, 7, and time scale of a relaxation) was not
significantly affected.

For explaining changes in specific characteristics of a;,, and RAF;,, we employed a
model from the literature, which suggests that a polymer melt adsorbed on an attractive solid

surface can adopt different types of conformations, for example loop- and tail-like. Such
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models have gained support also by computer simulations [Mansfield89, Daoulas05] and have
been examined experimentally [Guiselin91, Rotellall, Kogal2]. The extended tails are
characterized by bulk-like density but reduced mobility and cooperativity, while the flattened
loop-like chain segments form the inner quite dense region due to multiple contact points with
the hosting solid surface. The adoption of multiple contact points is favored in the case of
polymer with flexible chains, such as those of PDMS, and further in the case of more densely
distributed contact points on the surface (e.g. —OH groups) of nanooxide, the latter resembling
the increasing in surface roughness (Szer). In addition, in the case of densification of the
particle-polymer contact points we expect a decrease in the average cooperativity length,
which, in the frame of Adam-Gibbs theory would suggest increase in cooperativity of a;y.
This was found true here, as the fragility of o, increases with Sger. Additionally, for samples
of respectively high/low interfacial polymer fraction (RAFi,;) we may interpret the respective
increase/decrease of A¢ of a;,, with temperature as follows. According to the model described
above, the loop—like conformed chains are weakly attached on the solid surfaces and their
concentration can increase as temperature increases, without change in interfacial polymer
density, e.g. by simultanecous decrease of loops’ maximum distance (height) from the
adsorbing surface. On the other hand, in the case of higher tail/loop ratio (i.e. the case of
lower RAF;, and, respectively, lower Ae of a;,) the mobility of the tails (bulk—like density)
can gradually increase, drifted by the increasing of bulk—like polymer mobility. Thus, the
degree of immobilization of the tails at the interfaces is suppressed, leading to lowering of Ae
for a;,, with temperature.

Finally, it is likely that the shift of @i to lower frequencies/higher temperatures in the
titania as compared to the silica conventional NCs, reported in the previous section,
originates, most probably, from the different concentration of contact points on the surfaces of
nanoparticles. This is consistent with the observed rather diffused surfaces of silica (high
surface area, ~453 m*/g) as compared to titania (smoothed surfaces, low surface area, ~47
m?/g) and the recorded differences in mechanical and swelling properties in conventional NCs
[BokobzalO].

11.3. Effects of thermal annealing

In the PDMS based NCs which have suffered thermal annealing (a) o;, relaxation has
immigrated towards higher temperatures / lower frequencies and (b) Ae of a;, has been

suppressed. The effects of annealing on a;,, become more weak on decreasing of Sggr of initial
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particles, as a;n in theses samples is already weak and slow. Following the model described
above (previous section), the changes can be interpreted in terms of reorganization of chain
distribution in the interfacial layer. More specifically, some of the chains could be detached
during annealing, resulting in the restriction of concentration and mobility of the loops, which
are more loosely attached onto the surfaces as compared to the tails. It is important to recall
two specific results which give additional support to this explanation. (a) for silica with 40
wt% adsorbed PDMS we recorded by DSC an increase of AC, , (mobile amorphous fraction,
MAF) after annealing, without simultaneous increase in X, (crystalline fraction, CF). (b) in
DRS for the same sample after annealing, we observed a significant increase in the strength of
S relaxation, assigned to increase of the concentration of free (not engaged by the polymer)
surface hydroxyls, and a slight enhancement of bulk-like relaxation.

Thus, detaching of polymer chains from the solid surface of nanoparticles after
annealing, leads to lower amount of interfacial polymer with more sparsely distributed chain

segments that demonstrate lower cooperativity (large cooperativity length).

11.4. Effects of hydration / dehydration
DRS in combination with ESI / EDI in polymer NCs based on the hydrophilic silica and

titania nanooxides and adsorbed PDMS revealed that the increase of hydration of oxide
particles (~0.25 wt% hydration on dry basis in NCs) results in increase of polymer—particle
contact points, reflected in enhanced mobility/cooperativity and fraction of the interfacial
polymer. Effects on interfacial polymer relaxation (o) by hydration were found qualitatively
similar to effects imposed by changes in the surface roughness of nanooxides and by thermal
annealing. Results were found consistent with observations from the literature, in the sense of
increased adhesion of the polymer onto the hydrophilic surface in the presence of moisture.
Thus, we propose that the additional water molecules bond with the attractive surface

hydroxyls and make additional accessible contact points with the polymer.

11.5. Effect of polymer chain length — molecular weight

Effects of chain length on interfacial polymer fraction and dynamics were studied by
employing SEM, DSC and DRS on nanocomposites based on low specific surface area (25
m?/g) spherical-like titania (TiO,) nanoparticles and physically adsorbed PDMS of two
molecular weights (MW ~2000 and ~8000). The initial titania particles (40-140 nm in
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diameter) were found to aggregate (~500 nm in diameter) forming voids in the nanometric
scale.

With nanoparticles content increasing gradually from 20 to 95 wt%, an increase in the
glass transition temperature, 7, is observed in DSC, accompanied by a broadening of the
glass transition step and a decrease in the change in heat capacity, AC,. The decrease in AC,
was used to estimate RAF;,, which was found similar for the two types of PDMS. On the
other hand, according to DRS the interfacial polymer layer was estimated thicker in the case
of shorter PDMS chains (~22 monomers/chain) and demonstrated slower dynamics (0
relaxation) as compared to longer chains (~105 monomers/chain). Changes in the interfacial
polymer fraction, as estimated by DRS, were found consistent with the changes in the specific
surface area of the aggregates, as recorded by the gas molecules adsorption—desorption and
results by SEM. The comparison with previous results in PDMS—based NCs revealed the
importance of the concentration of polymer—particle contact points for the interfacial
interactions over the strength of the respective physical bonds. In particular, in the case of
shorter chains there is increased concentration of free chain ends. Thus, PDMS of short
polymer chains can engage more hydroxyls on the surface of titania (contact points) during

adsorption, as compared to PDMS of longer chains.

11.6. Effects imposed by 2D spatial confinement on polymer dynamics

We employed DSC and DRS in combination with different thermal treatments and monitored
the interplay between confined, interfacial, and bulk polymer dynamics, all coexisting in
silica—gel / PDMS systems.

Confined and bulk mobility could be distinguished by recording two well separated
glass transition steps in DSC. For low content of adsorbed PDMS (40 wt%), we detected in
DRS two contributions to segmental dynamics, arising from the interfacial polymer layer on
the surfaces of nanoparticles (a;,, relaxation) and from polymer chains confined in 620 nm,
in diameter, cylindrical-like pores of silica—gel (o, relaxation). a;, is the slowest while a,, is
the fastest relaxation that represent segmental mobility for PDMS. Interestingly, no bulk
segmental relaxation was detected for low polymer loading.

In order to manipulate both the surface and porosity properties of silica-gel and study
in more-depth phenomena induced by changes at interfaces (surface-polymer interaction) and
by the spatial 2D confinement in the pores, nanozirconia particles were grafted onto inner and

external surfaces of initial silica—gel before polymer adsorption. This modification resulted in
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decrease in RAF;,; and in slower and less cooperative a;, in the NCs. These effects on
interfacial polymer were interpreted by a loss of polymer—filler contact points with
modification, due to smoothening of silica-gel surfaces, in general.

On the other hand, nanozirconia developed in the cylindrical-like pores of silica-gel
led to decrease in the average pore diameter and, thus, to more severe spatial confinement of
the polymer in pores. The latter was monitored via characteristic changes in oy, i.e. a decrease
in fragility (cooperativity), a decrease in the average activation energy, and an acceleration of
a,. The changes are systematic with increasing of zirconia content.

Crystallization annealing led to suppressed interfacial polymer dynamics (weakening
and slowing down of a;,). On the contrary, it is remarkable that the confined polymer
dynamics (a,) remained completely unaffected by the same annealing. The latter suggests that
interfacial effects are ruled by changes in the strength of interactions and changes in adopted
conformations (energetic and entropic reasons), whereas confinement is dominated by
dimensionality (size effects).

Bulk dynamics was observed only for the higher polymer loading (80 wt%), via two

additional processes which contribute to the dielectric response (a and o, relaxations).
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Exteviig mepiinyn

YV mopovod SOUKTOPIKY SaTPIPn), UE TITAO ‘AIEmPovelokés alAnAeTIOpaoels Kot HopLaky
OVVOUIKI] GE OPYOVIKG-QVOPYOVa. VavooOVOETO, TOADUEPIKG DAIKG’, TPUYUOTOTOLEITOL pia
OUGTNUOTIKY MEAETN NG EMOPAONG TOV SETIPAVEINKADV OAANAETOpAceE®mY UeTAED €VOG
ToAVUEPOVS (oVLYKeEKpLEVa, Tov molvdipuebvlocthoéaviov, PDMS) (Ewdva 1) kot g
oTeEPENC EMPAVEWS SPOPOV TOHTOV VAVOSOUATOIOV UeTaAMKOV o&ediov (Tuprriag,
Titoviag, Eucova 2) ot poplokn dvvapikn kot g 0epuikég Letafaoelg Tov ToAvUEPOCE.
MeleTovpe KVPIOG TO YOPOKTNPLOTIKA TOV TOALUEPOVE TOV OAANAEMOPA omevbeiag pe Ta
vavooopotiow. To kOplo HEGoV aAMAETIOPACTG TOAVUEPOVG-COUATIOMY Eivol 1 avATTLUEN
LoYVpOV deou®v vOpoyovoy LeTad Tov VOpo&uAioy (-OH) omyv emdvewn tov ofedimv
(Euwcova 2) kot tov oéuyovav (-0-) mg moivpepicnc oivaidag (Ewova 1).

To xAdopo TOL TOALUEPODS TOL OAANAETIOPA omevOeiog UE TO VOVOCOUATIOW
ovopaleton ‘oemipavelako molouepés’ M ‘dlempavelorxo orpoua’ Ko Be@peitan VPEDS OTL M
TOPOLGio. TOV €VOVVETOL Y10 TIG CNUAVTIKAOG PEATIOUEVEG 1010TNTEG TTOV Yopaktpilovy Ta
vavoouvheta (NX) ToALUEPIKA VALKG, GE CUYKPION HE TO TOPASOGLOKA cOVOETO VAWKE
(nucpoovviera). Ta tehevtaio ypovie €xel mpotabel OTL 0oL TPOTOMUEVEG 1O10TNTEG TOV
SIEMPAVEIONKOD TOAVUEPOVG KVPLOPYOVV €ML TV TEMK®OV 1810tV Tov NX. Extoc TV
(QLOIKOV 1010THTOV TOV EKAGTOTE TOAVUEPOVGS (7). TN OO TOV), T YOPUKTNPLOTIKA TNG TPOG
aAAnAenidpacn otepeng  emedvelag Toilovv onNuaviikd poAo otV avamtuén TV
dlempavelokdv aAAnAiemdpacewv. Eyxel eniong avoaeepbel 6TL to puéyebog Kot 1 EXPOVELNKT
KOUTOAOTNTO TOV Vavooopoatdiov emmpealovwv Vv 1oxd g oAAnAenidpacng. ITo
OUYKPUUEVA, QOIVETOL OTL TO TAYOG TOV SIEMLPAVELNKOD TOAVUEPIKOD GTPOUOTOS CVEAVETOL
0600 avédvel t0 UEyeboc GEUPIKOV COUATIOIOV 1], 160dVVAU®S, 000 TeplopileTor 1
KOUTOAOTNTO TNG EMIQAVEING TOV COMOTOIOV. XNV Topovcee UEAETN, TOPOVGLALOVLE

OTOTEAEGUOTO. TTOV OVOLOELKVOOVY TG 1| ETXLPAVEIOKT TPOYOTHTO VAVOUETPIKNG KALLOKAS TOV
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VOVOGOUUTIOOV KOL 1] EDKOUWIN TNG TOADUEPIKNG 0AVGIdOG KuPLapYovV 6TOV KaOOPIGUO TmV
SIEMPAVEINKDOV GAANAETIOPACEDY GUYKPITIKA UE GAAEC TOPAUETPOVS, OTWC O TUTOG KOl TO
péyeboc v voavooouatdiov, TovAdylotov yie ta NX mov Pacifovior oto PDMS. H
EMPAVELNKT TPAYHTNTA TOV COUOTIOIOV dev Exel peretnBel Eog Topa ot Piprloypaeio, ¢

OO TNTO-TOPAUETPOC GYETIKN LE TNV AAANAETIOpaoT TOAVUEPOVG-EYKAEIOHATOG Tl NZ.

Ewéva 1. Mopok) doun Kol GYNUOTIKY  OVOTOPAGTOCT) TG  TOAVUEPIKNG  OAVLGISOG  TOL

molvdipedvroctho&aviov (polydimethylsiloxane, PDMS)

Ewéva 2. Zynuotikn avamopdotoon tng Hoptokng doung g mopttiog (silica, apiotepd kou péom) kor tng

Titaviog (titania, de€1d).

H mapovoa perétn neptroppdvel petpioelg popeoioyiag, Oeppikdv petapdoemv kot
dMAeKTpUKNG ovumeplpopds o NX cvomquate. PDMS/muprtiag ko PDMS/titaviag (o)
SLOPOPOV TEPIEKTIKOTNTOV GE COUATIOW, (B) HeydAov e0pOVg ETPAVEINKNC TPAYDTNTAG KOl
peyébovg copotdiov, (y) Swedpov Hoplok®V PopdV Kol OOUNG TOV TOALUEPOVC
(Ypoppiko/ctovpodepnévo), kot (8) oe dapopo emimedo véUTOoNg TOV VAKGV. o v
OTOTIUN GO TOV EMWEOMV  VOATOONG  EQUPUOCONKAV TEYVIKEC 1600gpung vIGT®ONG—
a@LddT®ONG o€ 1oppoTia (og Beppokpacio SOUATIOV).

To mpog PeEAETN VAIKG pmopolv va KotryoplomomBodv ce Vo oepés. Ta vikd g
TPMTNG GEPAg Bewpovvtar ‘ovpfotird’ vavoouvieta (NX) kot eivar dokipa oto omoio Exovv

ovvtebel kar duomapel vavoowpatidw moprtiag (Si0z) kat trtaviag (TiOz), dStwpétpov 5 Kot
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~30 nm, avtictolywe, mapovoia (in situ) diktowv PDMS (uoplokod Bapovg MB ~18000)
pécm teyVIK@vV Avpatog tnkmg (sol-gel technique) (Ewova 3). Ta vid mapoackevdcdnioy
an6o v Kabnynrpw Liliane Bokobza cto Laboratoire PPMD, E.S.P.C.I., oto Tlapict g
TaAliog. Tétorn vAKE oyeddloviol yio ypnorn o€ EAOGTIKG 0VTOKIVATOV. Ta VAIKG NG
deutepnc oepdg Bempovvior NT tOmov ‘mopnvo—ploiod’ Kol €ivol GUGTNUATO GTO OToid
ypappkd PDMS (MB ~2000 xar ~8000) éyer mpoopoenbel pe guowd tpoémo (avamtvén
SeoUDV VOPOYOVOV) GE CLUGCOUOTOUATE VAVOCOUOTIOY ueTadllkdv o&eldiov (Ewdveg
4,5), o1 eMPAVELES TOV OTOIOV YooK TN PilovTal amd PLEYAAD E0POG VOVOUETPIKNG TPOYVTITOC
(0w emeavewd, Sger). Ta cCLOCOUOTONATE ATOTEAOVVIOL OO VOVOCOUATIOW TITAVING
(apyicd copatidi Stapétpov ~70 nm, cvoompotdpato ~800 nm, Sper ~25 m’/g) Kot
Stapdpot THTOL VOVoSOUOTIOIMV TTupttiag (apyukd couatidi 8—85 nm, cuvscouatopoto 300—
600 nm, Szer ~55-342 m?/g). Ta VAIKE QUTAG TG KATNYOpiog Tapaokevdodnkay amd Tty
gpeovnTikn opddo tov Kabnymtm) Vladimir M. Gun’ko oto Institute of Surface Chemistry,
National Academy of Sciences of Ukraine 6to Kigfo g Ovkpaviag. H tporomoinomn (tuning)
TOV 10TTOV TETOIOV COUATISIOV (TOPOSIUOTNTA, VOPOPIMKOTNTO) LEGH TNG ERUPUVEINKNG

TPOGPOPNONG TOAVUEPOVG GTOYEVEL GTN YPNON TETOIWV VAKDOV GE YNUKES, PloAoyikég Kot

Blototpikég epaproyEs.

Ewova 3. Euwdvec TEM yio copPotikd NE cvotipaza pe Baon piptpe PDMS kot Saomoppéva copatidwr: (a) 9
wt% moptria, (b) 22 wt% mopiia, (¢) 11 wt% titavia, (d) 11 wt% titavia, kot (e) 20 wt% titavio [Bokobza L,
Diop AL. Express Polym Lett 2010;4:355-63]
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Ewcova 4. Ewkoveg SEM yio dokipua kabopdv o&edimv (a) muprtiog ko (b) titaviog

Mekemnnkav, emiong, QUOUEVA YOPIKOD TEPIOPICUOD TOL TOAVLUEPOVG (spatial
confinement effects) oe doxipe ota omoia To PDMS egivar mpoopogpnuévo e mdOPoug
KVAVOpPIKoD tomov (Srapétpov 6-20 nm) silica—gel vyning g empdavelng (Szer ~384
m?/g). T emheypévo Sokipa, Ol EMPAVEIES TPOTOTOMONKAY HEPIKOC HECEH YMUKAC
avamtuéne ukpov vovocsopatwdiov (pkoviag (ZrO;) pe okomd ™V YEPAYDYNCN NG

AAANAETIOPOON G COUATIOION-TTOAVULEPOVG,.

Ewova 5. Ewoveg SEM yio NX ovotrpata TiO,/PDMS tdnov core—shell ywo nepiektikdtreg e PDMS omd 5

£m0¢ 40 wt%

H popeoroyio tov vikov efetdobnke pe ypfon MKPOGKOTIOG MAEKTPOVIOKNG
capwong (SEM) (Ewoveg 4,5). Ot Beprikég petapaoeic (pe Eppoon oty vaimon petdfaocmn)
KaToypaenkay epapuoloviog v Texvikn ¢ dlagoptkng Bepuidopetpiog odpwong (DSC),
eved 1 poplakn dvvapikn eetdobnke Aemtopepmdg e TN ¥PNON 600 TEYVIKOV SINAEKTPIKNG
PACHOTOCKOTIOG, TV Oeprukmg dieyelpouevov peopdtov omomdiwnons (TSDC) kot g
SMAEKTPIKN G pacuatockomiog evarlincouévov mediov (DRS), og gupeia meproy cuyvoTiT@V
(107 to 10° Hz) ka1 Oeppokpacidv (—150 to 60 °C). Ot mopandve petpioels dietiydnoay
YXPNOLUOTOLOVTOG TEWPOUATIKEG Oataéelc otov Topéa Duowkng tov Ebvikod Metsdfiov
IMoAvteyveiov (EMII). Ta amoTteAéGUOTA LOG SEPEVVMVIOL KOL GE GYECN WE OMOTEAEGLOTO

petpnoemv 1660epung poenong-ekpopnong aepiov almtov/apyod (Incremental Pore Size

226



Distribution analysis, IPSD), okédaong axtivav-X vmd evpeia yovie (WAXD) kot
pacpotookomiag vaepudpov (FTIR), ot omoieg mpayuatomomfnioy oto v Ady® vVAKE oTo
EPYOOTNPLO TOV TAPOCKEVAGOM KOV,

To onuavtikdtepa amoTeAéoUaTo, ALTAG ™G OWO0KTOPIKNG SotpiPrig culnTovvral
OVOAVTIKA, GE GLOYETION UE ONUOVTIKA avolytd Oépoto g mpdceatng Piproypapiog.
Ae€0dcéC PETPNGELC VIO d1APopa BepiKd TPOTOKOAAN dgiyvouv OTL 1 KaAN dl0emopd TV
VOVOGOUOTIOIOV  €VTOG 1TNG TOALUEPIKNG MATPOG KOL Ol  1OYVPEC  OAANAETIOPAGELS
TOAVUEPOVC/VavosmpaTdiny weptopilovv Tic Bepuikéc petafdocelg (KpLoTAAA®GT, VOADONG
petdfoon) oAAG Kol TIC CUVEPYUOLAKES KIVIAGES TOV TOALUEPOVS (TOALUEPIKT] SLVOLIKTY

oxeTlOUEVT] LUE TNV LOAMOT HETAPaoN).
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Emppor] tov TOmov Kot 100 KAAGPaTOoS PAPOVS TOV VOVOEYKAEIGPHATOV GTO.

YOPUKTPLOTIKE TOV SLEMPAVELAKOV TOADPUEPOVG

Youeova pe to aroteAéopato Tov petpnoewv DSC, ¢aivetoar 0T M avamTuén 1oyvupdv
decUDV VOPOYOVOV UETOED TV VOPOELAI®Y oV emPAvELn TV vovocsouatdiov (Ewdva 2)
Kol ToV 0&VYOVOV 6TV KEVIPIKN TOAVUEPIKN 0AbG1d0 Tov PDMS (Ewdva 1) odnyovv oty
avAmTuEn evOoc SLEMIPAVELNKOD CTPOUATOG OEGIIOV/OKIVITOTOUUEVOL TOAVUEPOVCS, TAYXOVG
Myov nm. To amoteAécpata delyvovy pia. GNUAVTIKY LeI®OT TOL Babpod KPUGTAAMKOTNTOC
0V moAvpepovg (Ewova 6) pe pio mapdAAnin eddttoon ¢ 0eppokpociog KpuoTAAADONG
(Ewova 7). O cuvévacudg TV Toponave omoTEAECUATMOV GUVIGTE GNUAVTIKY amOdelén 0TI
YIapEn TOV VOVOSHOLATIOIMV Kol TOV SLETIPAVEINKOD TOAVUEPIKOD GTPOUOTOC (o) evBuveTOL
Y10 TOV TEPLOPICHO TOV TANOOVE TV TVPNVEY KPLOTAAA®GNG 6T0 NX oot ua kat () odnyel

OTNV AVATTUEN TOV KPUGTAAMTOV LOKPLA OO TIC SIETLPAVELEC TOAVUEPOVG/VOVOCSOUOTIOIMV.

PDMS NCs
—m—silica
-~ o titania

0.0

T T T T T T T
0 5 10 15 20 25 30 35 40
filler fraction (wt%)

Ewéva 6. Meiwon tov Babpod kpvotarlikotnag, X., tov PDMS pe v mepiéktikotnta ce vavocmpotioto

(muprriog Kou TrTOviag)

-75 T T T T T T T
o--©._
-80 \ S ]
g0
-85 4 \e 4
£ 901 .
'\o

954 pDMS NCs . 1

—m—silica
-1004 --o--titania \ 7
| |
'105 T T T T T T T T
0 5 10 15 20 25 30 35 40
filler fraction (wt%)

Ewéva 7. EAdttmon tng Beprokpaciog kpuotdiimong, 7., tov PDMS pe v mepiéktikotnta o€ vavosmpatiolo

(moprriog kou TrTavVing)
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T T T T T T T T T
a | W 10 K/min
. Ami
o | 31.0% 0.5 Wi/g|
e QI
S /_I_\/ ]
% 10 -140 -120 -100 -80 PDMS o
5 5.7 % wt SiO_|
5 9.9 % y
- ]
31.0% |
359 %
-160 -120 -80 -40 0 40
temperature (°C)
b _Wns 10 K/min
—
-—_/f.'s’%/ s
o LR 0.5 W/g{-
5 _ﬂ |
s
© |10 140 120 -100 =80 PDMS
s
o | ]
e 48 % wt TIO
© 2
2 | 11.5 % _
(P—/—/\ 5.3 % ]
A
r 180 %
-160 -120 -80 -40 0 40

temperature (°C)

Ewéva 8. Zvykprtkd Oeppoypdppata DSC yio to koBapd PDMS ko NX (a) PDMS/silica kon (b) PDMS/titania,
Katd TN Swdpkela g Bépuavong. Zta évheta aivovion ta Prpoata TG vaAmoovs petdfacns o€ peyahdtepn

AEMTOUEPELQL.

H mapovoia 1oV vavosopotidiov otnyv moADUEPIK) UNTPo @oiveTol va teplopilel Tig
OUVEPYOOLOKES KIVGES TOL TOAVLUEPOVG KaTd TN JSdpkeln g eEEMENC ™G LOA®OOVG
patafaocng oe youniotepeg Oepuoxpacies. H Oegpuoxpacio vorddovg petdfocnc tov
nolvpepovg, Ty, tetvel va avénbel pe mv mpocnkn eykAelGHdTOY, £V, TAVTOXPOVOS, TO

Brno ¢ vaiddovg petdfacng devpuvetar oty KApoka g Bepuokpaciog (adEnomn g
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HOPOKNG aVOUOl0YEVELnS) Kot meplopiletal otnv KAlpaka ™G mapeyxdpevns oyvog, AC,,

(Tepropiopoc Tov KAAGUaToG eEAeBEPOL ToALUEPOVC) (Eucova 8).

0.20 . . . . . ,
3 kHz

s, 0.151 0 —— PDMS
) + silica
@ —e— 57 %wth
o —vy— 99%
g 0104 + titania [
3 _ —o— 4.8%wt|
[ , int | 6 18.0%
T 0.05- % "v-v-""""'~v

© G :)_6 '6 0—-_.3:¥_¥

-150 -100 -50 0
temperature (°C)

Ewéva 9. Avtinpoownevtikd icoypova Stoypappato ToL GovVIAcTIKOD LEPOVS TNG JNAEKTPLKNG GLVAPTNOTG

(dumhextpikég amdAeleg), €', cuykprtikd ot cuyvotnta tov 3 kHz yia NX PDMS/silica kou PDMS/titania

Moparinio pe 1t Ogpudopetpia (DSC), ot SNAEKTPIKEG TEYVIKEG TPOGEPEPV
OTNUAVTIKEG TANPOPOPIES GYETIKA LE TNV GUVOAIKT] GUVEPYOAGLOKT GUVALULKT TOV TOAVUEPOVS
(duvopkn voiodovg petafacng), 1 omoio Ppébnie vo ekppaletal amd TPES OLOKPLTEG
GUVELCQOPEC (TPEIS UNYavIoHol dSAeKTPpIKN G amokatdotaong/yardpwong) (Ewdva 9). Avtég
Ol GUVEICQOPES TPOEPYOVTOL OO SLOPOPETIKG TUNLOTO TOL TOAVUEPOVS, ONAadH (o) TOv
apopeov avernpéoctov (bulk) molvpepovg (pnyoviopds a), (B) TOoL  TOALUEPOVS
TEPLOPIOUEVNG KIVNTIKOTNTOG HETOED KPUOTAAMKAOV TEPLOYDV (UNYXOVIGHOG a¢), Kot (Y) TOV
JEMPAVELONKOD TOAVUEPOVG [LE GUVEPYUSLOKT], 0AAG KaBvoTEPUEVT, SuVOpLKY (INYAVIGUOC

oine) (Eucova 9).
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T T T Ty . "'.”I Ty T T 08 ; . . . r
PDMS + 18 wt% tit
a othonr |_° Iatm1305 - o b 18 wi% titania
Isothermal annealing a at-105 OC
S 0.6 o 1
@ - S
2 / e AT A&
L 04 ,/'/'
B s ./ o 0[0
2 ~
5 >§
024 N\ i
/ 0[\'\-\_\
T T T T T T T 0.0 _|. . : . . .\.T-.‘T‘._v._.x_. B
10° 10" 10° 10> 10* 10° 10° 0 50 100 150 200
frequency (Hz) time (min)
0.03 T T T T T T I 0.18 T | T t- ) e e e L e
C 18 wt% titania o | d 36 wt% silica
at-75°C c/i at-90 °C
g % 0.15- .
[)] ()]
3 3
o 0.02- 1 e
8 8 o121 \\
[} Qo H
ko] © gint
%%‘nn.
0.09 0 40 80 7
0 L — E : e (min) : :
10" 10° 10" 10> 10° 10* 10° 10° 10" 10° 10" 10* 10° 10* 10°
frequency (Hz) frequency (Hz)

Ewéva 10. Ioo0eppa pacparo dinhektpikov anwieidv (DRS) yio NX (a-c) PDMS + 18 wt% titania ko (d)
PDMS + 36 wt% silica, katd ) Sidpkela TG 1600epung avoOmInomng s KPLGTIAAWDGTG

H xontidém o Tov ToAvUEPOVE HakpLd amd TN dempavela pe 1o £ykAeiopa (bulk
polymer) @aivetal va. ennpedletol Kupimg amd T HeEToPoArég 6to Pabud KpLOTOAMKOTNTOG.
Avto eAéybnie pe mEPAUOTO OEpIKNG OVOTTNONG, 7OV GTOXEVOV GTNV EVIGYVON TNG
kpuotodiikomtag oto NX (Ewova 10). Onwg avopevotov, o unyoviopdg OmAEKTPIKNG
OTOKOTACTAOTG OV GYETILETOL UE TN GUVEPYOGLUKT] OUVOUIKT TOL TOALUEPOVS (LOAMONG
petdPoon) petafaivel amd ™ cvuePLPOPA o TPOS T cvpepLpopd a. ota NX (Ewoveg 10a,b).
‘Ocov agopd T SUVAUIKT] TOL SIETLPAVELOLKOD TOALUEPOVS, 1| BEPUIKT] avOTTNGN 0OYEL GE
KOTOTIEST] TOV UNYOVIGHOV Oy LOVO Y10t NT PEYAANC TEPLEKTIKOTNTOG GE TLPLTICA, EVD Y10 TO
VEOAOUTO GuGTAUATA 1 1O10 OgpUIKT S1adIKACIOL APNVEL EVIEADG AVETNPENGTO TO UNYUVIGUO

Oine (00YKpLOT peTaé&d Ewovav 10c,d).
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2 -| ==3==PDMS neat
—u— 57 wt% silica
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Ewovae 11. (a) Ainhextpcdg xaptng (Arrhenius plots) ko (b) Oeppokpacioxy e£6ptnon g SINAEKTPIKNS 16Y0OG
TOV UNYXOVIGHAOV GUVEPYACLOKTS amokatdotaons Yo to kabapd PDMS ko to avtictorya NX PDMS/silica ko
PDMS/titania

Yvykpivovtag Toug 600 TOTOVg eykAgiopatog ota cuppotikd NX, 6T0 cCLuGTHHATO
PDMS/titaviog 0 UNYOVIGUOC TOAVUEPIKNG OMOKOTAGTOONG  Cipy  KOTOYPOPETAL OF
YOUNAOTEPES GuYVOTNTEG / LYNAOTEPEG Bepurokpacieg oe oyéon pe ta NX PDMS/mupiriog
(Euwova 11), evid 10 EKTILOUEVO TAYOG TOL OLETIPAVEINKOD GTPMOUATOS Elval UeYaATEPO (2
nm kot ~4 nm yia to. NX ¢ mopitiog kot trtaviog, aviietoiymg, Ewova 12). O petafolréc
QVTAOV TOV YOPUKTNPLOTIKOV QOIVETOL VO, PNV eTNpedlovTaL 0o TNV TEPLEKTIKOTNTA (KAAGHLO
néloc) tov eykieioparog. Ot petaforég HeTOED TOV SLOPOPETIKOV TUTOV VOVOCHUATIOIWOV
oyetilovtar, pe TNV ovAmTLEN OECUAOV VIPOYOVOL WETOED TOALUEPIKNG WATPOG KOl
eYKAEIGHATOC, 01 oToiol givorl mBavag toyvpdtepor petac&d PDMS kot titaviag oe oyéon ue
T0VG avtiotolyovg decpovg PDMS—mupitiog. Avti 1 wp®dTn 7TPOGEYYIoN WUTOpeEl va
artioloynOet pe Pdomn TN SWQEOPETIKN MAEKTPOYNMIKY KOTACTOON TOV  ETLPAVEINK®DV

V3po&LAImV oo 6v0 o&eida (o 6Eva —OH oty mepintmon tng TrTaviog).
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ni

I:’DI\./'IS}’SiO2 ~2nm
PDMS/TIO, ~4 nm

RAF_(vol)

0.2 1

@ PDMS NCs
/ A v —o—silica
5 =

eV --v- - titania
00dger e~ 7"

0 10 20 30 40

filler fraction (wt%)

Ewéva 12. H nepiektikdtnta 1o PDMS meplopiopéving kivnuikdmntag otn SEmQAvELD (e TO VOVOSOUTIONW,
RAF;,;, ovvaptioel g mepiektikdtntog og moprtio (silica) ko titavio (titania) otovg —90 °C. Xto évbeto
TOPOVGLALOVTOL OOTEAECLOTO YIOL TNV TIU TOV EKTIHAOHUEVOV TAXOVS TOL OEMPOVELNKOD TOADUEPLIKOD

GTPAOUOATOG PECH YEMUETPIKDOV HOVTELDV.

Yvykpivovtag pe v mpocearn Piproypagio, to amotelécuatd pog (To moyD
SlEMPAVEINKO oTpOUN oty Tepintowon tov NX PDMS/titaviag) umopovv va. e&nynbotdv
emiong pe Paon 1o peyardtepo pEyebog TV VavosoUATOIoV TITaviog (couatidio S1oapéTpov
~30 nm Kot ~Snm Yo TV TITOVioL Kol TV Tupttic, aviletoiywe). Me otdyo TNV mEPULTEP®
SLEPEVVION TOV TAPUTAV® SLOLPOPDOV, TPOYWPOVUE GTO ATOTEAECHATA NE TOTOV TVPTVO—
@AO0V TITOViOG Kol Topttiog. Amd avTtd TPOKOTTEL GUESO. 1) ONUCVIIKN] ETPPON TNG
VOVOUETPIKNG TpaybIntag (roughness) e em@avelng T@v couotdiov otov Babud g

AAANAETIOpOON G TOAVUEPOVC-EYKAEIG LOTOG,
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Empponl ™™g em@oavelokng TpoyvTNTOS O6TO YUPUKTIPIGTIKA TOV

OLEMPAVELTKOV TOAVIEPOVS

AxolovBovv amoteAéopato. e NX tomov mupnvo—@eAoloy oto omoin PDMS otabepov
kAdopotog (40%) éxer mpoopoepnOel OTIG EMPAVEIES CLGCOUATOUATOV (aggregates)
noprtiog/titaviag (Ewoveg 4,5). Ot em@dvelec T@V GLCOCOUOTOUATOV Yopaktnpiloviol amd
LEYAAOC €DPOG VOVOUETPIKNG TPOYLTNTAC, T OToio eKQPAlETOL Amd TO YOPUKTNPLOTIKO
uéyeboc mg ‘erdixns empaveias’, Sger. O TWWES Sper 0TO VIO PEAETT) GUGTIOTO TOKIAOVY
petadd 25 ot 342 m¥g. To péyedoc avtd TPOKVMTEL b PETPHOELS POPNONC-EKPOGNONG
adpavov oaepiov (aldtov N apyod). To uopl TV 0EPI®V TPOGPOPDVTAL, KVPIOE, OTIg
OVOIKTEC KOIAOTNTEG OTNV EMUPAVEIL TOV OCLCCOUATOUATOV (empavelakoi mopot). Ot
KOMAOTNTEG ONUIOVPYOVVTIOL GTN GUVOPUOYT TOV OPYIKDV VOVOSOUATIOImV KATd TN StdpKela
MG ovoowpotopdtoong (agreegation, Ewdvo 13). ‘Etol, oavopévetor 6t o Pabuoc
EMPAVEINKNG TOPMCIUOTNTAG, 1 OAM®DG TpaydTNTag, Bo avédvel 660 peldvETOL 1 HECT

SLAUETPOC TV apyIKDV vavosopatdiov (Ewkova 13).

flat surfaces Sg~0

large particles low Sggr - ‘
smail partites hion 5, [ A AN A A 4

Ewéva 13. Zynpotikn extipgnom 1Tng EmQOoveNKNG TPOyUITNTOS - TOPOOUOTNTAG — OTNV  EMQAVELD

GLGCMOUATOUATMOV TOV omopTilovTan amd COUATION GPAPLKOV GYLATOC.

Soueova pe to amotedéopata Tov petpioemv DSC oe NX tHmov Tupnivo—@Ao1o0
(Ewova 14), n Oeppokpacio varddovg petdfaong tov moAvpepols, Ty, ov&dver pe v
avénomn g eWKNg emedavelnc. Tavtoxpdvmg, To PriLa TG VOADIOVE HETAPaoTg dlevphveTaL
o™V KAlpoko g Bepuokpociog (avénon g poplakng avopotoyévelng) (Ewdve 14a).
Eniong, amd tov avtictolyo meplopicpd tov PUOTOC TS VEAMIOVG HETAPaoNS TNV KAILoKO
™me mapexOpevns oxvog, AC,, (meplopiopds Tov KAGoHATog €Aedfepov TOAVLUEPOVG)
EKTILOVUE TNV OOENGT TOV KAAGLOTOS TOV OLETLPUVELLKOV-UKIVITOTOUNUEVOL TOAVUEPOVS

(RAF). 2V Ewova 14b 10 RAF av&avel GuOTNHOTIKG pe TNV adENoT ™G E01KNG EMLPAVELNS.
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a 1 nleat émo;phods PEIJIVIS | I |
- 12 data from ATHAS 0.02 JigK
2 _nanocomposites of ]
e) o o 2
a 13 titania 25 m/g
= |4 silica 55 m’/g
_g 5 silica 240 m%g
= 16 silica 319 m%g
o 7 silica 342 m%g
2
E‘ 2
o
N 6 =
4
-145 -140 -135 -130 -125 -120 -115
temperature (°C)
10 T T T T T T T T T T T
b o MAF
| 2 CF
084 = RAF’.nf+F\’AFC,ySt
linear fit
= 0.6 =
2
5 |
5 0.4- 8
o
0.2- (} .
A
0.0 — "
0 50 100 150 200 250 300 350

Ewéva 14. (a) Zuykptkd Oeppoypdppota DSC otnv neproyn s vorddovg petdPaong yro NX dokipa Tomov

TUPNVaA-QAOL0V oTo omoia 40 w

v dokipio kabapod apdpeov

amorphous fraction, RAF), tov gukiviirov apdpov molvpepovs (mobile amorphous fraction, MAF) ko tov

KpuoTaAA®pEVOL ToAveEPOVG (crystalline fraction, CF) cuvaptioet g W01KNG EMQAveLOg (TPayVTNTaC), Sper

TOV COUOTIOI®V.

2
SBET (m*/g)

t% PDMS eivon mpocpopnpévo oe copatidw silica Ko titania kat, yio cOykpion,

PDMS. (b) KAdopa Bépou Tov axivnTomotnpuévou apdpeov molvpuepols (rigid
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—o—titania 25 m2/g
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KAdopa Bapovg Tmv eykAElGUAT®V, AVTIGTOIXMG.
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temperature (°C)

Ewéva 15. Zvykprrikd wodypova dwaypdppata DRS tov goviaocticod pépovg g SiMhekTpikig cuvaptnong
(dmlextpikég amdAeteg), €, otn ovyvornta tov 3 kHz ya (a) NZ tdrov nupriva-grolod (core—shell NCs) kai
(b) ovpPaticé NX (conventional NCs) vavocopatidiov/PDMS. Ta BéAn otig eikodves (a) ko (b) deiyvouv Tig

petaPorég ot SUVAMIKT TOL OLEMPOVEINKOD TOAVUEPOVS (04,) TOL EMPEPEL 1| avénon otV Szer KO OTO

To amoteréouato tov petpricemv DRS (Ewdva 15) oe NT tomov mupfivo—@Aoton
Titoviag kKou moptiag, younAng tpoyvtmroc (low Sper) ovadelkvoouv OpOOTNTEC GTO
YOPOUKTNPIOTIKA TOV UNYOVICUOD i (SUVOUIKY, 16Y0G, cuvepyoaootta) (Euova 16) ue
exeiva Tov ovuPatikdv NX PDMS/titaviag, oavebapmtog tov peyébovg tov apyikov

copotdiov. H avénon g tpoydtntog TG TPOGPOPOVCHG EMUPAVENG ETLPEPEL OUOLO
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OTOTEAEGUO, OTNV SLEMUPOVELDLKT] KIVTIKOTITO TOL TOAVUEPOVS (TO10TIKG KOl TOGOTIKA) GTO.
NZ tomov moprva-erotol (Ewdve 15a) pe avtd g adEnong e TEPIEKTIKOTNTOS KOAMDG
dwomapuévov vovoocouatdiov ota copfotikd NX (EwovalSb). Avtictolyeg opotOTnTeG
TOPOUTNPOVVIOL KOl OTN OEMPAVEIOKT) SLUVOUIKT (SUVAUIKT] VOA®IOVG peTdfaong) oty
Ewoéva 16.

Eivon, emiong, evoiapépov 0Tt 11 SAEKTPIKN 10Y0C TOV UNYOVICUDV, Ag, EAOTTOVETOL
OUGTNUATIKA pE TN Oeppokpacio yio YapnAeS TWES Sper KOl ALEAVEL Yio VYNAEG TWWEC Sper
(Ewova 16b). YrevOopilovpe 6t n Ae meptypapet Tov aAnbucud Tov ovticTol oy svkivntov

LOPLOK®Y OUAS®V.

0 -20 -40 60 -80 -100 -120 ‘c)
T T T T 1 7 T T T l
a 40 wt% PDMS conventional
v nanocomposites|
64 1 PDMS/silica |
‘ 2 PDMS/titania
T 3l i
T 3
s
o E
PDMS adsorbed on
2 0 Y 2 -
o @ titania 25 m’/g
A silica 55 mig
v silica 240 m’lg
-3 o silica 319 m’/g 2> Ay
4 silica 342 m’Ig
b 19 ' q\' colnventiolnal PDMS adsorbed on
< i nanocomposites —e—titania 25 m2/g )
int 1 PDMS/silica  —a—silica 55 m’lg
2 PDMSltitania —9—silica 240 mzlg
oL N\ —o—silica 319 m’lg
0.8 1.4 g —a—silica 342 m/g -
_<>\<> \\
" int '~\ \<>\ 4
< V.. . 0\0 L)
v =T eaeog
7 &
0.4 v S ]
Vo FRESEEH OoH
7— S
. i T
int e EE a
0.0 | EA-R-n-nensnernTC-& .
4 5 7
1000/T (K

Ewéva 16. (a) Amlektpikog xdptng (Arrhenius plots) kot (b) dimAekTpikn 160G GLVAPTAGEL TG AVTICTPOPTG
Oepokpaciog TOV UNYOVICUOV GUVEPYACLOKNG AToKaTAcTOoNS Yoo NX TOmov muprivo-eAotov ota oroia 40%
PDMS éyel mpoopogpnfeil oe vavoocoporidia (moptriog kot titaviog) Sto@opov TiumV €8KNg emeavelas. Ot
vpoppés (1) ko (2) otig ewodveg (a) kot (b) avtiotoryoOv ot SEMOOVELNKT] TOADUEPIKT SUVOLLKY OTO
ovpforikd N (1) PDMS/nuprtiog xou (2) PDMS/titaviag. Ta BéAn delyvouv Tig petaforés mov empépet M

avEnom otV €101KT EMPAVELL TOV COUATIOIMV, Sper.
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Sger (M79)
Ewéva 17. (a) KAdopa 6yKov Tov SIEmpovelakov TOAVIEPODG GUVAPTICEL TNG TEPLEKTIKOTNTOS GE EYKAEIGHLOL
vy NZ silica/PDMS ko titania/PDMS tomov muprva-erotod (core—shell) kou cupPartikd (conventional) NXZ
otoug —95 °C. (b)(apotepn xAipoxa) kAdopo Oykov Tov dtemipavelakdv molvpepols kot (de&id khipoa)
delktng ovvepyaoiuotnrag (fragility index, m) tov OSiemipavelokod TOALUEPODS GUVOPTNOEL NG EOIKNG

EMPAVELOG TOV VOVOSOUOTISIOV, Sper, 6TOVG —95 °C.

To KAGGHO TOV SIETPAVELOKOD TOAVUEPOVG 0T0, NX 0vEAVEL LE TNV TEPLEKTIKOTNTO GE
EyKAelopa, Ommc eoivetol otnv Ewova 17a. H avénon avt) eivar peyardtepn yuoo to NX
PDMS/rupitiag oe oyéon pe ta NX PDMS/trtavioc. Eivor evdiaeépov, 6tL ot petafoiéc
eaivetol vo unv g&optoviar amd ™ uébodo mapackevng Twv NX, oArd povo amd Tov TOTo
TV vavooopotdiov. Xmv Ewova 17b eaiverar 611 yio NX tHmov mopiva-@Ao1o0 mov
Bacilovtar ce otabepn meplekTKOTNTA 6€ TOAVUEPES (40%) TO KAAGUA TOV SIETLPAVELOKOD
TOAVUEPOVC OVEAVEL GUOTNUOTIKG HE TNV E0IKN EMPAVELN, EVO TAVTOYPOVOS GLEAVEL M

GUVEPYOGILOTITO TNG OVTIGTOLYN G SLVAULIKNG GTO SIETMLPAVEINKO TOAVUEPIKO OTPMUA 6ToL NX.
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Katdémy, emyepfioape tnv eKTiunomn Tov MAEY0LE KOl TG TUKVOTNTOG TOL
SIEMPAVELONKOD GTPOUATOC, diyr KOL Py, AVTIGTOIY®C. H extipnon avty Paciletar ot yvdon
(o) ¢ dbéoung TPOg AAAMAETIOPAOT) EMIPAVELNS TOV VOVOCOUOTIOIOV (ONA. TOV TIUOV
Sger), (B) MG mePlekTKOTTOG 0 SEMPAVEILKO TOAUEPEG (RAF), (V) TS TUKVOTNTOG TOL
TOAVUEPOVS (pppus), Kot (8) TNG TEPLEKTIKOTNTOG TOAVUEPOVG 0T0 N (Xppuss). ‘ETol koTOTLY
amTAGV Tapadoy®mv oxedtdoape Tig eElomoelg (A) kot (B) yio tov vmoroyiopd TV pHeyeddv diy
KO Din, OVTLOTOTYOC.

_ VOIumeim erfacial, PDMS masssample ’ XPDMS ’ RAF;m /pPDMS (A)

surface, mass ., ,pie * (1 =X pprss) - Sper

int
nt erfacial

’ X RAF;m erfaces (B)

(=X ppuss) - S -1.56(nm)

mass

MASSiyt erfacial,PDMS PDMS

sample

pim =

volume, mass

interfacial, PDMS sample

Mivakag 1
Edwn empdvela Tov apylk®v GUGCOUATOUATOV, Sper, KAAGLO GYKOL TOL SLEMPAVELNKOD TOAVUEPOVG, RAF;,,
delkng gvbpavotdTNTog (CLUVEPYAGLUOTNTOS), M, TAYOG Kot TUKVOTNTA LAlaS TOV SIEMPAVELOKOD TOAVUEPLKOD

GTPDUOTOG, iy KOL Piyy, AVTIOTOLYOG.

TOTOC Sper RAF m dint Pint
eyrieioporoc  (m*/g)  (vol) (nm) (g/em’)
TrTovio 25 0.04 5 0.6 0.23
nopttio 55 0.05 10 0.4 0.14
nopitia 240 0.50 30 0.9 0.32
nopttio 319 0.76 48 1.0 0.37
mopirio 342 0.94 52 1.1 0.42

To amoteléouata TV vroAoyloumv eaivovtal otov [livaka 1 kot Tapovsidlovy oti n
avénomn oty €K EMPAaveln, 0dnyel oy adéNon Tov TAYOVG KUUT TG TUKVOTNTOG TOV
OIEMPAVEINKOD TOAVUEPIKOV OTpOHaTog o610 NX. Edikd m  extiucdpevn avénon g
TUKVOTNTOG TOV SLETIPUVELNKOD TOAVUEPOVE, pmopel va eivar cupufatr| e TO AmOTELECUN TG
emrtdyvvong ¢ oempavewwkng dvvapikng (Euwova 16a) kot v avénon tov Pabuov
ouvepyosnomtog (Tiég deiktn m, Ewodva 17b, Tivakog 1). O cuvévacuog tov terevtainy
OTOTEAEGUATOV CLUVIGTA, ot TAaicla TG Osmpiog Adam-Gibbs, 6Tt kaBd avEdver 1 €161
EMPAVELY, TOV VOVOOOUATIONMY, TO UNKOC GUVEPYUGILOTITOG TMV TOAVUEPIKADV GAVGIO®V 6T

dlempdveln. teivel vo pewwbel 1, 1006VVAU®MG, Ol TPOCPOPNUEVES OALGIdOEC TEIVOLV Va
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nAnctdoovy N pio v dAAN. Ot amdivteg TIUEG TV dvo peyeddv (0.4—1.1 nm ywo to méyoC
kot 0.14-0.42) gavialovv pkpég oe oyéon ue avtiotoryeg T Pipioypapiog (~2 nm kot
évo). Eivor mbovov ov vmoloyiouoi towv peyeddv di, kol piy: vo ‘BeAtiobovv’ pe tov
TEPALTEP® EAEYYO TOV TPOTOV VTOAOYICUOD KOl TOV GCLVOODV TOPASOYDV GUTOD GE
neplocdtepa N cuothpata.

‘Eva evilapépov omoTéAEGLO TOV TPOKVTEL VAL OTL 1) TAPOVSIN TOV SETUPOVELOKOD
TOAVUEPOVS 6TA NX £YEL (OC AMOTELECUA TNV EVIGYLON TNG EVOOYEVODEC TOAMGTS TOV VAIKDV
(.. oOVENUEVEG TUEC TOV TPOYUATIKOD HEPOVG TNG OMAEKTPIKNG OSLOTEPATOTNTAC, £, GE
youniéc Bepuokpaciec, Ewova 18) népav g npochetikdmrag. H evioyvon avéavel ota NX
pe mv avénon tov Szer (Ewova 18a) kot eival o onpovtiky 660 avEAvel 1 TEPLEKTIKOTNTA
og copotiow (Ewova 18b). Zvvenmg, eaiveror 0Tt ot petaforég oty evO0YEVH TOAWGT TOV
NZ mmydlovv amd v, &v Yével, VTapEn TOL SEMPAVEINKOD TOAVUEPOVS. Q6TOGO, 1)
AemTouePNG €ENYNON TOV GUIVOUEVOL dE UTTOPEL Vo Tpay o TortoOel oe avTd T0 6TAd10, SLOTL
OTOl TOPOTAVED QOIVOUEVH EUTAEKOVTOL GUVOETOL UNYOVIGHOl aAANAETOpAcE®V UETAED
dmoérwv (M mAektpikdv eoptiov). 'Etol 1o ev Ady®m @awvopeva amotelohv OVTIKEIUEVO

TEPALTEP® OLEPEVVIOTG.

oy intial titania | S = s b 50 -150 °C
B + d\ln')high Sark
j- N | /nanocomposite 459 40% PDMS/ Q g 1
6 B nanocomposite é(\f\lnqg E \\
‘ .~ cy 40 ) L |V Jlow SEET|14«;
® 51-150°C E )¢
R ] 3.5 80% PDMS\_
~e— initial silica 342 m*/g k)

I . (RRARR RRRRRRRRRRRATEFR R AT AR FRTRRFAFARAR

. neat PDMS ww{ 100% PDMS
3 LRI | Rl LR | LR L | | LR | Ly 30 T T T T T T
10" 10° 10" 10> 10® 10* 10° 10° 10" 10° 10" 10° 10° 10* 10° 10°

frequency (Hz) frequency (Hz)
Ewéva 18. Emdeypéva anoteléopata yio 1o Tpaylatikd LEPOG TG SMAEKTPIKNG GLUVAPTNONG, €, CUVAPTICEL

mg cvyvotntag otovg —150 °C. Tapovsialetar i emppon (a) Tng adénong g ewdikhg emeaveiag kar (b) g

TaVTOYPOVNG LETAPOANG TG GVGTACTG TV NX (TEPLeTIKOTNTO EYKAEIGLOTOC).
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Emppon g Oeppikig avomtnong s KPuoTadAimong

To amoteléopata oe dokipa oL &iyav vwootel Oeppukn avomNoM, TPOS EVioYLON TNG
KPUGTOAAMKOTNTAG, KOTEdEENV TNV VIToPadiion ¢ KvnTikot o Tov avernpéactov (bulk)
TOoAVUEPOVS (UNyaviopog o, Ewdve 19a) kat, Tantdypovmg, TNV ViGN TNG KIVITIKOTNTOG
TOV TOAVUEPOVG 7OV PPICKETOL YOPIKADG TEPLOPIOUEVO UETAED TUKVOV KPUOTUAMK®DV
TEPLOYOV (UNYUVIGUOG 0, Eikova 19a). Ot petaforés avtég mopatnpovvtal Kol 6 doKipa

kaBopod ToALVUEPOVC Kol oTa NZ.

"PDMS

a . .
isothermal annealing
at-114°C
X ~0.65
< 0 50 100 150
" annealing time (min)
0.1
10" 10°
frequency (Hz)
b °\§\f\|n,b
. I
N
002 H] N ' ]
o e, 4
int ~o—e .

0 20 40 60 80

A380P80
isoth. anneal.
at-85°C

frequency (Hz)

Ewéva 19. Xpoviki &EEMEN TV pNYOVICU®V OMAEKTPIKNG OTOKOTACTAGNG 7oL oyetifovion pe T
ouvepyaotakn Suvautkn (vokmon petdfaocn) katd T Stdpkela TG 1600EPUNG AVOTTNONG TNS KPUGTOAAMGONG,
v (a) 0 kabapd PDMS otouvg —114 °C xau (b) NT moprriag pe 80 % PDMS otovg —85 °C. Zta (a) ko (b)
ovumepthopfdvovtar ot TG tov Poduov Kpvotodiikotntas, X., coppova pe to anoteléopata DSC, oty
apyn, tp, KoL TO TENOG, feug, TNG Beprikng avomtnong. Zta €vleta gaivetar 1 avtiotoym ypovikn eEEMEn g

SMAEKTPLKNG 1oY(00C, Ag, TV VIO PEAETN UNYOVIGUAOV.
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Ymyv mepintoon tov N 1 Oepuikn avommon odnyel oty KaTomieon ¢ SUVOLIKNIG
Kol NG 1o}00G¢ TOL OEMPAVELONKOD TOAVUEPOVS (UNYOUVIOUOD @i, Ewcovec 19b, 20). O
UNYOVIGUOG Gl LETOVOGTEVEL TPOG LVYNAOTEPEG Oeppokpacieg / yUUNAOTEPEG GUYVOTNTES
(Ewova 20a) kot tovtoxpdveg pewwvetor 1 dmiektikn woydg (Ewdvo 20b) kot 1
OUVEPYOSIHOTNTO TNG avticoyng popuokng kivinong (Ewova 20a). To amotéleoua tng
OepUIKIC avOTTTNONG EIVOL TOWOTIKMG KOl TOGOTIKAG TUPEUPEPES LE TNV EMPPON OTN
OIEMPAVELOKT] OLVAULKT OV emEPEPE 1 Uelmon g TpaydTTAS, Ser, TG TPOCPOPOVCOS

emoeavewg (Ewova 16).

temp. (°C)
0 -20 -40 -60 -80 -100 -120 -140
L LN BRI B B I T y T y T y
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o & A380P40
< A380Z4P40

max (HZ)

log f

DSC <4
-3 TSDC 3 44 & 4 i
4 5 6 7 8
1000/T (K™
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Ewéva 20. Emppon tng Oeppikng avomtmong, mpog vicyvon Tov Bablod KpuotoAkotntag, (a) ot Hoplokm
Suvopukm ko (b) otn SiNAeKTPKn 10%0 TOV UNYOVIGUOV SINAEKTPIKTS amokatdotaong o€ NX PDMS/mupitiog
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1.0

T T T
open symbols not annealed
solid symbols annealed

Q

polymer fraction (vol)

S,., decreasing

10:I T T T I:

o

n

apparent thickness, d_ (nm)

0.1 T T

S,.,decreasing ———=

Ewéva 21. Emppon| tng Beppixng avomtnong kot tng Helwong e edtkng empavelag (a) otig dtapopes gdoelg
TOL TOAVPEPOVG ot NX (SlEmPavelakd ToAVUEPES, RAF,;, eukivnto duoppo moAvuepéc, MAF, KpuoTaAAmuUEVO

mohvpepés, CF) ko (b) 6T0 ThY0G TOV SIEMPOAVEINKOD TOAVUEPIKOD GTPOUATOC, Xy

To amoteléopata mwocoTiKomolovvTal, otV Ewova 21, pe 0povg KAAGUOTOG TOL
dlempavelokoy molvpepovg (RAFG;, Ewdvo 2lab) kot @whyovg Tov SETQAUVELNKOD
oTpOUATOC  (din, Ewova 21c), Paoel TV  UOVIEA®V-GYECEMV TOV  TEPLYPAPTKOV

TPOTNYOLLEVEG.
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H vrofaduion mg duvapkig tov SIEMPaVEINKOD TOAVUEPOVG GUVOOEVETOL OO TNV
TAVTOYPOVY] EVIGYLOT TNG OGLVAUIKNG KOl TNG CLYKEVIPOGONG TOV EAEVOEPOV TOAVUEPOVG KO
TV ‘eAebBepov’ VOPoLLAI®Y 6TV emEaveLn TG Tupttiog (unyoviopds S omv Ewdva 20).
Me 10V 6po elevbepa vopoldlio evvoovpe ekelva ta empovelakd vopooia (-OH) mov dev
QAANAETIOPOVV 1] OMMDAEGAV TNV OAANAETIOPOOT) TOVG WE TIG TOALUEPIKES aAvcideg. To
OTOTEAEGUO. EIVOL COUQ®VO UE TNV TPATNPOVUEVT] EVIGYVLOTN TOL PNUATOS TNG LOAMDOIOVS
netdPaong (avénon me g AC,) ota idwa doxipa katomy g idtog Oeppikng petayeipiong
oe perpnoeig DSC.

Yuvovdlovtog OAEG TIC TOPATAVD TEPAUOTIKEG EVOEIEELS, EMIYEPOVUE TNV TOLOTIKN
e€nynon tov amotelecpdtov o¢ e&nc. Koatd ) odpkeln g Oepuikng avomtmong ot
TOAVUEPIKEG OAVGIOEC TOKETAPOVTIOL GE KPLOTUAMKEG-TEPLOOIKESG OOUEG (CPALPOVAITEG).
20UV e TPONYOVUEVO CUUTEPACHOTA, VTN 1) dopkT dtepyacio ota NZ Aappavetl ydpo
HOKPOOL OO TLG SIEMPAVELES TOAVHEPOVS/EYKAEIGLOTOG. ZVVERMG, TPOTEIVOLLE OTL I “00MYOG
dvvapun’ g KpuotdAlwong Kuplapyel enl TV ‘mo achevedv’ aAMAETOPAGEDY HETAED
TOAVLEPOVG KOL OTEPENG EMPAVELNS TOV COUATWOIOV, LE OTOTEAEGHA TV ‘OmOKOAANGN’
HéEPOLS TV moAvpePIK®V 0Avcidmv (Ewkova 22). 'Etot, to dtempovelokd otpmdpuo Aemtaivet (1
apowdvel, Ewoveg 21a, 22¢) Kol 1 GUVEPYAGIHOTNTO Kol 1] SUVOUIKT TOV TOAVUEPIKOV

aAvcidwv e&ocbevoiv (Ewova 20a).

a. initial state b. surface modified c. system annealed

Ewovo 22. ZymUotikn ovomopdotocsn Yo TIG TPOTELVOUEVES LETOPOAEG OTNV KOTOVOUY TMV TOAVUEPIKMV
aAGidV ot demedvetla pe ta copatidia Tov enpépovv: (b) N Tpomonoinom TG eXLEAavELNS Kot (¢) 1 Oeppukn

avOTTINOT TNG KPLOTHAAMGNC.
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Epunveio tov aroteleopatov fdogl povréiov

Yuvdualovtog Tig ETOPAGELS GTN GUVOAIKT] OINAEKTPIKY CLUUTEPLPOPE. TV VAIK®OV (KATL TOL
dev yivetal ouvnbmg ot PiPAoypa@in), EPUNVEVOVLE TO ATOTELECUOTO ETGTPATEDOVTIOS EVOL
OUYYPOVO HOVTELD. ZOUQOVA PE 0VTO TO HOVTELD, To PDMS (moAvpepég pe moAld evKaUmTEG
TOAVUEPIKEG aAVGIOEC) Umopel vor StopopemBel pe 2 TPOTOVE, TOVAGYIOTOV, GTN SIETIPAVELQ
LE TO COUATIONN, GUYKEKPLUEVA HECH () SLOUOPPDCENDY TOTOV EKTETAUEVIG 0VPAG (tail), kat
(B) dwapopedcenv tomov Ppdyov (loop) pe TOMAATAG onueio. ETONG pe TN OlEmMPAveELn
(Ewova 23).

C“I I I
N\ %/ \(\ d 7 N\ 7
Q » D

large interfacial fraction small interfacial fraction
fast dynamics slow dynamics
Increased cooperativity low cooperativity

Ewéva 23. ArAomompévo LoviELo TOAAATAMY SLOUOPPMCEDY TMV TOAUEPIKOV AAVGIO®V TPOGPOPTLEVMV GE

GTEPEN EAKTIKN EMLPAVELQ

Ot PO PPDOGELS BVTES, 1BIME 01 TOTOL BPOYOV, 0O YOVV GE LYNAOTEPT TUKVOTNTA KOl
GUVEPYOGIUOTNTO TOV OLEMIPAVEINKOD ToAvpepovc. Eivar mpopavéc 6Tt kot ot dvo THTOoL
Sopopemdcemv yapaktnpilovral amd avEnuévo TPocavatoMopd (Taén) Kol TOAMGIULOTNTO,
GUYKPIVOLEVOL E TIC OLOUOPPOCELS TOV TOAVUEPOVS LakpLE amd T dempaveta, (bulk). Avto
e€nyel mBavmdg TV TapaTnPOVUEVN avENUEVI SIAEKTPIKY amoKplon Tov NX wépav Tng
npocBetikom o (Euwova 18). O Adyog tov mAnbuoumv Ppodyor / ovpég avEdvel pe v
tpayvmra (Sger). Emiong, n avénon oty empoveloxn tpoydtnte odnyel, oty mopovca
UEAETN, oV TOKVOOT TV mpocsPdoipny Bécemv mpdadeone / aAlniemiopaone Hetald
moAvUEPOVS Kot vovooouotdiov (Ewdve 24), ko, €161, ot otadlakd ovgovouevn
TUKVOTITO, TOL SIETLPAVEINKOD TOAVUEPIKOD OTPOUATOC. AVTO £XEL OC OMOTEAEGLO T UEIMOT)
TOV PNKOVG GUVEPYOAGIUOTNTOG TOV SLETPOVEINKDV 0AVGId®V, dpa, 6TO TAMIGLO ™G Bempiog
Adam—Gibbs, 1 diem@avelokn SVVOLIKT ETLTAYOVETOL, GE COUPMVIO LE TO OTOTEAEGHOTO UG

(Ewoveg 16a,20a).
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o o o o o

flat surfaces Sg~0

o o
h ol
large particles low Sg.;
. . © o ) ) )
small particles high Sg;

Contact points (-OH) approach with each other,
especially around the textural pores.

Ewéva 24. Zynuotikn avamopidotaoT Tng TUKVOGNG TOV ETLQAVELNK®OY DIPOELAM®V (KUKAOL, gV duvAapeL onpeio
EMAPNG TOALUEPOVG-COUTIOION) [E TNV avénon NG WKNG emQAveldS (Sper), TOV CLCCOUATOUATOY TOV

anoptilovror oo vavosmpotidia ceaptkod TOTov.
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Emppon g véartmonc/apudatmong

SOueova e TIg LeTpNoeLg 1600epung vdatwong o€ 1ocopomia og kabapd o&eidio, NT kot 610
kaBapd molvpepéc mpokvmtovy ta e&Nc. To kabapd PDMS dev mpocpopd popo vepod. Ta
VOVOGOUOTIOW EVOL 1GYVPDES VOIPOPILO GVGTAUATA KOl TPOGPOPOVY GTUOVTIKEC TOGOTNTES
vepold (émg 60%, Ewodvoa 25a). Eivor evdweépov 6t1 M vddtmon Ttov  kabopdv
VOVOGOUUTIOIOV 0vEAVEL pe TNV aENGT TNG E0IKNG ERPAVELNG, EOIMG 6 GLVONKES VYNANG

oyxetikng vypaciog (Eucova 25b).

a initial oxides
0.6 L 2 o -
| ®  titania (25 m“/g) ;
__05- A silica (240 m*g) o
5 e silica (342 m°/g)
< 0491 ... GABfit 1
-'(IC_‘.) 0.3_0.010 . i
€ ]
8 0.2 |0005 |
E)‘ | lo.000
o1 1
00]{ e-B-E- 1
T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
relative humidity, rh
08 T T T T T T T T T T T T
b initial oxides
0.6 relative humidity, rh ',0
@ 0.20 2
a4 064

04 @ 095

water content. h (wt)

0 50 100 150 200 250 300 350
specific surface area, S__, (mzlg)

Ewova 25. (a) Zukpiticéc Kopumdreg 1660epung vddtmong yio kabapd vavosmuotidio: tiraviag (Szer ~25 m¥/g)
Ko Toprriag (Sper ~240 kon 342 m?/g). (b) YSdtwon cuvaptiicst g s181KNG EMPAVELNS TV VavOosmuaTidia yio

EMAEYLEVEG TILES OYETIKNG VYpaciag (7h).
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H voédtwon tov N gival d10tépmg yapmAr, ovapEPOVUE EVOEIKTIKMG OTL 1 LEYLOTN
vddTmon v N givat 0.3 % yio v vynAdTepn oyeTikn vypacio (95 rh%). Eivon evdiapépov
0Tl M vddtwon tov NI eivar avefdptntn TG TEPEKTIKOTNTOC O TOAVUEPEG Kol Ol
dadikaoieg VOATOONG-0PLOATOONG &lval TANPOC OVTIOTPENTEG.  Avibétmg, ot 101eg
dradikdoieg 6ev gival avtioTpentéc Yo To Kobopd o&eidio (dnpovpyia YEANG otV empaveld
TOV SOKIUI®V).

SOUTEPACUATIKA, 1 1OYLPN GAANAETIOpAOT TOAVUEPOVG-EYKAEIONATOG 0ONYEL GTOV
TEPLOPIGUO TOV elevbepov Bécemv VOATOONC (VOPOEVALL) TNV EMPAVELL TOV COUATIOIMV.
Yuvdvdalovtoc e tov TANPOS vopopofikd yopaktpa tov PDMS, cvumepaivovpe 6TL ot
mlovég puetaforéc oy vddTmon Tv NX Adufavouv yopo otn Slabéoiun EMLPAVELL TOV

EYKAEIGUATOV, SNAOON OTN UN KAAVUEVT OO TOAVUEPEC EMLPAVELD.

T

a PDMS neat T b PDMS neat
-115°C (04 1 -105°C o
foa - 10" 4 . .
(E ambience, 0.4 rh Ood %y, —o—ambience, 0.4 rh \
—e—0.85rh K % —e—0.85rh
g %, i
Od OOO
o Ma Ooo &, N
M
J|
107 . . . . . . 107 . ; ; : . ;
10" 10° 10" 10*° 10* 10 10° 10° 10" 10° 10" 10® 10® 10* 10° 10°
frequency (Hz) frequency (Hz)

' d PDMS neat ' ' '
C PDMS-1000 neat o
80 °C 50 °C
. —o—ambience, 0.4 rh
—o—ambience —e—085rh
—e—85rh% ’ 8|
o . &
-2 | C_ o 0'2 i .'o, MWS &eo' i
. 10 2y ",
@ -~
3, /4\\ o
A,
o \-\.
oo™
10" 10° 10" 10> 10° 10* 10° 10° 10" 10° 10" 10> 10° 10* 10° 10°
frequency (Hz) frequency (Hz)

Ewéva 26. Zvykprrikés 1000eppeg petpnoelg DRS tov dindektpikdv anwieidv, ¢, og didpopeg Beplokpacies,
ouvoptnoel g ovyvotntag yw kabapd PDMS, mov €xel mponyovuévms 1G0pPOTNGEL GE GYETIKN VYpaAcio

meptBarrovtog (~0.40 rh) kar vynin oyetikn vypacia (0.85 rh).
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-8_ HELRRLLL | LR | T LR | HERELRRLLL
10”4 PDMS-1000 neat equilibrated
10°4 in
ambience, 85 rh%

Cc (Slem)

CR and MWS

10" 10° 10" 10* 10* 10* 10° 10°
frequency (Hz)

'6_ HERALALLL B LAY B LAY B ALY LA B L BRI
b '° 1PDMS-1000 neat equilibrated
in
-8 1 ambience, 85 rh%
—o—  —e—-50°C

—s— —a— 0°C

. tals
; 'lmmediate\y after melting of crysta :

] 5 k
\
™

] be,-‘o(e -

10_16 LR | T MR | T T
10" 10° 10" 10° 10° 10

frequency (Hz)

Ope (S/em)

“ 10° 10

6

Ewéva 27. Metpioeig ayoyudnrag oe evodlaooopevo niektpikd nedio (AC conductivity), g4, ocuvaptioel
g ovyvotntog yro kabBopd PDMS mov €xel mponyoupévmg 16OppomNCEL GE GYETIKT VYpocio mePLAlovtog
(~0.40 rh) xou vyMAfy oyxetikn vypasio (0.85 rh), otovg (a) —150 kar 30 °C yua cOykpion petaé&d mARPOS
AKIVNTOTOMUEV®V KL TARP®G EVKIVITOV TOADHEPIK®V 0AvGidwv kon 6tovg (b) —50 kot 0 °C yio c0ykplon Tpwy

Kol ApECMG HETE TNV THEN TOV KPUGTOAMT®V TOV TOAVUEPOVG.

SOUQOVA LE TIG LETPNGELS SINAEKTPIKNG PAGHOTOOKOTI0G 0€ dokipia kKabapov PDMS
(Eucoveg 26,27), ota Sokipio Tov £(00V 1IG0PPOTNGEL GE GUVONKES VYNANC GYETIKNG VYPAGIG
N GLVEPYOOLOKY Ovvapukn ekepaletor UEGHD TOV UNYOVIOUOD a. EVO Yo OoKipa
1G0PPOTTNUEVE GE cLUVONKES VYpaciog mepiPdriovioc kuplapyel o unyaviopog a (Euova 26a).
SOUQOVO e TO OTOTEAEGLOTO GE VYNAOTEPEG Bepprokpaciog, dNAAdN katd v e&éMén Tov
(QOVOLEVOL TNG YVYPNG KPLOTAAA®ONG (KPpLuoTdAAmon Katd tn 0éppaven), eaivetor O6TL o
UNYOVIGHOG o Kuplapyel kKot oTig dvo mepumtmcels (Ewova 26b). 'Etol, counepaivovpe 6t

VYNAOTEPT GYETIKN VYPOACIO. EVVOEL TNV KPLOTAAA®GT], OTOTEAEGHO TOL EAEYONKE Kol UE
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petpnoelg DSC, kot evioydel TV ayOyOTTe HECH (UVOUEVOV TOAMONG NAEKTPOSI®OV

(Ewcoveg 26¢.,d, 27).

01— 0.05 T T T T T T
a N J . N
a oosi_% 120°C ] b vosl  A3BOPEO 100°C }
A380P80 :
0.034 (silica + 80 wt% PDMS)
0.031
0.02
% e,
0.02
0.01 4
—o— dried (~0.02 rh, h~0 wt%)
ambient (~0.40 rh, h~0.2 Wt%) t\ ambient (~0.40 rh, h~0.2 wi%)
—&— hydrated (~0.85 rh, h~0.3 wt%) 0.01 © oo —4&— hydrated (~0.85 rh, h~0.3 wt%)
T T T T T T 1 . UL LA AL L LAY LI LU L L LALLY L AL P Y
10" 10° 10" 10* 10° 10* 10° 10° 10" 10° 10" 10° 10> 10* 10° 10°
frequency (Hz) frequency (Hz)
005 T T T T T T d L L) L) L | L | L | L
—o—dried (~0.02 rh, h~0 wt%) an ° —o— dried (~0.02 rh, h~0 wt%) o
C 004} ambient (~0.40 rh, h~0.2 wi%) SRS ambient (~0.40 rh, h~0.2 wt%) 50 °C
0.03 1 —¢ hydrated (~0.85 rh, h~0.3 wi%) —e— hydrated (~0.85 rh, h~0.3 wt%)
A380P80 a.
NooY A380P80 [
:UJ =b.)
0.01 4 1
P 0.01 -
o°
\
a |
int ©
RLELALL LRI ALL L ELLLLLL LU LLL IR LLL IR | T bbbl T T T T T T
10" 10° 10" 10° 10° 10* 10° 10° 10" 10° 10" 10* 10° 10* 10° 10°
frequency (Hz) frequency (Hz)

Ewoéva 28. Zuykprrikég 1600eppeg petprioeig DRS tov Sinlektpikdv anoieidv, ¢, otovg (a) —120 °C, (b) —100
°C, (¢) —80 °C, xo1 (d) =50 °C, cuvopthicet g cvuyvotnrog yio NX Sokipto mupitiog pe 80% PDMS yia didpopa

emineda vOdTwoNg

O ocuvvdvacpog pertpioewv DRS (Ewdva 28) kot 1000épung vddtmong ota N
CUGTIHUATO AVESEIEE TNV EMTAYVVON TNG OVVOUIKNG TOV SIEMLPAVELOKOD TOAVUEPOVS WE TNV
vddtmon. Mo cvykekpyéva, n avEnon e vodtwong twv NX (~0.25 wt%) odfynoe oty
EMTAYLVOT TOL SINAEKTPIKOV UNYOVIGUOD OTOKATAGTAONG iy (EtkOva 28¢,d). Tavtoypdvemg,
avéavel n ovvepyaoipuomra (Euwova 29a) kot n dimAektpuc 1oydc tov unyovicpot (Ewova
29b). Ta omoteAéopato TG avénong Tov emmédmV VOATMONG GTO UNYOVICUO iy €ivol
OVTIOTPENTE, OTMG SMIGTOONKE 0O LETPNGELG EMAVAENPAVONG KOl ETAVLOATOOTG TOV 10100V

doKipimv.
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Ewéva 29. (a) Amlektpikog xdptng (Arrhenius plots) kot (b) dmAekTpikn 160G GLVAPTAGEL TG AVTICTPOPTG
Oeprokpaciag Yo Toug Sépopovg UNXOVIGHOUS SINAEKTPIKNG amoKatdotaons (S, o, Kor oz,) yioo NX dokipo

nmopttiog pe 80% PDMS yia didpopa enineda vddtmonc.
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Ewéva 30. (a) Amlektpikog xéptng (Arrhenius plots) kot (b) dmAekTpikn 160G GLUVAPTAGEL TG AVTICTPOPTG
Beprokpaciag yia Toug Stépopovs uNYoviIGHODS SINAEKTPIKNG OmoKATAGTACTS (S, 0, e KOL G4y) Y10 NX SoKipio

titaviog pe 40% ko 80% PDMS yio Stdpopa enimeda vddrwong.

To amoteléopata g adénong TV emmédOV VOATOONG OTOVC  UNYAVICUOVG
OMAEKTPIKNG amoKoTAcTAoNG Yoo TV mepintoon NX trtaviag/PDMS (Ewova 30) eivor
TOLOTIKMG OLO10 KOl TPOS TNV 1010 KarteBuven (ETXTAYLVOT Kol EVIGYVGT TG OETPOVELNKNG
Suva KNG pe v vddTmon) e ekeiva Twv NX mopitiog/PDMS (Ewova 29). Xty Ewova 31
Ol TOPATAVED UETOPOAEC TOGOTIKOTOOVVTAL LUE OPOVG OOENGTC TOV KAAGUOTOC OYKOL TOV

SEMPAVELOKOD TOAVUEPOVG, RAF .
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. /Q
ws é 0.94
T 0.86
s 40% 80% PDMS adsorbed on
S —e— —o— silica (342 m?lg)
§ —A— —A— titania (25 m’/g)
= 05 7
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relative humidity, rh

Ewéva 31. Emppon tov emnédwv vddtmong 6to KAAGHA GYKOV TOV SIETLPAVELOKOD TOAVUEPOVS, RAF,,.

6 T T T T T T T
a silica (342 m’/g) + 40% PDMS b 124 e _
e
’\ int
N i 0.9 R
N 3 ’\.
o + treatment \0\
3 %06 ¢ i
«E
(_g’ 04 sample \V | O-o o
¢ untreated ‘Q
- 2 0.31 \% VVV 1
v surface modified (237 m’/g) ¥¥
o thermally annealed Fr-de-de- K~k —k—k- :*‘V
# dehydrated
-3 eI y rate T T T Oo T T T T T T
35 4.0 4.5 5.0 55 6.0 3.5 4.0 4.5 5.0 55 6.0
1000/T (K™ 1000/T (K™

Ewéva 32. (a) Amlektpikdg xéptng (Arrhenius plots) kot (b) dimAekTpikn 160G GLUVAPTAGEL TG AVTICTPOPTG
Beprokpaciog Yo To UNyovIcHO SINAEKTPIKNG OTOKATAGTAGTG TOV SLEMPAVELONKOD TOAVUEPOVS, Oy, VIO TO NX
dokipo mopttiog vyning edknc emedavetas (342 m¥/g) pe 40% mpoospoenuévo PDMS. TTapovaidloviar Ta
amoteAécpoTo dapopov TOm®V petayeipiong tov dokipiov (apuddtmon, Beplikn avOTTINGOT, ETLPAVELOKT|

TPOTOMOINGTN) TN SUVOLILKT TOV UNYOVIGLLOD.

To amotedéopata TV Sl0POPOV TOTOV UETAXEIPIONG TOV doKiuiov, OnAaodn, m
a@LIATOON, N OEpUIKT] AVOTTNON KOl 1 ETLPAVEINKT] TPOTOTOINGT TOV EYKAEIGUAT®OV, G
SUVOIKT] TOV UNYOVIGUOD TOV SETPAVELNKOD TOAVUEPOVG, iy, 0T0 NZ €LVOL TOIOTIKMOG KO
TOGOTIKMG OUOY, HETOED TOvG. XOopoKTNPIOTIKO TOPASELYHO TV TOPUTIvVEe UETABOAMY
napovctdletar otV Ewova 32 yia to N dokipo moptticg vyning edkng empavelag (342
m?/g) pe 40% mpoospoenuévo PDMS.
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Ewéva 33. Zynpotikn ektipnon g entppons twv Lopimv vepoD otn SIEMPAVELD TOAVUEPOVG-VAVOCSMUOTIIIWY
GTIG SLOULOPPMCELS TOV TOAUEPIKMOV 0AVGidmV; mhavr dpdon Tmv HopieV VEPOL MG EMMAEOV oNUei®V ETAPNG

TOAVUEPOVG-EMLPAVELOG

Am6 10 cUVOVAGUO OA®MV TV TUPUTAVE ATOTEAECUAT®V EKTIHOVUE OTL TO, EMTAEOV
LOPLOL VEPOD GTIV VOPOPIAN ETPAVELN TOV VOVOSOUOTIOWOV d1ULOVPYOVV 1] GUVIPALOVY GTNV
avamtuén véov (8euTepeVOVI®V) BEcE®mV OAANAETIOpaoNC LETAED TOAVUEPIKDY AAVGId®V Kol
copotdiov (Ewova 33). IIpog 610 mapdv, de pumopolue vo KaToANEOVE OPIOTIKAOC GTO KATH
OGOV T0, EMTAEOV LOPLA VEPOD OPOLV ¢ EMmAEOV ‘véeg™ B€oelg mpospdenong 1 €av dpoHv
enmkovpkd (vmofonbovv) oy TPocPAciuoTnTa TOV TOALUEPOVS Tpog didbecipeg BEcelg
V3GTOONG (VOPOELALL) GTNV VOIPOPIAN GTEPEN EMLPAVELCL.

[Mopd tovto, To omotedéopoto pmopel vo eényodvtal pe OpovG OLOLPOPETIKDOV
dwpopemcemv (loops ko tails, Eikova 33) tov molvpepovg 6to demipovelokd otpopo. H
0.POiMON TOV TOAVUEPOVG N LEIDOT TOV KAAGUATOG TOV TPOCPOPNUEVOL ToALpEPOVS (Ekdva
31), 6T epunveLETOL OO TO. ATOTEAECUATA TNG TOUPOVGOS €PYACing, &ivol cupPatéc pe
TEWPOUATIKA  OTOTEAEGHUATO  YOPOKTNPIOUOD OSOUNG KOL HOPLOK®OV TPOCOUOIDCEDMY OF
avtiotoya cvotiuata. H yevikdtepn cvl{non mepl g ovuneptpopds Tov pHopiov vepol
0TIG OLEMPAVELES lval £va avoLyTod Kal, 101, TOADUEAETNUEVO avTIKEIPEVO TG BiAoypapiog

T0 TEAELTOLN YPOVIQL.
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Emppor] tov pfjkovg ¢ moAv pepikng aAveidog (poprako papoc)

Mpayaptomomoape petpnoelg DSC kot DRS og NX titaviag/PDMS tHnov moprive/@Aotov.

Xpnoomomoape PDMS 600 popokadv Bapav, ~2000 ko ~8000, to omoia avtitoyovy og

Babpovg moivpeptopod ~22 kot ~105 povopepn/aivcida, avriotoiywe. To kAdopo Pdpovg

TOV ToAVpEPOVG 6T0. NX KaAvTTEL TNV gVpLO TEPLOYN 0o 5 ¢ 80 % (Ewdva 34).

a | Bwi% PDMS-1000 1 b 5wt% PDMS-20
10 wt% 10 wt%
1 20wt% 1 1 20wt% 1
3 i 2 | o0w% ]
= =
® = 80 wt% /’
(] B - [0} B B
< PDMS-1000 neat i = PDMS-20 neat <
4 4 i g B
crystallization 1 W/QI_ | 1 W/QI_
10 K/min 10 K/min
T T T T T T
0 50 -100 -150 0 -50 -100 -150
temperature (°C) temperature (°C)
C 10 K/minl I d 10 K/min I meltmlg
1 ] ; Iz Wig T /] i
.
| | | " PDMS-20 |
‘E’ E Tg cold
o [
< D VU % A
40 Wt% Ll
e N 20 wt%
10 wt% 10 wt%
1 5wt% PDMS-1000 . . Swite
T e T T T T T
-150 -100 -50 0 -150 -100 -50 0
temperature (°C) temperature (°C)
T T T T T T T T "
e - 10 K/min _ f A k 10 K/min ]
10.4 JIgK - 10.4 JigK
z 1000 s | N \
2 POMS 2 |pDMS:20 \\/
® R
i 2 |sowth
E E Taow
2 20 Wi 2
M .
1 W |
T

T g T T T T T T
-160 -140 -120 -100 -80

temperature (°C)

-160 -140 -120

temperature (°C)

-100 -80

Ewéva 34. Zvykprtikéc perpnoeigc DSC (a,b) ywoéng xon (c,d) 0éppavong NX trtavia/PDMS, yio PDMS

peyddov (a,c,e) kar pkpov (b,d,f) popraxov fépovg, ~8000 ko ~2000, avtictoiyms. Ta (e,f) mapovsidlovv v

TEPLOYT TNG VOADIOVG HETAPAONG OF PUEYOADTEPT] AEMTOUEPELQL.
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Ymv nepintoon tov NX mov Baciloviar oto PDMS pikpdtepov poprakov Bapovg,
dev mapanpninke 1o eawopevo ¢ Kpuotdilmong katd v woén (Ewova 34b), og
avtibeon pe v mepimtoon tov peyoAvtepov poprokov Papovg (Ewdva 34a). Avtd 1o
AmOTELEG O, ElVOL ONUOVTIKO, KAB®OC Katd TV akolovOnon Bépuaven tov idiov N kot 1dimg
oV mePoyn ™S varmoovg petdfoong (Ewova 34f) yivetar coaenc m Gupeon emppon twv
EYKAEIGUATOV GTIV KIVITIKOTNTA TOL TOAVUEPOVG (LOAMIN G petdPfacn). INvetan Egkabapo 6Tt
N Bepuoxpacio varddovg petafaong, Ty, avédvel oto NX kat 10 @awvopevo eehicoetat oe
avénuévn Beppokpaciokn kAipoka (Beppokpaciokn diebpuvorn tov gvooBEpov Pripatoc) pe

TNV 00ENON NG TEPLEKTIKOTNTOS GE COUATIOW!.

0.10 . . T . ; -
a . X TiOZ/PDIVIS-’IOOO
3 kHz ‘
bkl 2 <
y ) it wee‘"
i o000
N e *R10 % PDMS
S
_e—gl
Tio i 8 %ﬁﬁ#ﬂﬁg‘ ’ﬁﬁng‘ﬂ
?ﬁzti 80 %
000l 8 . PDMS Fiaaaggaiaasy
-150 -100 -50 0
temperature (°C)
0.10

\ TiO,/PDMS-20

a
_ 0.05 % .
© Y 3 int
h'4
o AAA A.O X" PD‘\A%/‘
eu_se . A:‘é AAA’A

0.00 -

temperature (°C)

Ewéva 35. Zvykprtikd wodypova dwaypdppata DRS tov goviaocticod pépovg g SinhekTpikig cuvaptnong
(dmlextpiég ammreleg), ¢', ot ovyvornte towv 3 kHz yww NX tomov mupriva-erowov (core—shell)

titavia/PDMS (a) peydhov ko (b) pikpod poprakov Bépouc.
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Youeova pe tig petpnoelg DRS (Ewova 35) 1 duvapikny 1ov moAvpepovg LOKpua omd Tic
dlempdveleg (Unyovicpol a kot o) dev emnpealovial GNUAVTIKA amd T c0eTooN TV NX
(Euwova 35). Avtd emPefoidveTor Kol He TNV OVTIOTOLN OVAALGT TOV OTOTEAECUATOV

(AmAektpikodg Xaptng, Ewova 36a).

T T T T T T T
a sl »s PDMS |
e o 80 wit%
as 40
vv 20
- +« 10
N 3 Y §§, oo ]
E ‘ .\ v%&ﬁ":'@{-»_,v
% e Tk
w8 S
g 0 12
3 X
solid symbols PDMS-1000 \\‘-. [,
_3 |open symbols PDMS-20 N e TIO, initial
0.08] 7Y ' ' I S ' '
b % o e
0.04 ¢ int A
A
0.02 o d
1.04 . ] o 7]
0.00 oomogegee? 500
35 40 45 50 55 0
~ s
3 . a’ o
0.5 a/ A\A\A = ,&ngiu 7
int h g ! —‘:}’Q—Sﬁ’—iz—‘i}§s}
AA“; A\A Fr=tz "
oo Aha, PO, O
0.04 ikt e e s Fheene U ¢ 4
. T T T T T T T

1000/T (K™

Ewéva 36. (a) Amlextpikog xéptng (Arrhenius plots) kot (b) dmAekTpikn 160G GLUVAPTAGEL TG AVTICTPOPTG
Beprokpaciag yia Toug Stlpopovs unyavicHods SINAEKTPIKNG omokatdotaons (S, a, o Kot a;,,) Yo N dokipia

trtaviog pe 10-80% PDMS yia d0o poprakd Bépn tov moAvpepovg

Ot 7o evolQEPOVGES TAPATNPNOES APOpPolY, Kol &d®d, TIG OPOpPEG TOL
KOTOYPAPOVTOL GTN SLVOLKT TOV SIETIPAVELNKOD TOAVUEPOVS (UNYOVIGUOS tinr). PlrveTon OTL
OTNV TEPITTOGT TOV UIKPOD HOPLakoD PApovg (KOVTEC TOAVUEPIKEG OAVGIOEG) O UNYOVIGLOGC
Oins  KOTOYPAQETOL TO 0OPYOC Ko ALydTEPO Guvepyootokoy yapaktipo (Ewova 36a),
TaPOTONTO, U VYNAGTEPN dinAekTpikn 1oV (Ewdva 36b), o oyéon pe 1o NX mov Bacilovrot

0€ TOAVUEPEC LEYAAVTEPOV LOPLOKOD BAPOVG (LoKPOTEPEG TOAVUEPTKEG AAVGIOEC).
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Q61660, ALEAVOUEVIG TNG TEPLEKTIKOTNTAG GE TOAVIEPEG TAPATNPEITAL 1] TAGT TPOG
avénon g ovvepyaouomrog (Ewova 36a) kot Pdost tov vworoyispuov, avénen tov
mhyovg Tov demipavelokoy otpodpatog (Ewove 37). Emiong, to mAn0og tov molvpepikmv
0AVGIOMV GTO SLETMIPAVEINKO GTPOO EKTIUATOL LEYOADTEPO GTNV TEPITTMOON TOV KOVTVTEP®V

TOAVUEPIKDV OAVGIOWV.

1.0 T T T T T T T T T T T
a DSC DRS

o %% 4 » TiO/PDMS-1000
s > TiO/PDMS-20

LLE 1~
3(: 0.4+ .
0.2 -
0.0 -
polymer fraction in nanocomposites (wt%)
b 0 il BEE BN

—

int

Kuhn segment length

4 DSC DRS ]
—4—»—TiO_/PDMS-1000)]
4 —b>—Ti0_/PDMS-20
0-1 T T T T T T T T T T T

0O 20 40 60 80 100

polymer fraction in nanocomposites (wt%)

apparent thickness, d_ (nm)
>—[>—4\
\F

Ewéva 37. (a) Khdopata pélog/oykov tov dempaveloakod molvpuepovs, RAF,, On®w¢ TpokdmTouy and Tig
petpnoelg DSC/DRS, avtiotoiywg, kot (B) mdyog tov OSiempavelokod OTpOUATOS, iy, OLVOPTNOEL NG

MEPLEKTIKOTNTOS GE TOAVULEPES Yo Ta NX Titavio/ PDMS.

A&iler va onuewwbei 6T  oTabepomoinon TOV TIUOV TOV TAYOVE TOV SETLPAVEINKOD
OTPOUATOC, din, OE GYETIKDOC VYNAEG TEPLEKTIKOTNTES TOAVEPOVG (60 % otnv Ewdva 37b)
umopei vo, e€nynoei pe 6povg Un opoyEVODG KAALYNC TG EMPAVELNS TOV GOUATWOIOV (§vBETO

oympa oty Ewova 37b).
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Yuvdvdlovtoc TO MOPATAVED OTOTEAEGUOTO TPOTEIVOLHE OTL 1 ov&ovouévn
TPOGPOPN G TOADUEPOVG OTN SEMPAvELD. 0oNYel e av&avopevo Adyo loops/stails 1dimg yia

ta NZ mov Pacilovtal o€ molvpepéc pokpotepmv aivcidmv (Euova 38).

S slow a,, fast a,,

|

| In nl

N 7 \0 7 \(\ /7,,/
» D

Crons<5 Wt% 5%<Cron<40% Coons=40Wt%

Ewéva 38. Amlomonpévo HOVIEAO TOAAUTAGDV SlOUOPPDCEDV TOV TOAVUEPIKDOV OAVGIO®MV, TOV &YOVV

TPocpopn el oe OTEPEN EAKTLKY EMPAVELY; EMLPPOT| TNG TEPLEKTIKOTNTAG TOL SLEMPAVELNKOD TOAVUEPOVG

Eniong, ot dtagpopéc petaé&d NX wov facilovial oe TOAVUEPEG e KOVTEG 1) LAKPOTEPES
0AVGIOEG, OTMOG TPOKVATOVY OO TO TELPAUOTIKG, LOG OATOTEAEGHOTA, UTOPOVV va. e€nynbodv
o¢ €&ng. O Adyog tails/loops eivar, mOOVDG, HEYOADTEPOG OTNV TEPIMTTOON KOVIOV
TOAVUEPIKDV 0ALGTId®mY PDMS (pikpd poplakd Bapoc tov moALUEPODVS), GE GYEoN WUE TIC
HaKpOTEPES AAVGI0EC, AOY® TG UEYOADTEPNG CLYKEVTIp®ONG eAebbepwv dxpwv. Emiong n
omapén meplocdTEp®V eheVbepwV AKpOV 0odnNyel oV avENUEV TPOGPACIUOTNTA T®V
dwbéouwv  onueiov  oAAnAemidpacng  (empavelokd  vépo&oie).  Ta  mopomdvo

amewovilovtol GyNUATIKA Pe omhd TpoTo oty Eucova 39.

\ 1/ nl
S ST
short chains long chains

Ewéva 39. Arhomompévo LoviELo TOAAATAMY SLOUOPPMDCEDY TMV TOAUEPIKOV AAVGIO®V TPOGPOPTLEVMV GE

GTEPEN EAKTIKN EMLPAVELQ, EMLPPOT] TOL UIKOLS TOV 0AVGIdmV (Loptakov Papovg)

SVUTEPAGHATIKA, KOTAAYOVUE GTO OTL O aplOUOG KOl 1] TPOSPAGIUOTNTA TOV CNUEIDV
EMOPNG (EMPAVEIOKEG 1O1OTNTEG TOV COUATIOIMV) KoL T SOUN KOl EVKOUWIO TOV TOADUEPIKOV
A0V (TOTOAOYIOL TOV TOAVUEPOVG OTIC EMIPAVEIEC TOV COUOTIOIMV) KLPLOPYOLY GTN
SLOUOPPMCT] TV JETPOVEINKDY AAANAETIOpdcey. TEAOC, amd To TAPATAVE amToKOoUILOVUE
TEKUNPLO. TTEPL UETABOADY GTNV TUKVOTNTO TOV TOALUEPOVS GTO OLEMIPAVEINKO GTPMLOL.

Tétoteg petaforég Exovv peretnOel pe ) ¥pMom VITOAOYICTIKGV HeBOO®V TPOGOUOIDGEDV.
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Emppon tov yopukov ntepropiopov (spatial confinement) tTov molvpepovg oe

KVALVOPIKOVG TOpOVG

Téhog, pehetnoope eawvoueva, 2D ywpucod TePLOPIGHOD TOV TOAVUEPOVG 6€ NX GLOTNHOTA
silica-gel (Si1-60) ue 40% a1 80% mpocspoenuévo ypapuuikdé PDMS (Ewdva 40). H silica-gel
amoptiletar amd cvooouuTOpate dlactdoemv pepikdv pum (Ewova 40a), eved kdbe
GUGCOUATOUO OTOTEAEITOL ONO TUKVO COUTAEYUO  WKPOTEPOV VOVOSOUATIOMY TOL
oy uatilovy €0TEPIKONS TOPOVG KLAVOPLKOD TOTOV (GVPOYYES) TOV TOIKIAOVY GE SLAUETPO
petald 6 kot 20 nm. H €1dkn empdvela Tov ev A0y® cuotnudTov gival vynAn, teputov 380
m?/g, kot oQelleTon KUPIOC OTNV ECMTEPIKY TOPOCIUOTNTA KOl OEVTEPEVOVIOS OTNV

eEMTEPIKN -EMPUVELOKT] TPOYVTITO.

Ewovo 40. Eikoveg nhextpovikig pkpookoniog opoong (SEM) (a) evog cvooopatdpatog Si—60 kot (b) tov

NZ Si-60 pe 80% npoopoenuévo PDMS
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40 % PDMS

Q

heat flow endo up

}r |
T 92 10 K/min
g1

T T T T T T T T
-160 -140 -120 -100 -80

temperature (°C)

80 % PDMS

' POMS

(o)

10 K/min

SiO, + 80% PDMS

+6 % ZrO,

heat flow endo up

+16 % Zr0,

TQ’Z |
T T T u T T T T
-160 -140 -120 -100 -80

temperature (°C)

Ewéva 41. Zvykprtikd Oeppoypdppata DSC otnv meproyn g vokddovg petdfacng yio NX Paciouévo ot
silica-gel Si-60 ko mpocspopnuévo PDMS pe khdopo patog (a) 40% xon (b) 80%. Iapovcialovriar emiong

amotelécpora yio NX Bociopéva otn silica-gel tpomonomnpévn pe pikpotepa vavooopatiola Cipkoviag (ZrO,).

Youeova pe ta amoterAécpota DSC, oto NT kotaypdeetor évo emmpodcheto Pripoa
varddovg petdfaong (DSC) oe yapuniés Oeppokpacies, tepinov otovg -140 °C (T, Ewova
41). H deutepenonso ovth LOAMONG HETAPAOT] KUPLOPYEL GTNV ATOKPLOT TOV VAK®V YOUNANG
TEPLEKTIKOTNTOG o€ ToALUEPEG (40%, Ewova 4la), evdd omv mepintwon NXE peyding
TEPLEKTIKOTNTOG 66 PDMS 1 x0pla cuvelopopd otV voAddn pHeTafocn KotaypdeeTol
peta&d -130 kor -125 °C (T,, Ewodva 41b). H vodddng petdfoaon om yapmidtepn
Oeppoxpaciaxn mepoyn (7gr) avTioTorkel 6TO TUNUO TOV TOAVHEPOVG TOV PPIcKETUL XOPLKAOG
TEPLOPIGUEVO EVTOC TV KVAWOPIKOV TOpwv g silica-gel, evdd n voimong petdpacn oe

vyniotepeg Oeppokpacieg (72) opeiletor oto TUMpO TOL €Aedfepov TUNHATOG TOV

261



nmoAvpepovg (bulk). Eivar evolapépov 0Tt KOTOTY EMLPOVEINKNG TPOTOTOINGN G NG KaOapNC
silica-gel pe pucpd vavosopatidio (ipkoviag (zirconia, ZrO,), n T, oto NX peiddnke ko m
netaPorn omv ewdwm Oeppodmra, AC,;, avEndnke. To amotélecpo avTd €PUNVEVETAL (G
aVENUEVT ETLPPON TOV YOPLKOV TEPLOPIGLOD EVIOC TOV TOP®V, GTO TOLYDUATO TOV OTOIMV
avartHyOnkay to voavooopotidw {ipkoviag (~3 nm g SidpeTpo) Kot, €16l meplopicinke M

HEGT SIAUETPOC TOV KVAWVOPIKDV TOPWV.

a | silica gel

1+ 80% PDMS 1
o not annealed
o
©
[ 4 .
(0]
2
=
©
(0]
o ] i

-160 -140 -120 -100 -80
temperature (°C)
b silica gel
+ 80% PDMS
annealed 1

S
3 0.01 W/g[
©
C - 4
o
2
o
5 _
o
N

4 — o 4

T =144%C  T=119°C

-1|60 v -1|40 I -1|20 ' -1|00 I -8|0
temperature (°C)
Ewéva 42. Ocpuoypdppora DSC oty meproyn s volddovg petdfaons yia NX Boaciopévo ot silica-gel Si-60
kot 80% mpospopnuévo PDMS yia pétpnon mpv (a) ko petd (b) ) Beppuxn avomnon tng Kpuotdiiwong
(evtog g ovokeung DSC)

Metd and petpnoelg SoKIIMV Tov VIECTNONV DEPUIKT 0VOTTN G, TPOS EVIGYVGT TOV
Babpov kpvotaAhkoTTOg, TOpATPNONKE OTL M VOAMONG UETABOCT TOL  YOPIK®DG
TEPLOPIGUEVOD TOALUEPOVC TAPEUEIVE TEAELMC ovemnpéaotn (ovykpion peta&d Ewovaov
42a,b), oe avtibeon pe v emPpadvvon kot vrofaducn mg bulk Svvapukng (adEnon g T2
Kot ehdttoon e AC,,, Ewova 42b).
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o |—o—PDMS ' ' " anon | _e_pDMs T '
a 10 —o— SiB0P40 80 °C b 10" {—c— si60P80
—+—SiB0Z1P40 —<—Si60Z1P80
. —+—Si60Z4P40 amt a'c —+—Si60Z4P80
W
B 10" { s
o T
2 ."/ % 1024
8 et
T
5 : g
¢ .
v HN fit -~ g )
’. o . . 10°
10> 10° 10* 10° 10° 10
frequency (Hz)
o] —o—PDMS  410° | d  |—o—PDMms
C 10, —o— SIBOP40 -110 °C - 10" { —o— Si60P80
—+¢—SiB0Z1P40 —+—Si60Z1P80
—e—Si60Z4P40 —e—Si60Z4P80

T T
10> 10°
frequency (Hz) frequency (Hz)
o| —o—pPDmMs T T T T f —o—PDMS
ST R Si60 P40 -130 C4 —o—Si60P80 1
—+—Si60 Z1P40 —e¢—Si60Z1P80
—o— Si60 Z4P40 —e—Si60Z4P80

s 102

frequency (Hz) frequency (Hz)

Ewéva 43. Zvykprtikd 1000eppo Swypdppato DRS tov goviaotikod péPovg tng SIMAEKTPIKNG GUVAPTNOTG
(dmlextpikég ammreleg), &', oe Owpopeg Oepuokpacies yie NZ Pacwopéva otn silica-gel Si-60 ko
npocpopnuévo PDMS pe khdopo palog (aprotepd) 40% ko (de&idr) 80%.

Amo TG petprioelg diextpikng gacuatookoniag (DRS) kotaypdeetor 1 cuvolkn
GUVEPYOGLOKT] SLUVOUIKT TOV TOAVUEPOVS (ToV oyetTileTon pe TNV voimon petdfaoct, Ewdva
43), n omoio Ppédnke va ekepaletar ota NX amd t€00eplg KOADG SOKPITEG CUVELCPO PEC.
Onwc ota mponyovpeve NX TOmOL TupNvo-@A000, £T01L Kol €0 OUTEG Ol GUVEIGPOPEG

TPOEPYOVTOL OO SPOPETIKG TUUOTA TOV TOALUEPOVS, dNAdT (0) TOL OETLPAVELLKOD
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TOAVUEPOVC LE GLVEPYOCLIOKT OAAG kabvotepnuévn duvokr (UNYOVIGHOG i, Ewdva
43a,b), (B) tov audpeov avernpéactov (bulk) moivuepoig (unyavicudc a, Ewkdva 43¢,d), (v)
TOV TOALUEPOVE TEPLOPLGUEVIG KIVITIKOTNTAG HETOED KPUOTUAAMK®OV TEPLOYDV (UNYAVIOUOC
a., Eucova 43¢,d), kot (8) évav emmpdcheto ypriyopo punxavicpnd dimiekpikng xoldpmong (a,,
DRS, Ewova 43e,f). O tehevtaiog oVTIGTOEL 6T HOPLOKT SUVOLUIKT TOV TOADUEPOVG TOV

BplokeTon yOPIKAOE TEPLOPIGUEVO EVIOS TOV KVAWVOPIK®V TOPWV NG silica-gel.

temperature (°C)

0 -20 -40 -60 -80 -100 -120 -140
a 1 .- PDMS
61 W a, ¥ - sieorao
LM+ SiB0Z1P40

S5i60Z4P40

= |
L
5
.‘_E
> |
S
DSC
b TSDCJ
T T T T T
4 5 6 7 8
1000/T (K™
b | - -~ PDMS
PNy —>— Si60P40
int > —+— Si60Z1P40
1.0 —»— Si60Z4P40 1
. +Zr0, a
< ac /.—_./
0.5 A
Yo
e s e [T
int ‘»j»»ii“‘“
> B-B-D- P P—P—ppp o
0.0 T u T u T u T p T
4 5 6 7 8
1000/T (K™

Ewéva 44. (a) Amlektpikog xdptng (Arrhenius plots) kot (b) dimAekTpikn 16x0G GLUVAPTAGEL TG AVTICTPOPTG
Oeppokpaciog yio Tovg §00 puNyAvIcpovg SMAEKTPLIKNG omokaTdoTaong (o, Kot a;y,) Yo NX dokipua silica-gel pe
40% PDMS. To PéAn deiyvouv v emppon NG emMOOVEWKNG Tpomomoinong tng silica-gel pe pkpd

vavooopatidio {ipkoviag ot SLVOLLKT TOV TOAVUEPOVG.
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temperature (°C)
0 -20 -40 -60 -80 -100  -120 140
] N -.-. PDMS
a Si60P80 |
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ge
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P
T T I : :
1000/T (K™)
b |-+ sicorso s
0.15.] —+— Si60Z1P80 o |
—e— Si60Z4P80 I
o /
0.10 ~int ]
] o o | i
\
2 0&%\6@0‘6 J
| R ]
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e eevidye _
< Adagnas Y
G- M:ffj}'&z‘%ﬂg-fi/é" o s
nn!; " %0000,
0.00 S
4 5 6 7 8
1000/T (K

Ewéva 45. (a) Amlektpikdg xdptng (Arrhenius plots) kot (b) dmAekTpikn 160G GLUVAPTAGEL TG AVTICTPOPTG
Oeprokpaciag Yo TOVG TEGGEPIS UNYAVIGHOVG SINAEKTPIKNG OMOKATAGTUOTG (0p, O, G KOL i) Y10 NZ S0Kcipuo
silica-gel pe 80% mpospopnuévo PDMS. Ta BéAn deiyvouv v €mppon TG EMPAVELOKTNS TPOTOTOINONG TNG
silica-gel pe pikpd vavosopatidia {ipkoviag 6N SUVOLLKE TOV SLEMPAVELNKOD KOl TOV YMOPIKADG TEPLOPLIGUEVOD

TOAVULEPOVG (Glint KOAL C1).
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H emeavewkn tpomomoinon g silica-gel pe pikpd vavoowpotidin {ipkovioag
odnynoe oV e&acBévion ¢ SEmPOVEINKNG aAANAenidpaonc morvpepovg/silica-gel, kKabag
mopotnpnOnke (o) emPpadvven g Oemeovelokng moAvpepkne dvvapikng (Ewdveg
44a,45a), (B) peiwon tov Pabuod cvvepyaciudémrag (Ewodveg 44a,45a) ko (y) e€acbévion
TOV UNYOVIGHOU a;yy (Eucoveg 44b,45D).

Amo ™V GALN, LETA TNV ETQAVELNKT TpoTomoinon g silica-gel kot v Tpoopoenon
0V TOALUEPOVG, KaTOYpAPOVTOL ONUOVTIKEG UETAPOAEG OTO UNYAVIOHO ap, ONAadY (o)
emrtdyvvon ¢ Svvopkng (Ewovec 44a,45a), (B) meplopiopoc ™G GLVEPYAGIUOTNTOG
(Ewcoveg 44a,45a) kar (y) e€acOévion tov pmyavicpov a, (Ewkoveg 44b,45b).

a. Initial state

b. surface modified c. annealed polymer

Ewovo 46. Zynuotiky 2D ovorapdotoon Yo TIG TPOTEVOUEVEG UETAPOAEG OTIV KOTOUVOUY TOV TOAVUEPIKMV
aAVGIdOV oTN SEMPAVELD KOl TOVG £0MTEPIKOVG TOPOLS pe to copotidia silica-gel mov emeépovv: (b) M

TPOTONOIN G TNG EMPAVELOG HE HiKpd vavooopatiota (ipkoviag Kot (¢) 1 Oeppikn avomomn g KPueTAAA®OTC.

Yvykpivovtag pe mn oyetikn Pipioypapio, eKTHodUE OTL Ta vOvooouaTidw {ipKkoviog
(~3 nm og S1apeTPo) OVATTHXONKAY GTA TOLYDOUATE EVIOC TOV KVAVOPIKOV Topmv (Etkoveg
46a,b) ko, étol meplopichnike 1 péon OSAUETPOG TOV TOPMV. ZVVERELD NG UEIWONG TOL
StaBEGLOV YOPOV EVTOG TOV TOPOV EIVAL 1] TEPALTEP® EXPPOT] TOV YOPIKOV TEPIOPIGUOD TOV

moAvpepovg. O TMEPLOPIGUOC TNG GLVEPYUTIKOTNTOG KOL 1) ETLTAYVVON TNG TEPLOPIGUEVIC
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duvapkng, eényeitar o Piprloypagio pe 6povg WKPOTEPOL TANBOVE cuvepYalOUEVOV

TOAVUEPIKDOV OAVGIO®MV GE HKPOTEPO YDPO (YOUNAOTEPO UNKOG GUVEPYACIUOTNTOG).

temperature (°C)
0 -20 -40 -60 -80 -100  -120 -140
a solid symbols not annealed
open symbols annealed
» Si60P40

o Si60Z4P40

= 1
=
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-3 4 TSDC -~ © i
T T T T T
4 5 6 7 8
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0.5 Dkk%;; ap ]
»
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$w0me-0=0=00% romees ap
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4 5 6 7 8
1000/T (K™)

Ewéva 47. Emppon tng Oeppikng avomtmong, mpog vicyvon Tov Bablod KpuotoAkotntag, (a) ot Hoplokn
Suvopukn ko (b) otn SiNAeKTPIK) oX0 TOV UNXOVICU®V SINAEKTPIKNG amokatdotaons o NI silica-
gel/PDMS(40%)

Evdiopépov mpokhnTel Kot omd UeTpNGELg BEpIKNG OVOTTIONG TS KPUOTOAAMKOTNTOG
(crystallization annealing, Etkova 47). Avt 1 Ogpuikn petayeipion emnpedlel onuoviikd my
KWVNTIKOTNTA TOV SIETPAVEIOKOD TOAVUEPOVS, 0ONYDOVTAG G EMPPAdUVONC TG AVTIGTOLYNG
duvapkng (Ewoveg 47a) kot apaimon tov demeaveiokod otpopotog (Ewdveg 47b,48b),

Ommg ota mponyovueve N timov muprva erotol (cvykpion petaé&d Ewovag 20 kot Eucovag
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47). Opwg, m 10 Bepuikn petoyeipion tov NX mov Poacilovior omyv silica-gel agnvet
EVIEAMG AVEMNPEACTN TN YOPIKAG TEPLOPIGUEVT] SVUVOULKY] EVTOG TV TOPWV (UNYXAVIGUOG ap,

Ewoveg 47,48).

a 1004 interfacial DRS 7
11 40 wt% PDMS
bulk DSC-& - - -coceie . ...
— -120 & i
L
hm
) confined DSC
-140 - .
Conf;

T T T T
11.0 10.5 10.0 9.5

average pore diameter, <2Rp> (nm)

T T T T T
40 wt% PDMS DSC DRS
1.09_°. - .
solid symbols protocol A » > interfacial
open symbols protocol AC ¢ ¢ confined in pores;
0.8 . bulk i
c
15
@ 0.6 1 -
=
—_
©
g 0.4 -
=
[}
a
0.2 :
004 o O i

T T T — T
11.0 10.5 10.0 9.5

average pore diameter, <2Rp> (nm)
Ewéva 48. (a) Oepridopetpin kor Siniektpikn Beppoxpacio volddovg petafaons ko (b) kKAdopa palac/dykov
TV ddpopov Tunpdtov tov moAvpepots ota NI silica-gel/PDMS cuvapthiost tng ektipodpevng péong

StopéTpov TV KuAvdpkdv mopmv. Ta Béln deiyvouv v emppon g Beppikng avontnong g KpuoTdAhmong.

Y& ovpgovio pe ™ PipAoypapia, emiPefardvovpe Kol £6® OTL O YOPIKOS TEPLOPIGUOG
TOAVUEPOVS OTNV KAlpoko tov nm (spatial nano-confinement) kvplapyodvior amd To
eoawvopevo peyébovg (size effects) mapd omd @ovOueEVE SLUVOUIKNG KOl AAANAETIOPAGE®V.

AvtiBétmg 1 1oYO¢ TG aAMAETidpacng HeTAED TOV TOAVUEPOVG KOl TG EAKTIKNG GTEPENG
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emeavewg emnppealovral KoOpoploTIKE amd TV 16y NG avticTolymng aAlnienidopoaong (my.
de0IOG VOPOYOVOL, 00MYOC SUVOUN TNG KPUGTAAAMGNG), GO TNV TOTOAOYIN TOV TOAVUEPOVS
EMOVD OF OLPOPETIKEG EMPAVELES (Y. TPUYLTNTO TNG EMPAVELWNS Kol OLUOPPADCELG
TOAAUTTAOD TOTOV GTNV TEPIMTOOT EVKUUTTOV TOAVUEPIKDOV 0AVGId®MV) Kat, Thavov, amd v
EMIKOVPIKT] GUUUETOYN] TOV ETQUVEINKOV HOPiov vepod oT10 Pabud aAiniemidopaonc

TOAVUEPOVC-ETIPAVELQG,

Evyoapwotia

H mopovca épeuva éxer ovyypnuatodomBel amd v Evporaikn Evoon (Evpomoikd
Kowwvikd Tapeio - EKT) kot and eBvikodc mépovg pécsm tov Emyeipnotaxod [poypdupatog
«Exkmaidevon kot Ao Biov Mabnon» tov EBvikov Zrpatnycov [Miasiov Avaeopdg (EXITIA)
— Epgovntico Xpnuatodotovpevo ‘Epyo: HpdxAeitog 1. Exévovon oty kowvovia g yvoong

péow tov Evponaikov Kowovikov Tapeiov.

* EMNIXEIPHXIAKO MPOIPAMMA
K EKTIAIAEYSH KAI AIA BIOY MAGHEH e EXMA
’: " EREVOVGN GTNY UOLVWYLd TNE YVWIEN 2007-2013
* gk = T
YNOYPIFEIO NMAIAEIAL KAl BPHIKEYMATQN  EYPQNAIKO KOINQONIKO TAMEIO

Evpwniaikn ‘Evwon EIAIKH YNHPEXZIA AIAXEIPIZHE

Evpwmaiké Kowvwvikoé Tapegio . . e
Me tn ouyxpnpatodotnon tng EANGdag kai tn¢ Evpwnaikig ‘Evwong
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