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STRESZCZENIE

Niezwykle istotne w projektowaniu zupelnie nowych i innowacyjnych
nanomateriatow jest zrozumienie, w jaki sposob wlasciwosci powierzchni wptywaja na
zachowaniepolimeréw w skali ,,nano”. Niniejsza rozprawa doktorska zostata po§wiecona
badaniom wptywu roznych modyfikacji powierzchni ograniczajagcej na dynamike
przejscia szklistego fenylo-metylo-polisiloksanu (PMPS) umieszczonego w matrycach
nanoporowatych wykonanych z tlenku glinu. Techniki eksperymentalne, jakie
zastosowano w pracy obejmujg spektroskopie¢ dielektryczng, réznicowg kalorymetrie

skaningowa oraz pomiary kata zwilzania.

Pierwsza opisang w pracy modyfikacja powierzchni jest silanizacja matryc
nanoporowatych za pomocag dwoch substancji o nieco innych wiasciwosciach:
(3-aminopropylo)trimetoksysilanu (APTMOS) oraz chlorotrimetylosilanu (CITMS).
Uzyskane wyniki pokazaty, iz dla PMPS umieszczonego w matrycach nanoporowatych
o srednicy porow 55 nm, zmiany w chemii powierzchni wywotane wykorzystaniem
obydwu srodkow silanizujacych pozwalajg w pewnym stopniu usung¢ efekt ograniczenia
przestrzennego obserwowany na widmach strat dielektrycznych. Z drugig strony
obecnos¢ dwoch przejs¢ szklistych na termogramach badanych uktadow sugeruje, iz
wprowadzone zmiany powierzchni nie byly wystarczajaco silne, aby uniemozliwic¢

tworzenie si¢ warstwy przysciankowe;.

Drugim zaprezentowanym sposobem modyfikacji warunkéw powierzchniowych
byto zastosowanie wysoce polarnych jednostek kwasu fosforowego (l11), ktore
oddzielono od siebie niepolarnymi grupami trietoksysilanowymi. Metoda ta pozwolita
precyzyjnie kontrolowaé polarnos¢ powierzchni. Badania kalorymetryczne rowniez
I wtym przypadku wykazaty, obecnos¢ dwoch przejs¢ szklistych co wskazuje, ze
niniggsza modyfikacja takze nie zapobiega tworzeniu si¢ warstwy przys$ciankowe;.
Niemniej jednak wykazano, iz uniemozliwia ona tworzenie si¢ dodatkowej warstwy
posredniej zlokalizowang pomiedzy tancuchami polimerowymi znajdujacymi sie¢
W bezposrednim sgsiedztwie $cian poréw a tymi W jego centralnej cze$ci. Co wiecej,
zmiany w polarnosci powierzchni wpltywaja na czasy rownowagowania badanych
uktadow. Wraz ze wzrostem liczby niepolarnych jednostek separujacych (od N=0 do

N=24) zaobserwowano takze istotny wzrost energii miedzyfazowej ys. od wartosci 7,4



do 12,5 mN/m. Sugeruje to silniejsze interakcje pomigdzy polimerem a matrycg. Co
cieckawe, nie towarzyszy temu jaka$ istotna zmiana warto$ci temperatur zeszklenia
zarejestrowanych dla warstw przys$ciankowej 1 rdzeniowej (w granicach kilku stopni

Kelwina).

Powyzsze wyniki badan wskazuja, ze wykorzystane jak do te pory metody
modyfikacji powierzchni, nie eliminujg efektu ograniczenia przestrzennego. Wobec tego
W kolejnym etapie pracy zastosowano zupelnie odmienny sposob. Mianowicie
wewngtrzna powierzchnia nanoporowatych membran AAO zostala zmodyfikowana
z wykorzystaniem techniki osadzania warstw atomowych (ALD). Do ich powlekania
wykorzystano tlenek hafnu, tlenek tytanu oraz tlenek krzemu, ktore charakteryzuja si¢
réznymi zwilzalno$ciami i charakterem powierzchni (odpowiednio od nabardzig
hydrofobowych do hydrofilowych). Na podstawie obliczonych warto$ci energii
miedzyfazowej pokazano, ze poprzez modyfikowanie pokrycia ALD mozna kontrolowac
sit¢ oddziatywania polimer-powierzchnia ograniczajaca (ys. = 0,5 mN/m dla pokrycia
HfO2, ys. = 18,7 mN/m dla pokrycia SiO2). Ponownie jednak nie miato to az tak
znaczacego przetozenia, jesli chodzi o warto$ci temperatur zeszklenia dla warstw

przysciankowej i rdzeniowe;.

Przedstawione wyniki badan jednoznacznie wskazuja, ze obecnosci dwoch przejsé
szklistych widocznych na termogramach DSC dla PMPS umieszczonego w matrycach
nanoporowatych nie udato si¢, w zaden sposob wyeliminowaé stosujgc réznorodne
sposoby modyfikacji powierzchni scian porow. Sa one obecne rowniez przy braku silnych
oddzialywan migdzy badanym polimerem a matryca. Efekty powierzchniowe sg istotne,
jesli chodzi o zrozumienie dynamiki przejscia szklistego w nanoskali niemniej jednak
sterujac tylko i wyltacznie charakterem powierzchni czy tez sitg oddzialywania substancji
z matryca nie jesteSmy w stanie dosta¢é kompletnego obrazu zmian zachodzacych

W ograniczonej geometrii.



ABSTRACT

Understanding the effect of surface conditions on the behavior of polymers at the
nanoscale is an important stage in designing new and innovative nanomaterias. This
doctoral dissertation aimsto explore theinfluence of surface effects on the glasstransition
dynamics of poly(phenylmethylsiloxane) (PMPS) embedded in alumina nanopores. The
main experimental techniques used are dielectric spectroscopy, differential scanning
calorimetry, and contact angle measurements.

The first strategy used to modify the surface conditions was silanization. Two
silanizing agents of much different properties were used: (3-aminopropyl)
trimethoxysilane (APTMOS) and chlorotrimethylsilane (CITMS). The tested polymer,
PMPS, was embedded in silanized nanopores with an average pore diameter of 55 nm.
Theresults show that the changesin the surface chemistry caused by using both silanizing
agents make it possible to remove, a least partialy, confinement-induced changes
observed in the dielectric loss spectra. However, the presence of the two glass transition
events in DSC thermograms for both systems suggests that it was not possible to inhibit

the formation of the interfacial layer.

The second strategy employed to modify the surface condition was achieved by using
highly polar phosphoric acid units separated from each other by non-polar triethoxysilane
groups. The calorimetric studies show the presence of two glass transitions which
indicates that this modification technique also does not prevent the formation of the
interfacial layer. Nevertheless, it has been shown that this strategy prevents the formation
of an additional intermediate layer located between the polymer chains anchored to the
pore walls and those in the core. Moreover, the changes in the surface polarity affect the
equilibration times of the tested systems. With increasing the number of nonpolar spacers
(from N = 0 to N = 24), the interfacial energy between PMPS and confining substrates
increased from 7,4 to 12,5 mN/m. This suggests stronger interactions of the polymer with
the nanoporous matrix. Interestingly, this effect is not accompanied by any significant
changes in the glass transition temperatures recorded for the interfacial and core layers

(only within afew Kelvin degrees).

The above research results indicate that the surface modification methods used so far

do not eiminate the confinement effects. Therefore, in the stage of this work,

Xi



acompletely different strategy for surface modification was utilized. Namely, the inner
surface of nanopores has been coated by different inorganic layers through the atomic
layer deposition technique. This involves coating with hafnium, titanium, and silicon
oxides, which have much different wettability properties and surface character (from the
most hydrophobic to hydrophilic, respectively). Based on the calculated values of the
interfacial energy, it was shown that just by changing the ALD coating, it is possible to
control the interfacial interactions (ys. = 0,5 mN/m for HfO2 coating, ys. = 18,7 mN/m
for SIO2). However, same as before, this effect does not significantly ater the values of

the glass transition temperatures for the interfacial and core layers.

The results clearly show that the presence of two glass transitions event detected in
DSC thermograms for PM PS embedded in nanoporous matrices cannot be eliminated by
any strategy employed in this study. Both T;;s are still present, even in the absence of
strong interactions between the tested polymer and the confining matrix. Surface effects
are undoubtedly significant when it comes to an understanding the glass transition
dynamics in the nanoscale; however, by controlling only the surface properties or the
strength of the polymer-substrate interactions, we cannot get a complete picture of the

phenomena taking place in geometrical nanoconfinement.

xii
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1. WpPrOWADZENIE

Materialy amorficzne dzigki swoim niezwyktym wiasciwosciom fizykochemicznym
znajduja zastosowanie niemal we wszystkich najbardziej istotnych dla nas dziedzinach
zycia. W szczegolnosci W przemysle spozywczym, farmacji, elektronice oraz inzynierii
materiatowej. Wykorzystywane s3 miedzy innymi przy produkcji szklanych
przedmiotow codziennego uzytku oraz wyswietlaczach w naszych telefonach
komorkowych. Niezwykta natura materiatdbw formujacych stan szklisty oraz ich
roznorodne wykorzystanie sprawily, iz obecnie stanowig one zrodto nieustannych prac

badawczych wéréd naukowcow na calym $wiecie.

Jednak to nie wszystko. Obserwowany rozwdj nanotechnologii i wszechobecna
miniaturyzacja pociagaja za Sobg konieczno$¢ poznania wiasciwos$ci réznego rodzaju
materiatow w skali ,,nano”. Jednym z bardziej zaskakujacych i innowacyjnych rozwigzan
jest zastosowanie ograniczenia przestrzennego W jednym, dwoch lub trzech wymiarach.
Przyktadowo wykorzystanie nieorganicznych materiatdw nanoporowatych (tzw. 2D
confinement) umozliwia poznanie zachowania materiatow formujacych stan szklisty
W ograniczonej do skali ,,nano” geometrii. Co ciekawe, zmniejszenie $rednicy porow
powoduje, zwigkszong mobilnos¢ molekut badanego materiatu. Ponadto ich otoczenie
staje si¢ coraz bardziej heterogeniczne. Jest to efekt wystepowania gradientu ruchliwosci
molekularnej, ktorego pochodzenie wigze si¢ z roznicami w upakowaniu molekularnym,
wynikajacym z oddziatywan z powierzchnig ograniczajaca. Okazuje si¢, ze frakcja
molekutl znajdujaca si¢ W bezposrednim sgsiedztwie powierzchni ograniczajace]
charakteryzuje si¢ zmniejszong mobilno$cig | tworzy tzw. warstwe przysciankowaq.
Z kolei frakcja molekut, ktora z ta powierzchnig nie sgsiaduje, cechuje si¢ zwigkszong
mobilnoscig | tworzy tzw. warstwe rdzenia. Przejawem wspoélistnienia warstwy

przysciankowej i rdzeniowej jest wystepujace zjawisko podwojnego zeszklenia.

Nietylko samo ograniczenie rozmiarowosci do skali ,,nano” ma wptyw na dynamike
materiatdéw formujacych stan szklisty. Kluczowa role w okresleniu wlasciwosci danego
materialu  odgrywajg sita 1 rodzaj oddzialywan zachodzacych pomiedzy badang
substancjg a Srodowiskiem ograniczajagcym. Jest to dosy¢ istotny aspekt z punktu
widzenia przysztego zastosowania tego rodzaju materiatow w nanotechnologii. Dlatego

tez tak niesamowicie wazne jest prowadzenie badan nad modyfikacja warunkow



powierzchni ograniczajacej. Zatem W jaki sposob mozna dokonac takiej modyfikacji?
Jednym ze sposobow jest proces silanizacji, W ktérym grupy hydroksylowe wystepujace
W sposob naturalny na powierzchni sg zastgpowane roznymi czynnikami silanizujgcymi,
tworzac W ten sposob powierzchni¢ bardziej hydrofobowg. Co ciekawe sugeruje si¢
W literaturze, iz W wyniku tej metody wplyw nano-ograniczen na dynamike materiatlow
formujacych stan szklisty moze zosta¢ czesciowo lub nawet catkowicie zniwelowany.
W przypadku obecnosci bardziej hydrofobowej powierzchni $cian pordw, tworzenie
warstwy przysciankows jest utrudnione. Tym samym efekt ograniczenia przestrzennego
powinien zosta¢ zniwelowany, co przejawiatoby si¢ brakiem podwojnego zjawiska
zeszklenia widocznego choéby w badaniach kalorymetrycznych. Inng obiecujaca
strategia, ktora rzuca nowe $wiatto na modyfikacje powierzchni, jest technika osadzania
warstw atomowych (ang. Atomic Layer Deposition, ALD) umozliwiajaca pokrycie
wewnetrznej powierzchni porow warstwami  réoznorodnych materialow, zarowno

organicznych jak i nieorganicznych.

Poza tymi wszystkimi aspektami istnieje szereg dodatkowych pytan, ktéore moga
pomoée W lepszym zrozumieniu dynamiki przejscia szklistego uktadow ograniczonych
przestrzennie. Na przyklad, czy opisana wcze$niej modyfikacja powierzchni
rzeczywiscie moze wptyna¢ na efekt ograniczenia przestrzennego? A moze wszystko tak
naprawde zalezy od zastosowanej substancji lub sposobu silanizacji? | moze nie do konca
jest tak, ze modyfikacja powierzchni zawsze zmnigjsza lub usuwa efekt ograniczenia
przestrzennego? Co wigcej, nalezy si¢ zastanowi¢ czy obserwowane zjawisko
podwdjnego zeszklenia rzeczywiscie zwiazane jest z oddzialywaniami powstajacymi
pomiedzy substancja badang umieszczong W matrycy nanoporowatej a sama
powierzchnig ograniczajacg. Nasze najnowsze wyniki badan udowadniajg, ze
zmniejszenie sity oddzialywan pomigdzy fenylo-metylo-polisiloksanem a $ciankami
matrycy nanoporowatej pokryte tlenkiem hafnu (wartosci energii miedzyfazowej
praktycznie zaniedbywalne) w dalszym ciggu nie eliminuje obecnosci dwoch przejsé
szklistych i zmian w dynamice. Waobec tego najprawdopodobnigj istnieje szereg innych
efektow, ktore nalezy wzig¢ pod uwage, aby zrozumie¢ zachowanie substancji
umieszczonych w o$rodkach nanoporowatych takich jak choc¢by rola krzywizny
powierzchni czy tez fluktuacji gestosci. Niewatpliwie znajomos$¢ zachowania polimerow
W obecnos$ci powierzchni ograniczajacych o roznym charakterze pozwoli na poszerzenie

naszej wiedzy na temat efektow obserwowanych w skali ,nano”, a tym samym



zaprojektowanie w przysztosci takich nanomateriatéw, ktorych wlasciwosci
fizykochemiczne moga by¢ w prosty sposdéb modyfikowane w zaleznosci od potrzeb

i zastosowan.






2. CEL ROZPRAWY DOKTORSKIEJ

Gléwnym celem ninigszg rozprawy doktorskigg bylo  zrozumienie
I scharakteryzowanie wptywu modyfikacji powierzchni ograniczajacej na dynamike
przejscia  szklistego fenylo-metylo-polisiloksanu  umieszczonego w  matrycach
nanoporowatych wykonanych z tlenku glinu. Powierzchnia poroéw zostata
zmodyfikowana poprzez zastosowanie: czynnikow silanizujacych chlorotrimetylosilanu
(CITMS) i (3-aminopropylo)trimetoksysilanu (APTMOS) MU wysoce polarnych
jednostek kwasu fosforowego (l11), ktore oddzielono od siebie niepolarnymi grupami
trietoksysilanowymi 2 oraz pokry¢ réznymi tlenkami z wykorzystaniem techniki

osadzania warstw atomowych ALD A3,

Szczegdtowe cele niniejszej rozprawy doktorskiey:

1 Sprawdzenie czy zmiany w hydrofilowosci/hydrofobowosci powierzchni

ograniczajacej wplywaja na dynamike przejscia szklistego;

2. Zbadanie jak modyfikacja powierzchni wplywa na efekt ograniczenia
przestrzennego;
3. Zweryfikowanie jak modyfikacja powierzchni wplywa na kinetyke

réwnowagowania badanego uktadu;

4. Przeanalizowaniejak zmienia si¢ energia migdzyfazowa w zaleznosci od r6znego
sposobu modyfikacji powierzchni, a takze czy bazujac na sile oddziatywan
polimer — matryca mozna wyjasni¢ zmiany temperatury zeszklenia obserwowane

w uktadach nanoporowatych.






3. NATURA PRZEJSCIA SZKLISTEGO

3.1 Szxro

Szkto jest materiatem, ktory towarzyszy cztowiekowi od kilku tysigcy lat. Nikt nie
wie doktadnie kiedy, gdzie i przez kogo zostato wynalezione. Prawdopodobnie byta to
kwestia przypadku. Poczatkowo stuzylo jako szklana powloka na naczyniach
ceramicznych, dopiero z czasem zaczg¢to tworzy¢é skomplikowane formy takie jak
kielichy i flakony. Najstarsze wyroby szklane znaleziono w Egipcie. Pomimo tego, ze
cztowiek poznatl metody wytwarzania szkta, nadal pozostaje owiane tajemnica to, w jaki

sposOb materiat ten tgczy w sobie cechy ciata statego i cieczy [1,2].

Istnigje wiele roznych definicji szkta. Jednak jedng z najczesciej stosowanych jest
ta, w ktorej szklo definiuje si¢ jako amorficzne ciato state, nieposiadajace
uporzadkowanej struktury krysztahu, ale wykazujace jego wiasnosci mechaniczne [3].
W skali atomowe;j struktura amorficznych ciat statych znacznie si¢ r6zni w poréwnaniu
do struktury krystalicznej, co przedstawia Rysunek 3.1. Mozna zauwazy¢, ze Czasteczki
tworzace materialy amorficzne utozone sg W sposob chaotyczny. Ponadto, tego typu
uktady nie posiadaja uporzadkowania dalekiego zasiggu typowego dla ciat
krystalicznych. W ich przypadku mozliwe jest wystapienie uporzadkowania $redniego
oraz bliskiego zasi¢gu. Co ciekawe, wysoki stopien uporzadkowania bliskiego zasiegu
wystepujacy W amorficznych ciatach statych jest cechg upodabniajaca je do krysztatow.
Z termodynamicznego punktu widzenia, nalezatoby zaznaczy¢, iz stan amorficzny jest

mniej stabilny niz odpowiadajacy mu stan krystaliczny [4,5].

Materiaty o budowie amorficznej, dzieki swoim wiasciwosciom fizykochemicznym
znajduja zastosowanie we wszystkich dziedzinach zycia, przez co nieustannie mamy
znimi do czynienia. Wykorzystywane sg migdzy innymi przy produkcji opakowan
foliowych, bizuterii wykonanej z bursztynu, szklanych przedmiotach codziennego uzytku
czy wyswietlaczach w naszych telefonach komoérkowych. Jednak to nie wszystko.
Okazuje si¢, ze materialy amorficzne zyskuja coraz wigksza slawe w przemysle

farmaceutycznym, optyce oraz medycynie.



KRYSZTAL

Rysunek 3.1. Schematycznailustracja przedstawiajgca roznice W uporzadkowaniu

materiatu krystalicznego i amorficznego.

3.2 METODY UZYSKIWANIA SZKEA

Poczatkowo, przez bardzo dlugi czas uwazano, iz tylko nieliczne substancje maja
zdolno$¢ do formowania stanu szklistego. Obecnie proces ten jest uznawany jako
uniwersalna wlasnos¢ materii. Materialty amorficzne mozna otrzymaé poprzez
zastosowanie szeregu roznych metod. Najstarsza i najbardziej popularng jest izobaryczne
chtodzenie cieczy. W 1969 r. D.H. Turnbull przedstawit teori¢, zgodnie z ktora ,,niemal
wszystkie materialy mozna otrzyma¢ W postaci ciata amorficznego, jesli zostang
dostatecznie szybko ochlodzone” [6]. Oznacza to, ze W zaleznos$ci od danej substancji,
obnizanie temperatury powinno zachodzi¢ na tyle szybko, aby unikngé¢ formowania sig
I wzrostu, zarodkow fazy krystalicznej. Oczywiscie tempo chtodzenia jest indywidualng
cechg kazdej substancji. Przyktadowo, w momencie wytwarzania szkta krzemowego
szybko$¢, z jaka uktad jest chtodzony wynosi 10~° K/s. W przypadku szkiet metalicznych
sytuacja nie jest juz taka prosta. Wynika to z tego, iz metale charakteryzujg si¢ duza
tendencja do tworzenia regularng struktury krystalicznej, co z kolel wymaga
zastosowania znacznie wyzszego tempa chtodzenia, okoto 106 K/s[3,7]. Oprocz techniki
amorfizacji opisang powyzej do§¢ powszechnie stosowane s3 réwniez izotermiczna
komprega cieczy, resublimacja pary na cienkig powierzchni, mielenie mechaniczne,
liofilizacja, suszenie rozptywowe oraz ablacjalaserowa. Dodatkowo faze szklista mozna

réwniez uzyskaé poprzez zastosowanie metod chemicznych, takich jak zelowanie lub



wytrgcanie materialu amorficznego bezposrednio z roztworu w wyniku reakcji

chemiczng.

3.3 TERMODYNAMICZNY A KINETYCZNY CHARAKTER
PRZEJSCIA SZKLISTEGO

Jednym z najciekawszych, a zarazem najwazniejszych probleméw fizyki fazy
skondensowanej jest rozszyfrowanie natury przejscia szklistego, ktéra pomimo wielu lat
badan, budzi ciggle kontrowersje. Stan szklisty odbiega od wszystkich klasycznych
definicji przej$¢ fazowych. Z jedngj strony, swoja budowg mikroskopowa jest podobny
do cieczy, aczkolwiek pod wzglgdem wiasnosci mechanicznych przypomina bardzie)
cialo state. W takim razie, czym tak naprawde jest stan szklisty i jak wyglada samo

przej$cie pomiedzy cieczg aciatem statym?

Biorac pod uwagge efekty, jakie zachodza podczas izobarycznego chlodzenia cieczy,
proces zeszklenia mozna przeanalizowa¢ W ujeciu termodynamicznym. W celu lepszego
zrozumienia procesu schiadzania substancji od fazy cieklej az do momentu uzyskania
ciata stalego nalezy spojrze¢ na Rysunek 3.2, ktory przedstawia zaleznos$¢ objetosci

uktadu i jego entalpii od temperatury.

W trakcie procesu schladzania ciecz zmniejsza swoja objetos¢ W sposob ciagly. Przy
dostatecznie wolnym tempie chlodzenia, W momencie osiggnigcia pewnej
charakterystyczne temperatury T, ulega onakrystalizacji. Procesten jest klasyfikowany
jako przejscie fazowe pierwszego rodzaju. W zwigzku z tym, ze powstanie i rozrost
zarodkow fazy krystalicznej zajmuje pewien czas, stosujgc odpowiednio szybkie tempo
chtodzenia mozliwe jest przechlodzenie cieczy ponizej jej temperatury topnienia
i uniknigcie procesu krystalizacji. W takim przypadku ciecz przechodzi w faze
metastabilng i jest okreslana jako ciecz przechtodzona. Przej$cie fazowe pomiedzy ciecza
a szktem nalezaloby zakwalifikowa¢ jako przej$cie fazowe drugiego rodzaju, poniewaz
spelnia pierwszy warunek Ehrenfesta. Zgodnie z nim, podczas przejscia szklistego
pierwsze pochodne funkcji Gibbsa wzgledem cisnienia (dG /dp) = V oraz temperatury
—(dG/dT), = S sa ciggle. Mimo tego czesto opisuje sie je jako rozmyte (stabe) przejscie
drugiego rodzaju. Dlaczego? Okazuje si¢, iz dodatkowo, W sposob ciaglty zmieniajg si¢

drugie pochodne funkcji termodynamicznych Gibbsa tj. cieplo wlasciwe oraz
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Rysunek 3.2. Schemat zaleznosci objetosci uktadu i jego entalpi od temperatury;

T}, - temperatura Kauzmanng; Ty 1y, Ty(2) - temperatura przejs¢ szklistych dla dwoch

roéznych szybkosci chtodzenia; T,,- temperatura topnienia.

wspotczynnik rozszerzalnosci cieplnej, ktore w przypadku przemian fazowych drugiego
rodzaju powinny by¢ niecigglte. Co wiecej, w przypadku typowych przemian fazowych
temperatura jest dobrze zdefiniowana w przeciwienstwie do temperatury przejscia
szklistego, ktora zalezy od tempa chtodzenia. Powolne obnizanie temperatury powoduje,
iz zeszklenie probki nastgpuje W nizszej temperaturze Ty (). Kiedy tempo chtodzenia jest

szybkie, ciecz przechodzi w szkto W temperaturze wyzszej Ty 2. Zalezno$¢ ta zwigzana

jest z kinetyczna naturg przejscia szklistego [3,7].

Podczas obnizania temperatury cieczy przechtodzonej w poblizu przejscia
szklistego, lepkos¢ uktadu wzrasta, a molekutly poruszaja si¢ coraz wolniej. Dodatkowo,
osiggniecie przez nie stanu roéwnowagi zachodzi z czasem, a nie W sposob
natychmiastowy. Sam ten proces okreslany jest mianem relaksacji strukturalnej
nazywane tez a-relaksacjg, ktora odzwierciedla kooperatywne przegrupowania
czasteczek. Z kolei, zwigzany z nim charakterystyczny czas relaksacji strukturang t,,

opisuje szybkos¢ przegrupowania czasteczek. Warto zaznaczy¢, ze a-relaksacja zalezy
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od lepkosci uktadu tzn., kiedy lepko$¢ uktadu wzrasta wraz z obnizaniem temperatury,
réwniez Czas potrzebny nareorganizacj¢ molekut cieczy i osiggnigcie stanu rownowagi
zwicksza si¢. W pewnegj temperaturze czas wymagany na przegrupowanie si¢ czasteczek
jest dtuzszy w poréwnaniu do czasu zwigzanego ze zmiang temperatury. Tym samym
czasteczki beda poruszac si¢ na tyle wolno, ze nie osiggng swojego stanu réwnowagi.
W rezultacie czego otrzymamy szkto. Proces, ktory zostat opisany powyzej okresla si¢
jako przejscie szkliste za$ temperatura, ktora jest Z nim zwigzana temperaturg zeszklenia
oznaczang W literaturze symbolem T,. W ujeciu dynamiki molekularnej temperatura
przejscia szklistego jest zwykle definiowanajako temperatura, w ktorej wartos¢ lepkosci

dynamicznej wynosi 1012 Pa-s, aczasrelaksacji strukturangj t,, jest rtowny 100s[3,7,8].
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4. (OGRANICZENIE PRZESTRZENNE

We wspodlczesnym §wiecie zawrotne tempo zmian oraz postepujaca miniaturyzacja
wszelkiego rodzaju sprzetu elektronicznego, medycznego itp. sprawily, iz aktualniewiele
badan naukowych koncentruje si¢ na poznaniu wiasciwosci roznego rodzaju materiatow
w skali ,,nano”. Jednym ze sposobow, ktory umozliwia prowadzenie tego typu badan jest,
zastosowanie ukladéow ograniczonych przestrzennie: jednowymiarowo 1D (cienkie
filmy), dwuwymiarowo 2D (nanopory), trojwymiarowo 3D (nanoczastki) jak pokazano
na Rysunku 4.1. Nanoograniczenia mozna rozpatrywac¢ w kategorii ,,migkkie” (ang. soft
confinement) i ,twarde” (ang. hard confinement), w zaleznosci od wlasciwosci
powierzchni ograniczajacej. W przypadku ograniczenia ,,mi¢gkkiego” material, ktory
zostgje poddany ograniczeniu przestrzennemu powinien wykazywaé wigksza lepko$é
w porownaniu do samej powierzchni ograniczajacej. Jednym z przyktadow takich

uktadow sg nanoczastki polimerowe przygotowywane w zawiesinach wodnych.

8rak ogranicaenia 10 ograniczenie
przestrzennego prestrzenne

"

Material lity
20 ograniczense 3D ograniczenie

przestrzenne praestrrenne

% Nanou.;su.J

Rysunek 4.1. Rodzagjei przyktady uktadow ograniczonych przestrzennie.

Nanopory
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W drugim rodzaju ograniczenia tzw. migkka materia (a w tym ciecze molekularne,
polimery itp.) umieszczona zostaje w porowatel membranie wykonang z substancji
nieorganicznych lub jest osadzana na twardym poditozu, wykonanym na przyktad

z krzemu lub glinu [9-12].

Nalezy =zaznaczy¢, iz W przypadku ukladow ograniczonych przestrzennie
dwuwymiarowo 2D (nanopory) obecno$¢ twardego ograniczenia, jakim sa $ciany
matrycy nanoporowatej powoduje, ze dynamika materialu znajdujacego si¢ w srodku
takig matrycy jest silnie nigjednorodna i prowadzi do powstania dwoch warstw.
Wyrézniamy warstwe przysciankowa, znajdujaca si¢ W bezposrednim sgsiedztwie
powierzchni ograniczajacej oraz warstwe rdzenia, ktora do tej powierzchni nie przylega
(Rysunek 4.2). Frakcja molekut znajdujgca si¢ w warstwie przysciankowej W wyniku
oddziatywan ze $ciankami poréw, porusza si¢ znacznie wolniej W poréwnaniu do frakcji
molekut w warstwie rdzeniowej [9,13-15]. Przejawem wspolistnienia warstwy
przySciankowej oraz rdzeniowe] jest zjawisko podwojnego zeszklenia zachodzacego
W obszarze temperatury ponizej, oraz powyzej temperatury przej$cia szklistego materiatu
litego [16,17]. Uwaza sig, Ze pierwsza z nich (ponizej T, materiatu litego) odzwierciedla
dynamike molekut w warstwie rdzeniowej. Z kolei druga (powyzej T, materiatu litego),
zwigzana jest Z dynamikg molekul w warstwie przysciankowej. W natywnych matrycach
nanoporowatych efekt ograniczenia przestrzennego objawia si¢ zwigkszeniem
ruchliwo$ci molekularnej oraz odej$ciem temperaturowej zaleznosci czasu o-relaksacji

od tego obserwowanego dla materiatu litego. Temperatura, w ktorej zachodzi powyzsze
Frakcja molekut
przysciankowych

& Szybka dynamika

k Wolna dynamika

Frakcja molekut
w srodkowej czesci pora

Rysunek 4.2. Schemat matrycy nanoporowate] z wyrdzniong warstwg przysciankowa

i rdzeniowa.
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zjawisko zwigzana jest z zeszkleniem molekut w warstwie przysciankowej [13,14,18].
Dodatkowo w wyniku oddzialywania badanej substancji Z powierzchnig ograniczajaca
dochodzi, do zmian w upakowaniu molekularnym co tym samym znaczaco wplywa na
ruchliwo$¢ molekul. Obecnos¢ zjawiska podwojnego zeszklenia dla materialow
formujacych stan szklisty umieszczonych w natywnych porach obserwujemy réwniez
w badaniach kalorymetrycznych [17,19-21].

Jak pokazuja liczne badania naukowe, zmniejszenie rozmiaru do skali
nanometrycznej, prowadzi do powstaniaistotnych zmianw dynamice przejsciaszklistego
[9,22]. W porownaniu do makroskopowych probek litych ich zachowanie jest zupeinie
inne, ardznice wystepujace pomigdzy nimi mogg zaleze¢ od wielu roéznych czynnikow.
Sposrdd nich mozemy wyrdzni¢ oddziatywania przysciankowe [23], zmiany
konformacyjne [24-27], czy tez warunki powierzchniowe [28]. Ponadto, wlasciwosci
materiatdow formujgcych stan szklisty mogg ulega¢ zmianie w wyniku oddziatywan, jakie
zachodza pomigedzy nimi a powierzchnig ograniczajaca [9,17,22,29,30]. Co ciekawe,
w zalezno$ci od rozmiaru nanoporéow, oddziatywan powierzchniowych czy
zastosowanego protokolu termicznego, temperatura zeszklenia moze wzrosna¢, zmale¢
lub pozosta¢ niezmieniona [20,31-36]. W poréwnaniu z materiatem litym, kolejng do$¢
dobrze widoczng zmiang jest poszerzenie ksztattu procesu a-relaksacji, ktore wigze si¢
ze zwigkszong niejednorodnos$cig uktadu [9,29,37]. Dodatkowo, materiaty ograniczone
przestrzennie wykazuja wiele zachowan nierownowagowych [25,36,38,39]. Chociaz,
ostatnie doniesienia naukowe pokazuja, iz uktad jest w stanie osiggna¢ stan rownowagi
poprzez bardzo powolne zmiany gestosci/przegrupowania tancuchéw polimerowych.
W wyniku proceséw réwnowagowania skala czasowa zwigzana z procesem relaksacji
segmentalngj nanouktadow przestaje juz tak znaczaco odbiegac od tej charakterystyczne)
dla materiatlu litego [20,38]. Podsumowujac, efekt ograniczenia przestrzennego moze
zosta¢ wyeliminowany z czasem, aczkolwiek samo osiaggnigcie stanu rownowagi jest
nigjednokrotnie niewyobrazalnie dtuzsze W poroéwnaniu ze skalg czasowa procesu
relaksacji segmentalng [20,40,41].
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5. MODYFIKACJA POWIERZCHNI

Na dynamike materiatéw formujacych stan szklisty, wplyw ma nie tylko samo
ograniczenie rozmiar6w do skali ,,nano”, lecz réwniez tworzace Si¢ oddzialywania
powierzchniowe [19,22,33,42,43]. Z tego powodu czgsto twierdzi si¢, ze dynamika
przejscia szklistego W ,,nano” ograniczeniu powinna by¢ rozpatrywana jako wynik
interakcji pomiedzy ograniczeniem rozmiarowosci a efektami powierzchniowymi [9,44—
46]. Zrozumienie, w jaki sposob efekty powierzchniowe wptywaja na dynamike
materiatow forujacych stan szklisty, stato si¢ obecnie jednym z wazniejszych tematow
badawczych [19,22,42,47]. Dotychczas przeprowadzone badania naukowe wskazuja, iz
efekt powierzchniowy pojawia si¢ W wyniku oddzialywan, jakie tworza si¢ pomigdzy
substancjg badang umieszczong W srodku matrycy porowatej agrupami hydroksylowymi
znajdujacymi si¢ na jej Sciankach. Co ciekawe sugeruje si¢ W literaturze, ze poprzez
zastosowanie odpowiednigl metody modyfikacji powierzchni oddziatywania te moga
zostaé usunigte. Tym samym w przeprowadzonych badaniach, nalezatoby sie

spodziewac, iz zjawisko podwdjnego zeszklenia nie powinno by¢ obserwowane.

5.1 METODA SILANIZACJ

Powszechng metoda stosowang W celu modyfikacji wewngtrznych $cian porow jest
proces silanizacji, w wyniku ktorego grupy hydroksylowe wystepujace W naturalny
sposOb na powierzchni natywnych membran, zastepowane sg roznorodnymi czynnikami

silanizujgcymi (Rysunek 5.1). Tym sposobem powierzchniamatrycy nanoporowatej staje
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Proces silanizacji

Rysunek 5.1. Przyktadowy schemat przebiegu procesu silanizacji.
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si¢ bardzig) hydrofobowa, a oddziatywania przysciankowe stabsze [22,42,47]. Skutkiem
tego jest utrudnione tworzenie warstwy przysciankowej, przez co efekt ograniczenia
przestrzennego moze zosta¢ czeSciowo lub catkowicie wyeliminowany [48-51].
Z drugig strony, gdy srednica porow jest odpowiednio zmniejszona, efekt ograniczenia
moze by¢ bardziej widoczny [48,51]. Niezwykle istotne jest podkreslenie, iz chemiczna
modyfikacja powierzchni w zaden sposdb nie wptywa na rozmiar Srednicy poroéw, ajg
glownym zadaniem jest zmiana warunkow powierzchniowych. Ponadto w matrycach
nanoporowatych poddanych silanizacji z reguty nie powinno obserwowac si¢ procesu
relaksacji zwigzanego z wolniejsza ruchliwoscig molekul w warstwie przysciankowe;j
[24,33,44,52], za$ temperaturowa zaleznos¢ czasu a-relaksacji powinna powroci¢ do
zachowania obserwowanego dla materiatu litego [43]. Niektore doniesienia naukowe
wskazuja, ze chemiczna modyfikacja powierzchni nanoporéw spowodowana procesem
silanizacji, wptywa na temperatur¢ przejScia szklistego [42] oraz struktur¢ warstwy
przysciankowej i rdzeniowe [19]. Dodatkowo zastosowanie odpowiedniego czynnika
silanizujagcego ma ogromne znacznie w przebiegu samego procesu silanizacji. Wyniki
badan naukowych wskazuja, iz fluorosilany maja niewielki wplyw na dynamike przej$cia
szklistego w porownaniu z alkilosilanami. Zwiazki te powoduja znaczne obnizenie
temperatury zeszklenia, a tym samym pozwalaja doktadniej zaobserwowac rdznice
w dynamice przejscia szklistego [42]. Co ciekawe oprocz odpowiedniego czynnika
silanizujgcego na efektywno$¢ metody silanizacji wptyw ma rowniez zastosowanie
odpowiednigj powierzchni. Mianowicie w przypadku powierzchni wykonanych z tlenku
glinu proces silanizacji jest mnig skuteczny w tworzeniu jednorodnych niepolarnych
(hydrofobowych) powierzchni w poréwnaniu do powierzchni z hydroksylowane
krzemionki. Aczkolwiek zastosowanie kwasu fosfonowego na powierzchniach
wykonanych z tlenku glinu pozwaa na otrzymanie bardziej uporzadkowane;j

Samoorganizujacej si¢ monowarstwy [53].
5.2 METODA OSADZANIA WARSTW ATOMOWY CH

Technika, ktora rzuca nowe swiatto na modyfikacje chemii powierzchni, jest metoda
osadzania warstw atomowych (ang. Atomic Layer Deposition, ALD). Polega ona na
wytworzeniu cienkich warstw w procesie chemicznego osadzania z fazy gazowsy, a caty
proces oparty jest na sekwencyjnych reakcjach powierzchniowych. Prekursory

(substancje chemiczne stosowane w reakcjach ALD), ktore biora udzial w przebiegu
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takiego procesu, oddziatuja z powierzchnig materiatu pojedynczo W samoograniczajacy
si¢ sposob (tempo wzrostu warstwy nie zalezy od ilo$ci zastosowanego prekursora).
W wyniku naprzemiennego osadzania kolejnych prekursorow powstaje warstwa
0 grubosci kilku nanometrow (Rysunek 5.2). Mozliwosci precyzyjnego kontrolowania
grubosci takiej cienkiej warstwy doprowadzily, do tego, iz technika ALD stata si¢ jedna
z cennigjszych metod przy projektowaniu i wytwarzaniu réznego rodzaju materialow
i urzadzen. W obecnie prowadzonych badan naukowych probuje si¢ wykorzystaé
potencjat metody ALD poprzez osadzenie nanometrowej warstwy na podtozach
0 ograniczongl geometrii takich jak nanoporowate membrany AAO (ang. Anodic
Aluminum Oxide). Okazuje sig¢, ze powtoka ALD osadzana w tego typu uktadach tworzy
jednolita powierzchnie, a dodatkowo umozliwia kontrole geometrii oraz chemii
powierzchni (sktad wewnetrznej powierzchni porow) [54-56]. Co wigcej, moze wptywac
na dynamike przejscia szklistego. Dla przyktadu, w przypadku silnie polarng cieczy
molekularngj (9)-(—)-4-(Methoxymethyl)-1,3-dioxolan-2-one, umieszczonegy
w nanoporowatych matrycach AAO, ktorych powierzchnia wewnetrznych $cian pokryta
byta tlenkiem hafnu, dynamikazwigzana z przejsciem szklistym ulegaspowolnieniu [57].
Natomiast dlaftalanu dimetylu, umieszczonego w matrycach z r6znymi powtokami ALD
nie stwierdzono podobnego zachowania. Temperatury zeszklenia warstw
przysciankowych i rdzeniowych byly zblizone zarowno w przypadku natywnych
jak i modyfikowanych  matryc AAO. A zaem w tym  przypadku
hydrofilowos¢/hydrofobowo$¢ $cian porow nie wplynela znaczaco na dynamike
zeszklenia ftalanu dimetylu [58]. Metoda osadzania warstw atomowych zastuguje na
szczegdlng uwage, poniewaz umozliwia otrzymywanie bardzo wielu roéznorodnych
materiatow, zarowno organicznych jak i nieorganicznych. Przede wszystkim tlenkoéw (np.
Al20s, HfO2, TiO2, ZnO), azotkow (np. BN, TiN), niektorych polimerdéw, jak rowniez
warstw pojedynczego pierwiastka (np. Pt, Ru, Au, Ni). Kwestia ta istotnie odréznia
metode ALD od silanizacji, ktora modyfikuje grupy funkcyjne na wewngtrznej

powierzchni matrycy nanoporowate.
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Rysunek 5.2. Przyktadowy schemat osadzania warstw atomowych.
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6. MATERIAL

Niniejszy rozdzial przedstawia informacje dotyczace badang substancji tj.
fenylo-metylo-polisiloksanu oraz anodowych matryc porowatych tlenku glinu, ktore
wykorzystano w celu wymuszenia efektow nano-ograniczen. W przypadku natywnych
porow na powierzchni znajdujg si¢ liczne grupy hydroksylowe, ktore nadajg jej charakter
hydrofilowy. Poprzez wprowadzenie grup funkcyjnych o réznym charakterze mozna
zwickszy¢ hydrofobowosé powierzchni (np. wykorzystujac zwiazki organosilanowe).
Efektywno$¢ tego procesu mozna poprawié sterujgc, polarnoscig powierzchni
wykorzystujac precyzyjnie dobrane ilo$ci niepolarnych jednostek separujacych. Do
modyfikacji wewnetrznej powierzchni poréw mozna wykorzysta¢ rowniez technike
ALD. W tym przypadku zwigzkami osadzanymi na powierzchni bylty zwiazki

nieorganiczne, tlenki, TiO,, HfO,, czy tez SiO,.
6.1 FENYLO-METYLO-POLISILOKSAN

W ramach ninigjszgj pracy doktorskie badano wptyw modyfikacji powierzchni na
dynamike przejscia szklistego polimeru fenylo-metylo-polisiloksanu, w tekscie
oznaczonego symbolem PMPS. Badana substancja zostata zakupiona w firmie Polymer
Source Inc. (Kanada) jako przezroczysta, lepka ciecz. Charakteryzuje sie ci¢zarem
czasteczkowym rownym M,= 1800 g/mol oraz wspodiczynnikiem polidyspersyjnosci
wynoszacym 1,40. Temperatura przejscia szklistego, badanego polimeru wyznaczona
w oparciu o badania dielektryczne jak i kalorymetryczne to T,= 230 K [59]. Warto$¢
temperatury przejscia szklistego PMPSro$nie wraz ze wzrostem ci¢zaru czasteczkowego,
ale tylko do pewnego momentu [60-62]. Jest to zjawisko typowo obserwowane dla
polimeréw. Zastosowany material zostat wybrany nieprzypadkowo. Mianowicie okazuje
si¢, iz dynamika przejsécia szklistego PMPS jest bardzo wrazliwa na zmiany W gestosci,
aw konsekwencji rowniez na efekty ograniczenia przestrzennego. Nie tworzy rowniez
zadnych specyficznych oddziatywan, takich jak wigzania wodorowe. Strukturg
chemiczng badanego zwigzku przedstawia Rysunek 6.1.
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Rysunek 6.1. Struktura chemiczna fenylo-metylo-polisiloksanu.

6.2 MEMBRANY NANOPOROWATE

Nanoporowaty anodowy tlenek glinu, inaczej okre§lany symbolem AAO (ang.
Anodic Aluminum Oxide) to samoorganizujacy si¢ material, ksztaltem przypominajacy
plaster miodu zbudowany z gesto, jednolicie i rownolegle rozmieszczonych nanoporow.
Membrany nanoporowate AAO powstaja W wyniku elektrochemicznego utleniania
(anodowania) glinu w warunkach, ktére pozwolg na jego roéwnomierny wzrost Oraz
migjscowe rozpuszczenie. Co wigcej, $rednica nanoporow wystepujacych w takig)
membranie, moze by¢ kontrolowana z do$¢ duzg precyzja, mianowicie od kilku do
kilkuset nanometrow, przy dtugosci poréw wynoszacej od kilkudziesigciu nanometrow
do kilkuset mikrometrow. Dodatkowo poza §rednica, membrany nanoporowate r6znig si¢
migdzy soba pod wzgledem glebokosci porow ich porowatosci czy tez gestosci. Strukture

membrany nanoporowatej AAO ilustruje Rysunek 6.2.

Rysunek 6.2. Schematycznailustracja przedstawiajgca membrang nanoporowatg AAO.
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W badaniach przeprowadzonych w ramach ninigjszegl rozprawy doktorskie
wykorzystano membrany nanoporowate AAO, zakupione w firmie InRedox oraz
Synkera. Pomimo tego, iz membrany nanoporowate AAO wykorzystywane w badaniach
réznilty sie miedzy sobg S$rednicg, porowatoScig czy charakterem powierzchni
(hydrofilowe i hydrofobowe), procedurainfiltrowania PMPS do $rodka nanoporéw byta
taka sama. W pierwszym kroku membrany nanoporowate AAO umieszczano w piecu
prézniowym W celu usuniecia wszelkich lotnych zanieczyszczen, ktére mogty znajdowaé
si¢ W nanoporach jako pozostato$ci po procesie ich fabrykacji. Nast¢pnie kazda z nich
zostala zwazona 1 zanurzona W naczyniu wypelnionym badanym polimerem.
Przygotowane w ten sposéb membrany utrzymywano pod préznig od kilku do kilkunastu
tygodni co pozwolito na lepszy przeptyw polimeru do wnetrza nanoporow. W celu
zwigkszenia efektywnos$ci infiltracji polimeru do wngtrza poréw proces prowadzono
w temperaturze 313 K oraz 353 K, w zaleznosci od rodzaju modyfikacji powierzchni. Od
czasu do czasu powierzchni¢ kazdej membrany osuszono za pomocag delikatnych,
bezpylowych chusteczek i ponownie wazono. Dla kazdego z przeprowadzonych
eksperymentow zatozono, iz proces infiltracji dobiegt konca, gdy masa nanoporowate

membrany AAO wypelnionej badang substancja przestata rosngc.

Modyfikacja powierzchni natywnych nanoporowatych membran AAO zostala
przeprowadzona poprzez zastosowanie réznych metod silanizacji. W pierwszym z nich
modyfikacja chemii powierzchni polegata na zastosowaniu czynnikow silanizujacych
oréznych wlasciwosciach:  (3-aminopropylo)trimetoksysilanu  (APTMOS) oraz
chlorotrimetylosilanu (CITMS). Wystepujaca pomigdzy nimi r6znica polega na tym, iz
pierwszy z nich tworzy cykliczne struktury lub trojwymiarowe sieci, ktore moga zostaé
przyczepione do podtoza. Z kolei drugi zastepuje tylko i wytacznie grupy hydroksylowe
naturalnie obecne na powierzchni porow jednostkami trimetylosilanowymi. Doktadny
opis catej powyzszej procedury silanizacji znajduje si¢ w artykule naukowym [A1] za$
j€g uproszczony schemat przedstawia Rysunek 6.3a-b.

W drugim ze sposobow chemicznej modyfikacji powierzchni zastosowano wysoce
polarne jednostki kwasu fosforowego (111), ktore oddzielono od siebie niepolarnymi

grupami trietoksysilanowymi. Kazda z przygotowanych probek zostala oznaczona
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Rysunek 6.3. Schematycznailustracja chemiczngy modyfikacji powierzchni membran
nanoporowatych AAO przy uzyciu dwoch czynnikow silanizujacych (a) APTMOS oraz
(b) CITMS.

symbolem AAO-PO(OH)>-NX, gdzie X oznacza liczb¢ niepolarnych jednostek
separujacych. Zatozono, iz na pojedyncza jednostke polarnego kwasu fosforowego (III)
przypada O, 1, 3, 6, 12 i 24 niepolarnych grup separujacych. Co ciekawe modyfikujac
proporcje miedzy jednostkami polarnymi a niepolarnymi, mozna byto kontrolowac
polarno$¢ powierzchni. Uproszczony schemat takiego rodzaju silanizacji zostat
przedstawiony na Rysunku 6.4. Z kolel doktadny opis procedury przedstawiono
w artykule [A2].
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Rysunek 6.4. Schematycznailustracja chemicznej modyfikacji powierzchni membrany
nanoporowatej AAO przy uzyciu polarnych grup kwasu fosforowego (111)
I niepolarnych grup trietoksysilanowych.

Dodatkowo do badan wykorzystano réwniez nanoporowate membrany AAO
z r6znymi pokryciami ALD, ktore zostaty zakupione w firmie InRedox. Do powlekania
wewngetrznej powierzchni membrany zastosowano materialy czesto wykorzystywane
w nanotechnologii: tlenek hafnu HfO,, tlenek tytanu TiO, oraz tlenek krzemu SiO,.
Kazdy z wyzej wymienionych tlenkéw charakteryzuje si¢ réznymi zwilzalno$ciami od
najbardziej hydrofobowych do hydrofilowych. Grubo$¢ powitoki ALD dla kazdej
z membran wynosita 5 nm, w zwigzku z czym nalezy pamigtac, iz w takig Sytuacji
rzeczywista srednica poréw zmniejsza si¢ 0 10 nm. Szczegotowy opis nanoporowatych
membran AAO z ré6znymi pokryciami ALD znajduje si¢ W artykule naukowym [A3], za$
j€g uproszczony schemat przedstawia Rysunek 6.5.

Modyfikacja powierzchni
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Rysunek 6.5. Schematyczna ilustracja przedstawiajaca membrang nanoporowata AAQO,

ktérej powierzchnia zostata pokryta warstwg ALD.
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{. TECHNIKI BADAWCZE

W ninigiszym rozdziale przedstawione =zostang techniki eksperymentalne
wykorzystane do badania wtasnosci PMPS umieszczonego w matrycach nanoporowatych
AAQ, ktorych powierzchnia zostata chemicznie zmodyfikowana. Opisane w nim zostang
takie metody jak szerokopasmowa spektroskopia dielektryczna, roznicowa kalorymetria
skaningowa oraz pomiary kata zwilzania. Pozostate informacje dotyczace wykorzystania
powyzszych technik w ninigjszych badaniach znajduja si¢ w artykutach naukowych [A1],
[AZ], [AT].

7.1 SZEROKOPASMOWA SPEKTROSKOPIA DIELEKTRY CZNA

Niezwykle waznym 1 efektywnym narzedziem umozliwiajacym badanie
dynamicznych aspektow przejscia szklistego jest szerokopasmowa spektroskopia
dielektryczna (ang. broadband dielectric spectroscopy, BDS). Scislej mowiac
W zmieniajagcych si¢ warunkach termodynamicznych umozliwia ona badania
kooperatywnych ruchow reorientacyjnych cieczy przechtodzonych i lokalnych ruchow
molekularnych w fazie szklistgj. Metoda BDS oparta jest na oddziatywaniu zewnetrznego
zmiennego pola elektrycznego z badang substancjg obdarzong trwatym momentem
dipolowym. Najczgsciej obiektem badan omawianej spektroskopii sg dielektryki, czyli
materiaty, ktore nie przewodza pradu elektrycznego oraz nie posiadajg tadunkow
swobodnych. Materiaty dielektryczne mozna podzieli¢ na dwie grupy. Pierwsza z nich
tworzg dielektryki niepolarne, zbudowane z symetrycznych molekut nieposiadajacych
trwatego momentu dipolowego. Przyktadem sa molekuty H, czy CH,. Druga grupe
stanowiag dielektryki polarne zbudowane z asymetrycznych czasteczek posiadajacych
trwaly moment dipolowy. Co ciekawe zastosowanie zewngtrznego pola elektrycznego
powoduje, iz W molekutach polarnych lub niepolarnych dielektrykow tworza si¢ tzw.
indukowane momenty dipolowe. Ich pojawienie si¢ zwigzane jest z polaryzacja
elektronowa P, oraz polaryzacja atomowa P,. Pierwsza z nich powstaje w wyniku
deformacji chmury elektronowej atoméw, z kolei druga na skutek zmiany polozenia
atomow W molekule, co zostato wywotane dziataniem zewngtrznego pola elektrycznego.
W szczegdlnych przypadkach (dotyczy to zwlaszcza cieczy i gazoéw) kiedy molekuty
dielektryka sg dipolami wykazujagcymi swobode orientacji, indukowany moment

dipolowy zalezy rowniez od polaryzacji orientacyjneg P,, (dipolowa). W tym miejscu
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nalezy zaznaczy¢, iz wkiady od polaryzacji atomowej oraz elektronowej sg z reguly
niewielkie. Najwiekszy wptyw pochodzi od polaryzacji orientacyjnej, dlatego tak wazne
jest, aby molekutly badanej substancji obdarzone byty trwalym momentem dipolowym.
Co ciekawe, przy braku zewngtrznego pola elektrycznego, molekuly posiadajgce
elektryczny moment dipolowy ustawiaja si¢ zupetnie przypadkowo. Z kolei przyltozenie
pola elektrycznego powoduje ich czesciowe uporzadkowanie wzdtuz linii sit pola, co

zostato przedstawione na Rysunku 7.1.
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Rysunek 7.1. Polarny dielektryk (a) bez zewnetrznego pola elektrycznego (b) po

przylozeniu zewnetrznego pola elektrycznego.

Wzbudzajacym zainteresowanie jest jednak sam etap naglego wiaczania
| wylaczania zewnetrznego pola elektrycznego, a doktadniej jakim zmiang ulegaja
makroskopowe parametry polarnego dielektryka. Okazuje si¢, iz wlgczenie zewngtrznego
pola elektrycznego powoduje pojawienie si¢ polaryzacji indukowanej inacze nazywanej
deformacyjng P, ktora jest sumg polaryzacji elektronowej P, i atomowej P,. Dodatkowo
wspomniana wczesnig polaryzacja orientacyjna P,,- dochodzi do warto$ci maksymalne;j
P, dopiero po uptywie pewnego czasu. W sytuacji, gdy pole elektryczne zostaje
wylaczone, polaryzacja indukowana zanika natychmiastowo w przeciwienstwie do
polaryzacji orientacyjng. W zwigzku z tym powrot uktadu do stanu rOwnowagi nastgpuje
z czasem [8]. Zjawisko powolnego narastania oraz zanikania polaryzacji orientacyjnej

W czasie opisane powyzej i przedstawione na Rysunku 7.2 okresla si¢ mianem relaksacji
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Rysunek 7.2. Czasowe zmiany polaryzacji dielektryka polarnego wywotane

prostokatnym impulsem pola elektrycznego E.

dielektryczngl. Badanie polaryzacji dielektryka mozna analizowa¢ w funkcji czasu,
jednak bardziej rozpowszechnionym podejsciem jest przeprowadzenie analizy w funkcji

czestotliwosci. W takim wypadku wektor polaryzacji mozna opisac jako:
P'(w) = " (w)E(w) (7.1)

gdzie, *(w) nosi nazwe zespolonej przenikalnosci dielektrycznej. Parametr ten mozna

przedstawi¢ nastgpujaco:
e =¢&'(w)—ig"(w) (7.2)

Czg$¢ rzeczywista zespolonej przenikalnosci dielektrycznej &' to tzw. dysperga
dielektryczna, ktora rowna jest stosunkowi pojemnosci kondensatora z dielektrykiem

C do pustego kondensatora C,:

g =— (7.3)



Z kolei cze$¢ urojona &' nazywana jest absorpcja dielektryczng lub stratami

dielektrycznymi i wynosi:

1
"= 7.4
¢ T WRC, (7.4)

W badaniach bedacych przedmiotem niniejszej rozprawy doktorskiej, pomiary
zespolonej przenikalno$ci dielektrycznej wykonano W ci$nieniu atmosferycznym
w przedziale czestotliwosci od 10™2 Hz do 10° Hz. Podstawowa zasade przeprowadzenia

pomiaru ilustruje Rysunek 7.3b.
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Rysunek 7.3. Schematyczna ilustracja przedstawiajgca (a) probke umieszczong
pomiedzy dwiema oktadkami kondensatora (b) zasadg przeprowadzania pomiaréw

technikg BDS.

W pierwszym etapie material poddany analizie umieszczany jest pomigdzy dwie
oktadki kondensatora (Rysunek 7.3a). Nastepnie do takiego uktadu przytozone zostaje
zmienne napi¢cie Ug (w). W konsekwencji przez probke plynie prad o natezeniu I (w).
Stosunek napigcia Us(w) do natezenia Ig(w) okresla si¢ jako zespolong impedancje
probki Zg(w), ktora powigzana jest z zespolong przenikalnoscig dielektryczng &*(w)

nastepujaca zaleznoscia:

& (w) =— (7.5)

wZi(w)Cy
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Jak mozna zauwazyé, warto$¢ zespolonej przenikalnosci dielektrycznej &*(w)
otrzymujemy w wyniku pomiaru impedancji probki Zg(w), a takze znajomosci
pojemnosci pustego kondensatora Cj. Istotne jest, iz pojemnos¢ takiego kondensatora
zalezy, od jego geometrii co przedstawia ponizsze rownanie:

=2

gdzie, S- oznacza pole powierzchni oktadki kondensatora, d- odleglos¢ pomigdzy
oktadkami, &,- przenikalno$¢ dielektryczng prozni. W badaniach dielektrycznych
urzagdzeniem stuzagcym do pomiaru zespolonej impedancji probki jest analizator
impedancji potaczony z glowicg, w ktorej znajduje si¢ uprzednio przygotowany
kondensator wraz z badang substancja.

Podsumowujac spektroskopia dielektryczna to technika eksperymentalna, ktora
zajmuje szczego6lne miejsce wsrdd innych nowoczesnych technik stosowanych w celu
scharakteryzowania dynamiki materialow formujacych stan szklisty. Metodatadae nam
wiele mozliwosci. Pozwala na prowadzenie badanh w szerokim zakresie
charakterystycznych czasow relaksacji (w tym nawet 10 dekad), temperatur (od -160 do
400 °C) w warunkach podwyzszonego cisnienia (do 5 GPa), atakze w obecnosci silnego
pola elektrycznego. Jak wida¢, ze pojemnos$¢ kondensatora ro$nie wraz ze
zmniejszaniem si¢ odlegtosci pomiedzy jego oktadkami. W zwiazku z tym spektroskopia
dielektryczna jest rowniez idealng metoda umozliwiajaca prowadzenie badan w skali

nanometrycznegy.
7.2 ROZNICOWA KALORYMETRIA SKANINGOWA

Dynamike materialow formujacych stan szklisty mozna rowniez analizowaé za
pomoca jednej z najpopularnigiszych technik termoanalitycznych, jaka jest roznicowa
kalorymetria skaningowa (ang. differential scanning calorimetry, DSC). Metoda ta
pozwala na przeprowadzenie pomiaréw W szerokim zakresie temperatur zaréwno

podczas ochtadzania jak i ogrzewania badanej substancji.

Gtownym elementem wchodzacym w sktad budowy kalorymetru sg dwa niewielkie
naczynia kalorymetryczne. W jednym z nich znajduje si¢ badana substancja z kolei
w drugim probka referencyjna. Materiat referencyjny wybierany jest przez producentow

aparatury DSC tak, aby w badanym zakresie temperatur charakteryzowatl si¢ stalg
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pojemnoscig cieplng i nie wykazywat przemian fazowych. Metoda DSC polega na tym,
ze mierzy roéznic¢ w przeptywie ciepla, ktora jest wymagana do zmiany temperatury

probki (Ts) w stosunku do probki referencyjnej (Tg) (Rysunek 7.4).

Badana Probka
substancja referency|na
as= \@‘j ™
‘\\_\ - 75 g k_ R_. J__/")

Uktad grzejacy

\-\_-‘fiv_“d.\_/\/y\l}-,--f--"

Rysunek 7.4. Schematycznailustracja przedstawiajgca zasad¢ dziatania kalorymetru
DSC.

W czasie trwania eksperymentu do ukladu dostarczana jest taka energia, aby
temperatura probki badanej i referencyjnej zostaty utrzymane na takim samym poziomie.
W przypadku gdy w badanym materidle w pewnym zakresie temperatur zajdzie
przemiana egzotermiczna lub endotermiczna w celu zapewnienia identycznych
temperatur w probce badanej i referencyjnej szybkos$¢ dostarczanego ciepta do badane;j
probki maleje, lub wzrasta. W porownaniu do materialu referencyjnego szybkos¢
dostarczania ciepla do badanej probki w przypadku przemian egzotermicznych
(krystalizacja) bedzie mniejsza w przeciwienstwie do przemian endotermicznych
(topnienie), dla ktorych szybkos§¢ dostarczenia ciepta bedzie wigksza (Rysunek 7.5).
Otrzymane wyniki zapisywane sg w postaci termogramu, na podstawie ktoérego mozna
otrzymac¢ ilosciowe informacje O przemianach cieplnych zachodzacych w badanej
substancji, a takze wyznaczy¢ warto$¢ temperatury przejscia szklistego Ty, rekrystalizacji
T,.r Oraz topnienia T,, badang substancji. W celu wyznaczenia temperatury
zarejestrowanego efektu termicznego nalezy wyznaczy¢ jego temperature poczatkowa T,
(ang. onset) oraz koncowa T, (ang. endset). Kazda z nich zostaje wyznaczona w punkcie

przeciecia linii bazowej ze styczng wstgpujaca (temperatura poczatkowa) oraz ze styczng

32



proces [

endotermiczny topnienie
.
prrejicie
. s2kivste . TIT‘\‘
przeplyw ciepta < £
Tm
v
proces
» M 1
egrotermiczny rekrystolizacia
temperatura .

Rysunek 7.5. Schemat przedstawiajacy przyktadowy termogram dla substancji
formujacej stan szklisty zarejestrowany w trakcie ogrzewania.

zstepujaca (temperatura koncowa). W przypadku procesu rekrystalizacji oraz topnienia
wartos¢ temperatury danej przemiany utozsamiana jest z wyznaczong uprzednio
warto$cig temperatury poczatkowej T,. W przeciwienstwie do temperatury przej$cia
szklistego T,, ktéra zostaje wyznaczona jako tzw. $rodkowy punkt stopnia (ang.
midpoint), lezacy na dwusiecznej kata ostrego, jaki tworzg ekstrapolowane linie

bazowe [63].
7.3 POMIARY KATA ZWILZANIA

Z punktu widzenia podstawowych badan powierzchni oraz ich po6zniejszego
zastosowania, takie wiasciwosci jak zwilzalno$¢ czy hydrofilowos$é/hydrofobowosé
powierzchni badanego materiatu odgrywaja istotng role. Na zwilzalno$§¢ powierzchni
wplyw ma sktad materialowy membrany nanoporowatej i odpowiadajaca jej chemia
powierzchni, ktora reguluje oddzialywania 2z czasteczkami wody. Jedng ze
skutecznigjszych metod zrozumienia interakcji powierzchni z uktadem tréjfazowym,

jakim jest cialo state, ciecz, gaz jest pomiar kata zwilzania.
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Rozwazmy umieszczenie kropli cieczy na plaskiej, poziome powierzchni. Kat
powstaty W wyniku przeciecia granicy faz ciecz/gaz oraz ciecz/ciato state nazywany jest
katem zwilzania (Rysunek 7.6). Wielkos$¢ kata zwilzania zalezy gtownie od réwnowagi
sit na linii granicznej migdzy ciatem statym, ciecza i gazem. Poprzez pomiar kata
pomig¢dzy powierzchnig stalg a kropla cieczy na powierzchni, mozna wyznaczy¢ warto$¢
napigcia powierzchniowego materiatu, co jest istotne w celu okreslenia charakterystyki

zwilzalnos$ci podioza przez roznorodne ciecze.

Gaz P \’

Ciofo stole ¥si -

Rysunek 7.6. Kat zwilzania utworzony przez ciecz rozptywajaca si¢ na powierzchni.

Teoretycznie oczekuje si¢, ze warto§¢ kata zwilzania bgdzie charakterystyczng
wlasciwo$cig danej powierzchni w danym $rodowisku. Podejscie to po raz pierwszy

zdefiniowat Thomas Y oung [64], za pomocg ponizszego rownania:

cosf = Yse — Vst (7.7)

YLG

gdzie, 6 to kat zwilzania, yg¢ to energia powierzchniowa materiatu W rownowadze z parg
nasycong cieczy, Ys; to miedzyfazowa energia powierzchniowa ciata statego i cieczy,
natomiast y,; to energia powierzchniowa cieczy pomiarowe w réwnowadze z parg
nasycong. Rownanie Younga zostato wyprowadzone na podstawie hipotezy mowiacej, iz
powierzchnia materiatu powinna by¢ m.in.: jednorodna, ptaska i nieporowata, jednym
stowem mowiagc idealna. Jednak jak wiadomo, parametry te zazwyczaj nie maja
zastosowania W rzeczywistych powierzchniach efektem czego warto$¢ kata zwilzania
moze ulega¢ zmianie. W zwigzku z tym rownanie /.7 nie moze zosta¢ wykorzystane

w celach obliczeniowych, poniewaz opisuje stan uktadu idealnego oraz zawiera dwie
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niewiadome: yg; oraz y; . Z tego powodu w celu wyznaczenia energii powierzchniowe

stosuje si¢ nastepujaca posta¢ rownania Younga:

Yis = Vs — Y c0s0 (7.8)

gdzie, ys to energia powierzchniowa podtoza, a y, to energia powierzchniowa cieczy

pomiarowse.

Oddziatywania wody z powierzchnia mozna podzieli¢ na hydrofilowe oraz
hydrofobowe. Ogoélnie przyjmuje si¢, ze warto$¢ kata zwilzania ponizej 90° oznacza
hydrofilowy charakter materiatu, czyli wysoka sktonno$¢ czasteczek wody do taczenia
si¢ Z podtozem. Warto doda¢, iz materialy o wilasciwosciach hydrofilowych tatwo
adsorbujg czasteczki wody dzigki obecnosci aktywnych polarnych grup funkcyjnych.
Tego typu zjawisko zostanie zaobserwowane w sytuacji, gdy kropla bedzie cieczg
0 niskim napigciu powierzchniowym lub gdy podtozem bedzie ciato state o wysokiej
energii powierzchniowej [65]. Warto réwniez wspomnie¢ o istnieniu materialow
superhydrofobowych. Mamy z nimi do czynienia, kiedy kat zwilzania wynosi powyzej
150°. W ich przypadku powierzchnia musi posiada¢ odpowiedni sktad chemiczny oraz
strukture. Wplyw kata zwilzania na analiz¢ hydrofilowos$ci oraz hydrofobowosci zostat

przedstawiony na Rysunku 7.7.

g > 90

Ciecz hydrofobowa
f <90

g =90
N Clecz hydrofilowa

Podtoze

Hydrofobowos¢ Hydrofilowosé

< D

Rysunek 7.7. Wptyw kata zwilzania na ocen¢ hydrofobowosci/hydrofilowosci

substangji.
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W badaniach przeprowadzonych w ramach niniejszej rozprawy doktorskiej pomiary
kata zwilzania przeprowadzono dla natywnych matryc AAO oraz tych z réznorodnie
zmodyfikowang powierzchnig. Wszystkie membrany wykonane zostaty z tlenku glinu.
Dodatkowo identyczng analiz¢ przeprowadzono dla samego tlenku glinu (materiat
nieporowaty). W tym przypadku jego powierzchnie zmodyfikowano takze poprzez
zastosowanie wysoce polarnych jednostek kwasu fosforowego (l11), ktore oddzielono od
siebie niepolarnymi grupami trietoksysilanowymi. Tym samym sposobem jak
modyfikowano membrany nanoporowate. Co cickawe wykazano, iz zalezno$¢ kata
zwilzania w funkcji liczby niepolarnych jednostek separujacych w obu przypadkach jest
praktycznie identyczna, pomimo ze same wartosci kata zwilzania nieco si¢ od siebie
ro6znig. Szczegdlowe informacje znajdujg si¢ w artykutach naukowych [A1], [A2], [A3].
Dodatkowo w celu lepszego zobrazowania witasciwosci poszczegdlnych membran
nanoporowatych, w Tabeli 1 zebrano wszystkie otrzymane wartos$ci katow zwilzania

zmierzone dlawody.
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Tabela 1. Wartosci katow zwilzania 6 dla poszczegolnych membran nanoporowatych

AAOQO zmierzone dla wody.

Artykut Rodzaj membrany Kat Srednica

naukowy nanoporowatej zwilzania 0 pora
Natywna 44,68°

Al APTMOS 28,16° 55 nm
CITMS 89,24°
Natywna 34,56°
AAO-PO-(OH)2-NO 74,37°
AAO-PO-(OH)2-N1 91,88°

A2 AAO-PO-(OH)2-N3 96,99° 80 nm
AAO-PO-(OH)2>-N6 98,18°
AAO-PO-(OH)2-N12 99,98°
AAO-PO-(OH)>-N24 100,07°

28,17° 25nm

ALD: 5nm SiO2 52,78° 50 nm

57,18° 100 nm

88,75° 25 nm

A3 ALD: 5 nm HfO2 82,01° 50 nm

91,29° 100 nm

91,23° 25 nm

ALD:5nmTiOz 65,98° 50 nm

72,08° 100 nm
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8. OMOWIENIE | DYSKUSJA WYNIKOW

8.1 WPLYW ROZNYCH CZYNNIKOW SILANIZUJACYCH POWIERZCHNIE

NA DYNAMIKE PRZEJSCIA SZKLISTEGO FENYLO-METYLO-
POLISILOKSANU UMIESZCZONEGO W MATRYCACH
NANOPOROWATYCH WY KONANYCH Z TLENKU GLINU

Sita i rodzaj oddzialywan pomi¢dzy badang substancjg apowierzchnig ograniczajaca
wplywa na wiele wlasciwosci nanouktadow, w tym takze na dynamik¢ przejscia
szklistego i krystalizacje; €O jest istotne z punktu widzenia zastosowan
nanotechnologicznych. W zwigzku z tym konieczne jest przeprowadzenie badan
dotyczacych wptywu modyfikacji powierzchni na zachowanie polimerow w ograniczone;j
geometrii. Najprostszym sposobem modyfikacji powierzchni jest proces silanizacgji,
w ktorym to grupy hydroksylowe naturalnie wystepujace na powierzchni materiatu
nanoporowatego zastepowane sg réznymi czynnikami silanizujagcymi. Wptyw silanizacji
powierzchni na dynamike przejscia szklistego PM PS umieszczonego w nanoporach AAO
przedstawia artykut naukowy [A1]. W przypadku tego eksperymentu zastosowano dwa
czynniki silanizujgce 0 nieco odmiennych wlasciwos$ciach:
(3-aminopropylo)trimetoksysilan (APTMOS) oraz chlorotrimetylosilan (CITMS).
Pierwszy z nich wykazuje wiasciwosci hydrofilowe, z kolei drugi hydrofobowe.
W zwiazku z tym, iz badania przeprowadzono takze dla matryc natywnych, nalezy
wspomnie¢ o hydrofilowym charakterze tef powierzchni. Wszystkie otrzymane wartosci

katow zwilzania przedstawia Tabela 1.

W celu sprawdzeniajak tego rodzaju modyfikacjapowierzchni wptywa na dynamike
przejscia szklistego PMPS wykonano badania przy pomocy spektroskopii dielektryczney.
Rysunek 8.1 przedstawia otrzymane widma strat dielektrycznych & (f) badang

substancji. Jak mozna zaobserwowaé¢ widoczne sg nanich az trzy procesy relaksacyjne:

(i) relaksacjaa przedstawiajaca kooperatywne ruchy molekularne, odpowiedzialnha za
przejscie z fazy ciektej w szklistg (w przypadku polimerdéw a-relaksacjato inacze

rel aksacja segmentalna— kooperatywne ruchy segmentow);
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(i) wolnigjszy proces a’ zlokalizowany w wyzszych temperaturach prawdopodobnie
zwigzany ze skoordynowana dynamikg kilku powtarzajacych si¢ jednostek

tancucha (tzw. sub-Rouse mode) [59];

(ili) szybszy, lecz znacznie bardziej lokalny, proces B zauwazalny W nizszych
temperaturach, ktory jest wrazliwy na zmiany ci$nienia i moze by¢ utozsamiany

z relaksacja typu Johari—Goldstein (JG) [59];

101
|=—T =303 K
a-’reléxation
= 1074
w
o'-relaxation
10_3 ! V'VT _k‘qu‘v: T T T
10t 10° 10t 100 100 10*  10° 10°

Freq. [Hz]

Rysunek 8.1. Widmo strat dielektrycznych dlaPMPS.

Co ciekawe, zaprezentowane na Rysunku 8.2a-c widma strat dielektrycznych €' (f)
dla PMPS umieszczonego w natywnych i silanowanych matrycach nanoprowatych
uwidaczniajg proces a-, ktorego intensywnos¢ maleje w bardzo niskich temperaturach,
oraz bardzo szeroki, trudno zauwazalny proces a’. Nieobecno$¢ relaksacji drugorzedowe;j
(B-relaksacji) w przypadku nanouktadow jest dos¢ czesto obserwowanym zjawiskiem.
Moze by¢ ona zwigzana ze zmianami ggstosci lub pojawiajgcymi si¢ dodatkowymi
oddziatywaniami z powierzchnig ograniczajacg, ktore modyfikuja geometrie

I konformacje czasteczek, a takze libracje momentu dipolowego.



(a) Native membrane (b) CITMS membrane (c) APTMOS membrane
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Rysunek 8.2. Zarejestrowane podczas chtodzenia widma strat dielektrycznych PMPS
umieszczonego W matrycy nanoporowatej (a) natywnej, (b) CITMS, (c) APTMOS;

kazda o $rednicy porow 55 nm.

Analiza widm dielektrycznych za pomoca modelu Havriliaka-Negami (HN)
umozliwita wyznaczenie czaséw relaksacji 7, W funkcji odwrotno$ci temperatury.
Otrzymane wyniki przedstawiono na Rysunku 8.3. W przypadku PMPS umieszczonego
w natywnych nanoporach AAO zauwazono, ze W wyzszych temperaturach wykazuje
zachowanie przypominajace materiat lity, opisywany réwnaniem
Vogela-Fulchera-Tammana (VFT). Z kolel wraz z obnizaniem temperatury pojawia si¢
charakterystyczne odchylenie zalezno$ci t«(T) od materiatu litego wskazujace, iz badany
uktad jest wrazliwy na efekty ograniczenia przestrzennego. Zupetnie inne zachowanie
odnotowano dla PMPS umieszczonego w matrycach, ktorych powierzchnia zostala
zmodyfikowana za pomocg czynnika silanizujagcego CITMS. W calym zakresie
temperatur badany material wykazuje, takie samo zachowanie jak dla materiatu litego.
Moze to sugerowac, iz nie jest wrazliwy na efekty ograniczenia przestrzennego. | jest to
W zupelnym przeciwienstwie do wynikow uzyskanych z wykorzystaniem drugiego
czynnika silanizujacego, APTMOS. Dodatkowo wykazano, ze dynamika przejs$cia
szklistego w uktadach ograniczonych przestrzennie silnie zalezy od zastosowanego
protokotu termicznego. Na podstawie analizy temperaturowych zaleznosci czasow

relaksacji mozna wysnu¢ wniosek, iz zmiany W chemii powierzchni pozwalaja
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w pewnym stopniu na usuni¢cie efektu ograniczenia przestrzennego widocznego cho¢by

w zachowaniu ta(T).

| bulk
VFT fit
0 as measured on slow cooling
] 55 nm native
/A 55nm CITMS
® 55 nm APTMOS u
— -2 7
L
o,
£
5 4
(@)
o as measured on slow heating
[] 80 nm native
-6 X 55 nm native
55 nm CITMS
(0 55 nm APTMOS
'8 T T T T T T T
0,0038 0,0040 0,0042 0,0044
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Rysunek 8.3. Temperaturowa zalezno$¢ czaséw relaksacji segmentalnej dla PMPS
infiltrowanego do matryc natywnych (rozmiar poréw 55 nm i 80 hm) oraz

silanowanych (rozmiar porow 55 hm) w zalezno$ci od protokotu termicznego.

Cechg charakterystyczng uktadow ograniczonych przestrzennie jest poszerzenie
rozktadu czasow a-relaksacji. Modyfikujac powierzchnie uktadow nanoporowatych za
pomoca procesu silanizacji, to charakterystyczne poszerzenie a-relaksacji zmniejsza si¢
lub, jak tez sugeruje si¢ W literaturze, moze zosta¢ catkowicie wyeliminowane. Jednak,
w przypadku PMPS umieszczonego w matrycach nanoporowatych o zmodyfikowanej
powierzchni sytuacja jest zupelnie inna. Po pierwsze, jak pokazano na Rysunku 8.4
poszerzenie rozkladu czaséow a-relaksacji dla PMPS umieszczonego w matrycach
z pokryciem CITMS jest prawie identyczne jak dla powierzchni natywnej. Obserwacjata
jest bardzo intrygujaca, poniewaz zaro6wno hydrofilowosci jak i temperaturowe
zalezno$ci czasow a-relaksacji dla PMPS umieszczonego w obu rodzajach matryc sa
zupehnie inne. Tym samym mozna stwierdzi¢, iz zmiany w oddziatywaniu tancuchow
polimerdéw z powierzchnig ograniczajacg moga W zupetnie odmienny sposob wplywac na

rézne aspekty relaksacji segmentangj. Z kolei w przypadku uktadu APTMOS
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wykazujacego bardziej hydrofobowe wiasciwosci, ksztalt procesu a-relaksacji, ktory
powinien by¢ porownywalny do PMPS umieszczonego w natywnych matrycach
nanoporowatych, ulega znacznemu poszerzeniu. Najprawdopodobnigy wynika to ze
ztozonych wiasciwos$ci | specyficznych interakcji miedzyfazowych pomiedzy badanym
polimerem a czasteczkami substancji silanizujacej APTMOS. Dodatkowo w celu
doktadniejszego opisania ksztaltu procesu a-relaksacji zastosowano parametr Bryw
bedacy wyktadnikiem w funkcji Kohlrauscha-Williamsa-Wattsa (KWW). Warto$¢ Bxww
zmieniasi¢ w przedziale od 0 do 1. Wraz z poszerzeniem rozktadu czasow a-relaksacji
(relaksacje nie-debgjowskie) parametr Lyxuww mMage. Jak mozna zauwazyé na
Rysunku 8.4 w temperaturze 245 K warto$¢ wyktadnika Sk dlaPMPS umieszczonego
w matrycy natywnej oraz CITMS wynos 0,36. Z kolel dla bardzigl hydrofilowey
powierzchni APTMOS jest to 0,28. W poréwnaniu do materiatu litego o zblizonej skali
czasowe procesu relaksacji segmentalng otrzymana warto$¢ jest znacznie wyzsza
(Bxww= 0,44 w 243 K).

T=245K

<> 55 nm native, B,=0.36
27 /. 55nm CITMS, By, =0.36
) 55nm APTMOS, Buww=0-28

T=243K
bulk, Byyw=0.44

g"le

Rysunek 8.4. Porownanie ksztattu relaksacji segmentalnej dla PMPS umieszczonego

w matrycy nanoporowatej natywnej oraz o zmodyfikowane powierzchni.

W  kolggnym kroku rozwazan skoncentrowano si¢ na  zjawiskach
nierownowagowych, jakie zachodza w uktadach ograniczonych przestrzennie. Oprocz
tego zbadano czy zmiana chemii powierzchni uzytych matryc nanoporowatych ma
jakikolwiek wplyw na powr6t uktadu do stanu rownowagi. Dlaczego jest to tak bardzo

istotne? Podczas typowego eksperymentu prowadzonego W obecnosci hano-ograniczen
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przestrzennych skala czasowa proceséw zwigzanych z przegrupowaniem (przereorganizo
waniem) si¢ tancuchéw polimerowych moze by¢ znaczaco wydtuzona. Uniemozliwia to
osiggniecie stanu rownowagi, a tym samym prowadzi do obserwacji na widmach strat
dielektrycznych wielu interesujacych zjawisk nierdwnowagowych. Wraz z uplywem
czasu W takim uktadzie zachodza jednak powolne zmiany w konformacji tancuchéw
polimerowych, ktore czgsciowo lub catkowicie ulegaja rozluznieniu, pozwalajac na
powrdt ukladu do stanu ,rownowagi”. W konsekwencji efekt ograniczenia
przestrzennego widoczny w ewolucji to(T) moze zosta¢ catkowicie wyeliminowany.
Wyniki badan dla PMPS umieszczonego w matrycach nanoporowatych jednoznacznie
wskazuja, iz proces ten obserwujemy jako spowolnienie dynamiki segmentalng i jg

powrot do skali czasowej charakterystyczng dla materiatu litego (Rysunek 8.5a).
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Rysunek 8.5. (a) Temperaturowa zalezno$¢ czasow relaksacji segmentalnej dla PMPS
infiltrowanego do matryc natywnych oraz silanowanych. Pomiar przeprowadzono
podczas ogrzewania z temperatury T= 231 K, w ktorej probka byta rownowagowana.
(b) Poréwnanie ksztattu relaksacji segmentalnej dla PMPS umieszczonego
w nanoporowate] matrycy AAO z pokryciem CITMS w poczatkowym i koncowym
etapie pomiaru.
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Przedstawiona na Rysunku 8.5b analiza ksztattu procesu a-relaksacji w poczatkowym
I koncowym etapie eksperymentu wykazata, ze rozklad czasow a-relaksacji delikatnie
zaw¢za si¢ wraz z uptywem czasu, jednak nigdy nie osigga ksztattu charakterystycznego
dla materiatu litego. Co ciekawe, ten efekt poszerzenia jest caly czas widoczny, mimo iz
sredni czas relaksacji segmentalnej uktadu jest juz taki sam jak materiatu litego. Procesy
rOwnowagowania badanego polimeru obserwowano zaréwno w natywnych jak

i silanowanych matrycach, a ich skale czasowe byly praktycznie identyczne.

W ninigjszg pracy w celu uzupetnienia pomiarow dielektrycznych przeprowadzono
rébwniez badania kalorymetryczne. Uzyskane wyniki prezentuje Rysunek 8.6. Dla
materiatu litego wykazano jedno przejécie szkliste. Z kolei dla PMPS umieszczonego
w natywnych i modyfikowanych matrycach nanoporowatych zaobserwowano dwa
przejscia szkliste. W tym miejscu nalezy zaznaczy¢, iz zjawisko podwojnego zeszklenia

jest bardzo czgsto obserwowane dla substancji umieszczonych w natywnych matrycach

Bulk
T, =230.3K
CITMS
_ Ty =220.6 K
> —
3 T, = 2484 K
2
o
o |APTMOS
<
s Ty =220 K
Ty = 248 K
Native
Ty =219.5K
Ty = 249 K
210 220 230 240 250 260 270
Temp. [K]

Rysunek 8.6. Uzyskane termogramy dla materiatu litego fenylo-metylo-polisiloksanu
oraz infiltrowanego do natywnych i silanowanych matryc nanoporowatych (CITMS
i APTMOS) o $rednicy porow 55 nm.
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AAOQO. Z kolei dla tych, ktorych powierzchnia zostala zmodyfikowana za pomoca
silanizacji oczekuje si¢ tylko i1 wylacznie jednego przejscia szklistego, poniewaz
wystepujace oddziatywania przysciankowe sg duzo stabsze w porownaniu do $cianek
natywnych. Jednak przeprowadzone wyniki badan kalorymetrycznych ujawnity, iz
zmiany chemii powierzchni nie wptywaja na warto$ci temperatury przej$cia szklistego
w warstwie rdzeniowej (T,;) oraz przysciankowej (T,,). W przeciwienstwie do badan
dielektrycznych obecnos¢ dwoch przejs¢ szklistych na termogramach DSC zarowno dla
natywnych jak i silanowanych nanoporowatych matryc AAO moze oznaczac, ze zmiany
W oddziatywaniach przy$ciankowych wywotane zastosowanymi czynnikami
silanizujgcymi nie byly wystarczajaco silne, aby przeciwdziata¢ tworzeniu si¢ warstwy

przysciankowe;j.

Podsumowujac w tej czgéci pracy, pokazano jak rdézne czynniki silanizujace
powierzchnie wptywaja na dynamike przejscia szklistego PMPS umieszczonego
w nanoporowatych matrycach AAO. Zaprezentowane wyniki badan dielektrycznych
jednoznacznie wskazuja, iz efekt ograniczenia przestrzennego moze zostac usuniety wraz
Z czasem, ale jesli chodzi tylko 1 wylacznie o analize warto$ci $rednich czasoéw relaksacji
segmentalng. Co ciekawe, obecnos¢ dwoch przejsé szklistych na termogramach DSC
wskazuje, ze zastosowane czynniki silanizujagce CITMS i APTMOS nie byly jednak

wystarczagjaco silne, aby zahamowac tworzenie warstwy przySciankowe;.

8.2 WPLYW POLARNOSCI POWIERZCHNI NA DYNAMIKE PRZEJSCIA

SZKLISTEGO FENYLO-METYLO-POLISILOKSANU UMIESZCZONEGO
W MEMBRANACH NANOPOROWATYCH WYKONANYCH Z TLENKU
GLINU

Ksztattowanie si¢ warstwy przy$ciankowej oraz dynamika segmentalna moga si¢
r6zni¢ W zalezno$ci od zastosowang metody silanizacji. Jak wspomniano w rozdziale 5,
chemiczna modyfikacja powierzchni moze czg¢éciowo lub calkowicie usung¢ efekt
ograniczeniaprzestrzennego. Niestety wyniki badan zamieszczone w artykule naukowym
[A1] sugeruja, ze zastosowanie takich czynnikow silanizujacych jak CITMS i APTMOS
nie przeciwdziata tworzeniu si¢ warstwy przySciankowej, przez co efekt ograniczenia

przestrzennego jest nadal zauwazalny. Co ciekawe w przypadku powierzchni
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wykonanych z tlenku glinu proces silanizacji jest mnig skuteczny w tworzeniu
jednorodnych niepolarnych (hydrofobowych) powierzchni. Jednak juz zastosowanie
kwasu fosforowego (l11) na tego rodzaju powierzchni daje bardziej uporzadkowane,
samoorganizujgce si¢ monowarstwy. W zwigzku z powyzszym w artykule naukowym
[A2] powierzchni¢ nanoporowatych matryc AAO zmodyfikowano za pomoca wysoce
polarnych jednostek kwasu fosforowego (111), ktore nastepnie zostaly oddzielone od
siebie niegpolarnymi jednostkami separujgcymi (od N=0 do N=24). Dostosowanie
proporcji pomiedzy polarnymi jednostkami funkcjonalnymi a niepolarnymi jednostkami
separujagcymi umozliwitlo zbadanie wplywu polarnosci powierzchni na dynamike

przej$cia szklistego PMPS umieszczonego w nanoporowatych matrycach AAO.

W celu sprawdzenia jak modyfikacja powierzchni za pomoca wysoce polarnych
jednostek kwasu fosforowego (I11) i scisle kontrolowanej liczby niepolarnych jednostek
separujacych trimetoksysilanu  wptyngta na wlasciwosci powierzchni  matryc
nanoporowatych przeprowadzono pomiary kata zwilzania. Jak zaznaczono wczeshiegj,
natywne matryce AAO wykazuja wlasciwosci hydrofilowe, co takze potwierdzaja
ninigjsze badania. W przypadku pomiaréow kata zwilzania uktadéw natywnych na
szczegoblng uwage zastuguje fakt, iz warto$¢ kata zwilzania zmienia si¢ z Czasem.
Prawdopodobniewynikato z przedostawania si¢ wody do wngtrza membran. Aczkolwiek
sposOb silanizacji zaproponowany w ninigjsze pracy powoduje znaczny wzrost
hydrofobowosci powierzchni i lepsza kontrolg j& whasnosci. Pomiary katow zwilzania
dlatakich matryci ich nieporowatych odpowiednikoéw (ptaska powierzchnia tlenku glinu
sfunkcjonalizowanaw identyczny sposob jak matryce) sa niemal identyczne. Dodatkowo
zebrane w Tabeli 1 wartosci katow zwilzania pokazuja, ze niemal wszystkie silanowane
matryce posiadajg wlasciwosci hydrofobowe, za wyjatkiem matrycy AAO-PO(OH)2-NO.
W tym przypadku zwigzane jest to z brakiem niepolarnych jednostek separujacych
i stosunkowo wysokim stezeniem kwasu fosforowego (III). Z kolei najsilniejsza
hydrofobowos¢ posiada membrana AAO-PO(OH)2>-N24, ktoérej powierzchnie
zmodyfikowano za pomocg 24 niepolarnych jednostek separujgcych przypadajgcych na
pojedynczg polarng grupe kwasu fosforowego (III). Tym samym wykazano, i1z wzrost
liczby niepolarnych jednostek separujacych na powierzchni powoduje zwickszenie €

wlasciwosci hydrofobowych, co zaprezentowano na Rysunku 8.7.
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Rysunek 8.7. Zalezno$¢ kata zwilzania w funkcji liczby niepolarnych jednostek
separujacych.

W kolejnym etapie badan sprawdzono, czy zmiany polarnosci powierzchni moga
w jakikolwiek sposob wptyna¢ na dynamike segmentalng PMPS. W tym miejscu nalezy
odwota¢ si¢ do artykutu naukowego [Al]. Zaznaczono W nim, iz w widmach strat
dielektrycznych &" (f) materiatu litego zaobserwowa¢ mozna trzy procesy relaksacyjne.
Z kolet w przypadku PMPS umieszczonego w natywnych jak i modyfikowanych
matrycach AAO obecne sg tylko dwa procesy relaksacyjne: a oraz a'. Badania
przeprowadzone dla ukladow 0 réznej polarnosci powierzchni, przedstawione na
Rysunku 8.8 wykazaly te samg zaleznos¢ jak w przypadku matryc nanoporowatych
silanowanych czynnikami CITMS oraz APTMOS. Procesow drugorzedowych rowniez

nie zaobserwowano.

Analiza widm dielektrycznych za pomoca modelu Havriliaka-Negami (HN)
umozliwila wyznaczenie czaséw relaksacji 7, 1 ich pozniejsza analize w funkcji
odwrotnosci temperatury. Otrzymane wyniki przedstawiono na Rysunku 8.9a-b. Jak
mozna, zauwazy¢ pokrywaja si¢ one z danymi przedstawionymi w artykule naukowym
[Al]. Mianowicie, w wyzszych temperaturach dynamika segmentalna PMPS
uwigzionego w osrodku nanoporowatym wykazuje zachowanie typowe dla materiatu

litego (t«(T) opisywanarownaniem VFT). Jednak wraz z obnizeniem temperatury mozna
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Rysunek 8.8. Widmo strat dielektrycznych PMPS umieszczonego w matrycy
nanoporowatej AAO o rozmiarze poréw 80 nm, ktorej powierzchnie zmodyfikowano za

pomocg 24 niepolarnych jednostek separujacych (N=24).

zaobserwowac pewne odchylenie od tg ogdlnej zaleznosci (Rysunek 8.9a). Co wiecej,
przeanalizowano tutg jaki wpltyw na dynamike¢ segmentalng PMPS umieszczonego
w natywnych matrycach nanoporowatych ma zastosowanie r6znego rodzaju protokotu
termicznego (Rysunek 8.9b). Wykazano, iz W zaleznoéci od tego czy pomiar byt
prowadzony w trakcie bardzo powolnego chlodzenia, czy tez grzania uktadu po
wczesniejszym szybkim przechtodzeniu do stanu szklistego, uzyskane temperaturowe
zalezno$ci czasow relaksacji segmentalnej mogg si¢ od siebie znacznie r6ézni¢. Wobec
tego dynamika badanego polimeru znajduje si¢ W stanie nierownowagowym. Ten sam
efekt zostat takze zaobserwowany W przypadku matryc o réznej polarnosci powierzchni.
W obszarze temperatury, w ktorym wyznaczone zaleznosci nie sa juz zgodne
z zachowaniem VFT, czasy relaksacji segmentalng 7, opisano za pomocg roOwnania
Arrheniusa. Reasumujac zmiana czasu relaksacji segmentalnej dla PM PS umieszczonego
w nanoporach o natywnych s$ciankach oraz tych o $cisle kontrolowanej polarnosci
powierzchni jest praktycznietakasama. Odkrycieto jest niezwykle intrygujace, poniewaz
w przypadku PMPS umieszczonego w matrycach o powierzchni zmodyfikowang za
pomocg czynnikoéw silanizujacych CITMS oraz APTMOS, mozna bylo zaobserwowac

wyrazng rdznicg W czasach relaksacji segmentalng.
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Rysunek 8.9. (a) Temperaturowa zalezno$¢ czasow relaksacji segmentalnej dla PMPS
infiltrowanego do matryc AAO natywnych oraz silanowanych (liczba niepolarnych
jednostek separujacych wynosita od N=0 do N=24) kazda o $rednicy poroéw 80 nm. (b)
7,(T) dla badanego polimeru umieszczonego w natywnych nanoporowatych matrycach
AAOQ o srednicy poréw 80 nm. Pomiar przeprowadzono dla dwoch roznych protokotow

termicznych (wolne chtodzenie oraz wolne ogrzewanie z tempem ~0.3 K/min).

Kolgnym etapem niniejszej pracy bylo poréwnanie rozktadu czasow a-relaksacji.
W tym miejscu nalezy ponownie wspomnieé, iz poszerzenie dystrybucji czasow
a-relaksacji w uktadach ograniczonych przestrzenie jest zjawiskiem szeroko
opisywanym w literaturze. Wiaze si¢ to z tym, iz dynamika segmentalna dla tego rodzaju
uktadow staje sie coraz bardzig niejednorodna (heterogeniczna). Niektore doniesienia
naukowe sugeruja, ze poprzez silanizacje mozna zmniejszy¢ lub niemal catkowicie
usung¢ to charakterystyczne poszerzenie procesu o-relaksacji [13,44]. Co ciekawe,
wyniki uzyskane na podstawie przeprowadzonych badan odpowiadajace obszarom
powyzej oraz ponizej charakterystycznego przegiecia t,(T) przedstawione na
Rysunku 8.10 wykazaty brak jakichkolwiek znaczacych réznic w ksztalcie procesu
a-relaksacji zaréwno dla natywnych jak i modyfikowanych powierzchni. A wigec wydaje

si¢ wielce prawdopodobne, iz za poszerzenie dystrybucji czasow o-relaksagji

50



odpowiedzialny jest efekt ograniczenia rozmiarowos$ci, a sam efekt modyfikagji
powierzchni nie odgrywaw tym wypadku wigkszej roli. W celu doktadniejszego opisania
ksztaltu procesu a-relaksacji zastosowano parametr Syxyww, @ otrzymane warto$ci

potwierdzily powyzsze rozwazania.

107 10? 10° 10t 102
f/f Measured on slow heating

107? 107 10° 10t 102 108

fif

max

Rysunek 8.10. Poréwnanie ksztattu procesu a-relaksacji dla PMPS umieszczonego
w natywnych i silanowanych matrycach AAO o $rednicy porow 80 nm, w dwoch
réznych temperaturach (a) powyzej oraz (b) ponizej charakterystycznego przegigcia

Ta(T).

Pomiary dielektryczne uzupetniono rowniez o badania kalorymetryczne. Wykonano
jeprzy uzyciu trzech réznych szybkosci chtodzenia: 10 K/min, 5 K/min oraz 0,5 K/min.
Wyniki zebrane na Rysunku 8.11 pokazuja, ze W przypadku natywnych $cianek, ilos¢
przejs¢ szklistych maleje wraz ze spadkiem szybkosci chtodzenia. Trzy przejscia szkliste

wykryto, kiedy uktad byt chtodzony z tempem 10 K/min, z kolei dwa przejscia szkliste
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zaobserwowano w przypadku posredniego (5 K/min) i bardzo wolnego (0,5 K/min) tempa
chtodzenia. Na szczeg6lng uwage zashuguje fakt, iz badania te umozliwilty wykrycie
dodatkowe] mig¢dzywarstwy, ktora znajduje si¢ pomiedzy warstwag przysciankowa
(odpowiada jg przejScie szkliste o najwyzszej wartosci T, bowiem ruchliwos¢
segmentoOw w poblizu $cianek pordw jest w znaczy sposob spowolniona), a warstwa
rdzenia (odpowiada|€j przejscie szkliste o najnizszej wartosci T - zwigkszona ruchliwos¢
w centrum). Stad tez obserwowane jest trzecie przejscie szkliste (zlokalizowane

pomiegdzy T, frakcji przysciankowej i rdzeniowej).

Native membrane

Fixed heating rate q,,: 10 K/min

Prior cooling rates q.:

=10 K/min
5 K/min
0.5 K/min

Number of glass
L transitions decreased

HeatFlow [a.u.]

Heating after a cooling process

200 220 240 260 280
Temp. [K]

Rysunek 8.11. Termogram DSC uzyskany dla PMPS umieszczonego w natywnych
matrycach AAQO o érednicy porow 80 nm.

Widoczne na Rysunku 8.12 termogramy DSC otrzymane dla PMPS umieszczonego
w matrycach nanoporowatych o roznej polarnosci powierzchni ujawniajg tylko
I wylacznie dwa przejsciaszkliste. W zwiazku z powyzszym stwierdzono, iz zastosowana
tuta chemiczna modyfikacja powierzchni przeciwdziata tworzeniu si¢ dodatkowe;j
warstwy posredniej. Ponadto zwigkszenie niepolarnej liczby jednostek separujgcych

powoduje niewielki, aczkolwiek systematyczny wzrost warto$ci temperatury przejscia
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szklistego dla warstwy przysciankowej (Ty,) i rdzeniowg (T4;). Co wigeej, poréwnujgc
wyniki badan dielektrycznych oraz kalorymetrycznych ukladu natywnego, wykazano
bardzo dobra zgodno$¢ temperatury przejscia szklistego W warstwie rdzeniowej za$
wyrazng rozbiezno$¢ w przypadku temperatury zeszklenia molekut w warstwie
przysciankowej (Rysunek 8.9b). Przyczyng tych zmian, moze by¢ do$¢ duza wrazliwosé
PMPS na frustracj¢ zwigzane z gestoScig, ktore moga powstawaé W wyniku nawet

niewielkich zmian protokotu termicznego.

(@) T,o= 254.6 K . . _
T o= 246.82 K Heating after a cooling process:
T,= 21257 K 0,=0.=10 K/min
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Rysunek 8.12. (a) i (b) Termogramy DSC uzyskane dla PMPS umieszczonego
w natywnych i silanowanych matrycach AAO o $rednicy porow 80 nm

Z wyznaczonymi wartosciami Ty.

Kolgnym etapem prowadzonych badan byto zweryfikowanie czy zmiana polarnosci
powierzchni membran nanoporowatych, w jakikolwiek sposob wptywa na powrot uktadu
do stanu rownowagi. W tym celu przeprowadzono zalezne od czasu pomiary
dielektryczne w temperaturze rownowagowania (ang. annealing temperature, T4yn)

Tann= 247 K. Proces rownowagowania trwal okoto 20 godzin i byt poprzedzony skokiem
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z temperatury pokojowej lub/i rownowagowaniem W temperaturze posredniej. Wybrano
temperature posrednig 293 K dla skoku w dot oraz 243 K dla skoku w gore. Badania
przeprowadzono dla PMPS umieszczonego w matrycy hatywnegl oraz tych
modyfikowanych z wykorzystaniem kwasu fosforowego (111) (ale tylko dla najbardzigj
skrajnych proporcji miedzy jednostkami polarnymi i niepolarnymi na powierzchni
porow). W trakcie procesow réwnowagowania na widmach strat dielektrycznych
obserwowano przesuwanie si¢ a-relaksacji w kierunku nizszych czestotliwosSci
wskazujace na spowolnienie dynamiki segmentalneg polimeru. Po pewnym czasie skala
czasowa relaksacji segmentalng dla PMPS umieszczonego w  matrycach
nanoporowatych zaczeta odpowiadac tej charakterystycznej dla materiatu litego. W takigj
sytuacji proces rOwnowagowania zostaje uznany za zakonczony. Jak pokazano na

Rysunku 8.13 zjawisko réwnowagowania zostalo zaobserwowane dla wszystkich

Initial, as measured at T,y
after jump from from T =243 K

native
1 5% N=1
¢ N=24
-4,0-
— .
i time %
(%) bulk
s A4S X VFT fit
N Y% recovery
3 , Initial, as measured at Ty,
(@) time .
O -5,01 after jump from T = 293 K
S¢ native
¢ N=1
N=24
s L=

0,00400 0,00405 0,00410
1T K1

Rysunek 8.13. Czasy relaksacji segmentalnej wykreslone w funkcji odwrotnosci
temperatury dla PMPS umieszczonego w natywnych i silanowanych (N=1 oraz N=24)
matrycach AAO o rozmiarze poréow 80 nm. Wyniki zebrano zarowno przed jak i po
réwnowagowaniu uktadu przy T,yy= 247 K; badania prowadzono z wykorzystaniem
dwoch roznych protokotéw termicznych (skok w gore od 243 K i skok w dot od 293 K
z tempem ~10 K/min).
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badanych ukladéow. Ponadto poczatkowe wartosci czasow relaksacji segmentalnej
zmierzone dla PMPS w temperaturze 243 K zalezg od tego, w jakigl matrycy zostat on
umieszczony. Najwicksze odejscie T, widoczne jest w przypadku porow natywnych
angmnigjsze dla modyfikowanych z N=24. Sugeruje to wiec, ze stosujgC pokrycia
hydrofilowe mozna niejako ,,wymusi¢” szybsza dynamike zwigzang z ruchami

segmentalnymi polimeru niz w przypadku pokry¢ hydrofobowych.

Co wiecej, zaprezentowane na Rysunku 8.14 wyniki wskazujg, iz zmiany
W polarnosci powierzchni wptywaja na kinetyke rownowagowania, a tym samym moga
zosta¢ wykorzystane do kontrolowania czasu powrotu uktadu do stanu rownowagi.
Z jedng strony dla skoku w dot (od 293 K do 247 K) czas rownowagowania (Tayy)
wzrasta wraz ze wzrostem liczby niepolarnych jednostek separujacych. Z drugiej strony
dla skoku w gore (od 243 K do 247 K) mozna zauwazy¢, ze wzrost liczby niepolarnych
jednostek separujacych na powierzchni nanoporowatej matrycy AAO powoduje szybszy

powrot badanego uktadu do stanu réwnowagi.

Tann=247 K
34
32- &V
304 O After jump from T=293 K
' O N1 N=3 <> N=6
- WV N=12 <] N=24

After jump from T=243 K :
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Rysunek 8.14. Stata czasowa procesu rownowagowania W funkgji liczby niepolarnych

jednostek separujacych przytaczonych do powierzchni.
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W ostatnim czasie sugeruje si¢, iz istotng rolg w lepszym poznaniu i zrozumieniu
efektow zachodzacych w nano-ograniczeniu odgrywa energia migdzyfazowa. Jest to
gltowny parametr charakteryzujacy site oddziatywan pomigdzy ciatem statym (podtozem)
a badang substancjg. Zgodnie z danymi literaturowymi wraz ze wzrostem energii
mig¢dzyfazowej pomigdzy polimerem a matryca, obserwuje si¢ redukcje temperatury
zeszkleniawarstwy rdzeniowej w poréwnaniu Z materiatem litym [60,66]. Pozatym wraz
ze wzrostem energii miedzyfazowej temperatura zeszklenia warstwy przys$ciankowej
ro$nie [66]. Wobec tego, ze jest to ogdlna tendencja obserwowana dla wielu polimerow
I cieczy formujacych stan szklisty w kolgilnym etapie badan dokonano obliczen energii
miedzyfazowej pomiedzy fenylo-metylo-polisiloksanem a rozwazanymi podlozami
ograniczajacymi. Wyniki przedstawione na Rysunku 8.15 pokazuja, iz wraz ze wzrostem
liczby niepolarnych jednostek separujacych energia migdzyfazowa wzrasta z wartosci
~7,4 mN/m do 12,5 mN/m co wskazuje na silniejsze oddzialywania badanego polimeru
z podlozem. Niemniej jednak ciekawym spostrzezeniem jest to, ze zmiany energii
migdzyfazowej nie powoduja wyraznych réznic w warto$ciach temperatury przejs$cia
szklistego zardwno dla warstwy przys$ciankowej jak i1 rdzeniowej. Jest to wbrew temu co

sugerowano w literaturze.
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Rysunek 8.15. Zalezno$¢ swobodnej energii miedzyfazowej yg; polimer - matryca
w funkcji liczby niepolarnych jednostek separujacych przytaczonych do powierzchni.

Na podstawie pomiaréw kata zwilzania przeprowadzonych w temperaturze pokojows.
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Podsumowujac W tej czesci pracy w sposob systematyczny zbadano jak polarnosé
powierzchni wptywa na dynamike¢ przejscia szklistego PMPS umieszczonego
w matrycach nanoporowatych AAQ. Zaobserwowano, ze zastosowany rodzaj
chemiczng modyfikacji powierzchni nie eliminuje obecnosci dwoch przejsé szklistych
pochodzacych najprawdopodobniej od warstwy przysciankowej i tej zlokalizowanej
w centrum pora. Jednak, co ciekawe, taka modyfikacja uniemozliwia tworzenie sig
dodatkowe] warstwy posredniej (zanik trzeciego przejscia szklistego). Zmiany
W polarnos$ci powierzchni wptywaja na kinetyke rownowagowania uktadu co jest bardzo
ciekawym wynikiem. Co wiecej, wraz ze wzrostem liczby niepolarnych grup
separujgcych zauwazono znaczacy wzrost warto$ci energii mi¢dzyfazowej y; badanych
uktadow. Niestety, nie towarzysza temu jakie$ znaczace zmiany, jesli chodzi o wartosci

T, warstw przySciankowej i rdzeniowej (zmieniajg si¢ zaledwie o kilka stopni K).

8.3 BADANIE DYNAMIKI PRZEJSCIA SZKLISTEGO FENYLO-METYLO-

POLISILOKSANU UMIESZCZONEGO W MEMBRANACH
NANOPOROWATYCH WYKONANYCH Z TLENKU GLINU Z ROZNYMI
POKRYCIAMI UZYSKANYMI METODA OSADZANIA WARSTW
ATOMOWY CH.

Wyniki badan zamieszczonew pracach [A1] i [A2] pokazaly, iz typowa modyfikacja
warunkéw powierzchni materiatdw nanoporowatych obejmujaca proces silanizacji nie
przeciwdziata tworzeniu si¢ warstwy przysciankowej. Efektem tego, bez wzgledu na
rodzaj zastosowane procedury, jest zjawisko podwojnego przejscia szklistego, ktore jest
nadal zauwazalne na termogramach DSC. Wobec tego, badania w ramach ninigjsze
pracy zostaty rozszerzone o wykorzystanie zupetnie odmiennego sposobu modyfikacji
powierzchni. Mianowicie, wewnetrzna powierzchnia nanoporowatych matryc AAO
zostata zmodyfikowana poprzez chemiczne osadzanie si¢ na niej warstw nieorganicznych
(metoda osadzania warstw atomowych). Do ich powlekania wykorzystano tlenek hafnu
HfO,, tlenek tytanu TiO, oraz tlenek krzemu SiO,. Wszystkie z wyzej wymienionych
tlenkdw charakteryzuja si¢ r6znymi zwilzalno§ciami od najbardziej hydrofobowych do
hydrofilowych. Nalezy podkresli¢, ze zmiana strategii modyfikacji powierzchni ma
istotny wpltyw na oddzialywanie badane substancji z ograniczona powierzchnia.

W zwiazku z powyzszym, celem prowadzonych badan bylo zweryfikowanie, czy
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rzeczywiscie poprzez zastosowanie tego typu modyfikacji powierzchni zmiany
w dynamice obserwowane w ukladach nanoporowatych moga zosta¢ caltkowicie

wyeliminowane.

Ze wzgledu na fakt, iz dynamika przejscia szklistego w warunkach ograniczenia
przestrzennego moze zaleze¢ od hydrofilowo$ci/hydrofobowosci wewnetrznych $cian
porow, badania rozpoczeto od przeprowadzenia pomiarow kata zwilzania. Otrzymane
wyniki przedstawiono w Tabeli 1. Na ich podstawie wykazano, ze matryce, ktorych
wewngetrzna powierzchnia porow zostata, pokryta tlenkiem krzemu maja najbardziej
hydrofilowy charakter. W przeciwienstwie do pokryé HfO,, ktore wykazujg wlasciwosci

hydrofobowe.

Kolejnym krokiem bylo przeprowadzenie badan dielektrycznych. Na wstepie warto
przypomnieé, iz PMPS charakteryzuje si¢ obecnosciag 3 procesow relaksacyjnych tj. «,
a', B. Przedstawione na Rysunku 8.16a-b widma strat dielektrycznych " (f) dla PMPS
umieszczonego w porach o0 rozmiarze 100 nm z pokryciem SiO, oraz w porach
orozmiarze 50 nm z pokryciem HfO, ukazuja wyrazny proces a-relaksacji, mnigj
widoczny proces a'-relaksacji oraz brak procesu [-relaksacji. Takie same rezultaty

otrzymano w pracach [A1] oraz [A2].

(a) 100 nm (ALD: 5 nm of SiO, ) (b) 50 nm (ALD: 5 nm of HfO,)
—— T =257K
0,024 ——T=223K
AT=2K

_ o - relaxation
- Ve -

0,015

100 102 10° 10* 10° 10° 10° 102 10° 10* 10° 10°
Freq. [Hz] Freq. [Hz]

Rysunek 8.16. Widma strat dielektrycznych PMPS umieszczonego w (a) matrycy
nanoporowatel AAO o $rednicy 100 nm z pokryciem SiO, (b) matrycy nanoporowatej
AAO o srednicy 50 nm z pokryciem HfO,.
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Nastgpnie uzyskane widma dielektryczne przeanalizowano za pomoca modelu
Havriliaka-Negami (HN) co z kolei pozwolito na wyznaczenie czaséw relaksacji 7, i ich
temperaturowg analizg. Wyniki, jakie otrzymano przedstawiono na Rysunku 8.17a-b. Jak
mozna zauwazy¢ w wyzszych temperaturach ewolucja czasow relaksacji segmentalnej
wykazuje doktadnie taki sam charakter jak dla materiatu litego (opisywany rownaniem
VFT). Z kolei, wraz z obnizaniem temperatury dynamika segmentalna PMPS
umieszczonego W nanoporach staje si¢ coraz szybsza w porownaniu z probka litg (krotsze
czasy relaksacji T, odpowiadajace tym samym temperaturom). Nalezy zaznaczy¢, ze tego
rodzaju zachowanie jest zgodne z wczesniejszymi wynikami zaprezentowanymi
w artykutach [Al] oraz [A2]. Dodatkowo ujawniono, iz w trakcie chlodzenia
segmentalny czas relaksacji PMPS umieszczonego w natywnel matrycy AAO wykazuje
takie samo zachowanie jak materiat lity. Z kolei, podczas ogrzewania (nawet w tym

samym zakresie temperatur) obserwuje si¢ charakterystyczne odchylenie t,(T).

bulk bulk
VFTfit VET fit
55 nm native 55 nm native
@) b 50 nm (ALD: 5 nm of HO,) (b) T1® 50nm (ALD: 5 nm of HfO,) ]
04 50 nm (ALD: 5 nm of SiO,) A 50 nm (ALD: 5 nm of Si0,)
© 01
L @
— = 2
N -
9, 0,
3
e £
S 4 =
4 D 44
15 s
-6 - -6 -
. measured on cooling
measured on heating
T T T T T T T 1 v 1 v 1 v 1
0,0038 0,0040 0,0042 0,0044 0,0038 0,0040 0,0042 0,0044
T [KY 1T [KY

Rysunek 8.17. Temperaturowa zalezno$¢ czaséw relaksacji segmentalnej dla PMPS
infiltrowanego do nanoporowatych matryc AAO z natywng i modyfikowang z pomocg
techniki ALD powierzchnig $cianek w zalezno$ci od zastosowanego protokotu

termicznego (@) grzanie oraz (b) chtodzenie.
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Odwrotne zachowanie obserwowano dla badanego polimeru umieszczonego w matrycy
z pokryciem HfO,. W trakcie procesu ogrzewania nie zaobserwowano roznic
W poréwnaniu z materiatem litym. Natomiast, podczas procesu chiodzenia dynamika
segmentalna uktadu ulega zmianie. Podobne efekty obserwowano rowniez dla PMPS
umieszczonego w matrycach AAO, ktorych powierzchnia poréw byta zmodyfikowana
z wykorzystaniem czynnikow silanizujacych takich jak CITMS i APTMOS [A1] oraz gdy
kontrolowano liczbe polarnych/niepolarnych grup funkcyjnych na powierzchni [AZ2].
W zwigzku z tym warto zaznaczy¢, ze zmiany czasOw relaksacji segmentalnej
w uktadach ograniczonych przestrzennie moga znacznie od siebie odbiega¢ w zaleznosci

od zastosowanego protokotu termicznego.

Dodatkowo na Rysunku 8.18 przedstawiono temperaturowg zalezno$¢ czasow
relaksacji segmentalngg PMPS umieszczonego w matrycach AAO z pokryciem SiO,
w funkcji rozmiaru poréw. Wykazano, ze wraz ze zmniejszaniem S$rednicy porow
odejscie t,(T) przesuwa si¢ W kierunku wyzszej temperatury. Oznacza to, iz W danej
temperaturze, znajdujacej si¢ ponizej charakterystycznego przegiecia, szybsze skali
czasowej zwigzanej z ruchami segmentalnymi nalezy oczekiwa¢ w porach o coraz

mniejszej srednicy.

bulk
VFT fit
() 25nm (ALD: 5 nm of SiO,)

04| Z\ 50 nm (ALD: 5 nm of Si0,)
[] 100 nm (ALD: 5 nm of SiO,)

~ -2 1
‘_I||_|
L,
3
N
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(@]
o
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measured on heating

0,0038 0,0040 0,0042 0,0044
UT [KY

Rysunek 8.18. Temperaturowa zalezno$¢ czasoéw relaksacji segmentalnej dla PMPS
infiltrowanego do nanoporéw z pokryciem SiO, w zaleznos$ci od $rednicy uzytych

porow.
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W kolginym kroku ninigjszg pracy podobnie zreszta jak odbylo si¢ to wczesniej,
przeanalizowano rozklad czasow a-relaksacji. Otrzymane wyniki przedstawiono na
Rysunku 8.19. Jak mozna zauwazy¢ dla ukltadow ograniczonych przestrzennie,
poszerzenie rozktadu czasu a-relaksacji zwigksza si¢ wraz ze zmniejszaniem $rednicy
poréow. W przypadku tego typu uktadéw jest to dos¢ charakterystyczne zjawisko
i oznacza, ze dynamika segmentalna badanego uktadu staje si¢ bardziej niejednorodna
wraz z redukcja $rednicy porow. Co ciekawe, jak wielokrotnie sugerowano w literaturze,
poszerzenie dystrybucji czaséw a-relaksacji mozna czgsciowo lub catkowicie usungé za
pomoca metody silanizacji wewngtrznych Scian porow. Aczkolwiek w poprzednich
pracach [Al], [A2] wykazano, iz zastosowane metody chemiczng modyfikacji
powierzchni nie eliminuje charakterystycznego poszerzenia procesu a-relaksacji. Jak
pokazano na Rysunku 8.19 poszerzenie rozktadu czasow a-relaksacji zmienia si¢ wraz
z rodzajem zastosowanego pokrycia ALD, a takze rozmiarem poréw. Dla poréw 50 nm
z hydrofobowym pokryciem HfO,, ksztatt procesu a-relaksacji jest szerszy w poréwnaniu

z powierzchnig SiO,, ktéra wykazuje bardzigl hydrofilowy charakter. Nalezy tutaj

T=245K
<> 55 nm n.j:ltlve, Brww=0.36 T=243K
(25 nm SiO,, Byyw=0.19 bulk; Buww=0-44
/\ 50 nm SiO,, Bry=0.21
1,1 [0 100 nm SiO,, Byyy=0.25
() 50 nm HfO,, By =0.19 measured on heating
1,0
x
@©
: E
»
% 0.9
0,84

Rysunek 8.19. Porownanie ksztaltu procesu a-relaksacji dla PMPS infiltrowanego do
natywnych i modyfikowanych z wykorzystaniem techniki ALD matryc

nanoporowatych o réznych $rednicach.
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podkresli¢, iz zastosowanie réznych protokoldw termicznych nie wywotuje zadnego
dodatkowego poszerzenia dystrybucji czasoOw relaksacji segmentalnej. W celu opisania
ksztaltu procesu a-relaksacji postuzono si¢ ponownie parametrem Sgyy,. W porownaniu
do materiatu litego wszystkie warto$ci Bxyw Uzyskane dla polimeru umieszczonego
w matrycach z pokryciem ALD sg duzo nizsze. Co wigcej, wraz ze zmniejszaniem
wielkosci porow warto$¢ Sy rowniez maleje, podczas gdy dla roznych protokotow

termicznych nie ulega zmianie.

Aby uzupetni¢ badania dielektryczne, przeprowadzono komplementarne pomiary
kalorymetryczne. Wyniki, jakie otrzymano dla PM PS umieszczonego w matrycach AAO

z roznym pokryciem ALD przedstawiono na Rysunku 8.20. Warto zaznaczy¢, iz

Rysunek 8.20. Uzyskane termogramy dla materiatu litego fenylo-metylo-polisiloksanu

Bulk B : _
iL 1100 nm (ALD: 5 nm of SiO,)
©
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3 ~—
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Oraz umieszczonego w nanoporowatych matrycach AAO z ré6znymi pokryciami ALD.

Wstawka przedstawia temperaturowg pochodng przeptywu ciepta dlawybranych

matryc z r6znymi pokryciami ALD.
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w przypadku niektérych termogramow DSC zjawisko podwdjnego przejscia szklistego
moze by¢ trudne do zaobserwowania. W zwiazku z tym, dla wszystkich badanych
uktadow dane kalorymetryczne przedstawiono takze jako temperaturowe pochodne
krzywych przeptywu ciepta. We wstawce na Rysunku 8.20 przedstawiono przyktadowe
zalezno$ci. Jak mozna, zauwazy¢ zjawisko podwdjnego przejscia szklistego jest teraz
znacznie lepiej widoczne. Takie same rezultaty otrzymano rowniez dla pozostatych

badanych uktadow.

Przeprowadzone pomiary kalorymetryczne ujawnity, ze PMPS umieszczony
w nanoporowatych matrycach AAO z r6znymi pokryciami ALD, wykazuje dwa przej$cia
szkliste. Jak pokazano, na Rysunku 8.20 wraz ze zmniejszeniem wielkosci porow wartos$¢
Ty, nieznacznie malgje, natomiast T,, wzrasta. Ponadto poréwnujac, uzyskane wyniki
mozemy zaobserwowac, iz zmiany W hydrofobowosci/hydrofilowo$ci powierzchni nie
majg wyraznego wplywu na warto$ci temperatury przej$cia szklistego. Poprzez
poréwnanie wynikow badan kalorymetrycznych i dielektrycznych zauwazono, ze
warto$ci temperatur przej$cia szklistego Ty, i te odpowiadajgce odejsciu 7,(T) od

zaleznos$ci VFT znacznie si¢ od siebie r6znig.

W zwigzku z powyzszym, atakze biorac pod uwage wyniki prac [Al], [A2], warto
zada¢ pytanie, czy rzeczywiscie obserwowane na termogramach DSC przejscie szkliste
W wyzszych temperaturach zwigzane jest z zeszkleniem molekut w warstwie
przysciankowej? W przypadku natywnych matryc AAO nie podlega to zadnej
watpliwosci. Bowiem moze wynikaé z obecnosci na ich powierzchni grup
hydroksylowych, ktore oddziatuja poprzez wigzania wodorowe z materiatem
umieszczonym w porach. Sytuacja jednak jest zupetie inna dla matryc AAO, ktoérych
powierzchnia zostata poddana chemicznej modyfikacji. W tym przypadku oczekuje sig,
ze oddziatywania przysciankowe bedg duzo stabsze. W zwigzku z powyzszym, przejscie
szkliste zwigzane z zeszkleniem molekut w warstwie przy$ciankowej nie powinno by¢

W ogole obserwowane.

Co ciekawe okazuje si¢, ze zjawisko podwdjnego przejscia szklistego moze zostaé
réwniez zaobserwowane W przypadku uktadéw wykazujacych brak silnych oddziatywan
z powierzchnig poréw. Aby to potwierdzi¢ w kolejnym kroku ponownie, dokonano
obliczen energii miedzyfazowej. Wartosci, jakie otrzymano wynosity kolejno:

¥s.= 18,7 mN/m dla PMPS umieszczonego w nanoporach AAO z pokryciem SiO,,
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¥s.= 5,1 mN/m dlawarstwy TiO, oraz ys;= 0,5 mN/m dlawarstwy HfO,. Na podstawie
otrzymanych wynikéw wykazano, iz PMPS umieszczony w nanoporach AAO
z ngjbardzig) hydrofobowym pokryciem HfO, charakteryzuje si¢ wyjatkowo niska
energia migdzyfazowsg. Z kolei dla pokrycia SiO, warto$¢ wyznaczong energii
mig¢dzyfazowej jest bardzo wysoka. Po pierwsze oznacza to, ze ograniczony przestrzennie
PMPS stabo oddzialuje ze Scianami poréow pokrytymi warstwg HfO,. Po drugie
oddzialywania pomigdzy badanym polimerem apodtozem stajg si¢ silniejsze dla matryc,
ktorych powierzchnie pokrywa warstwa SiO,. Pomimo tef obserwacji zjawisko
podwdjnego przejscia szklistego jest nadal widoczne na termogramach DSC zaréwno
w jednym jak i drugim przypadku. Mato tego, doglebna analiza uzyskanych wynikow
pokazata, iz warto$ci temperatur przejscia szklistego warstwy przySciankowej

I rdzeniowej praktycznie nie zalezg od warto$ci energii miedzyfazowe;.

Metoda spektroskopii Ramana wykorzystana w ostatnim etapie pracy pozwolita
uzyska¢ doktadniejsze informacje na temat zmian konformacyjnych i strukturalnych
spowodowanych ograniczeniem przestrzennym. Szczegotowa analiza zebranych widm
Ramana wykazata, Ze Samo ograniczenie przestrzenne powoduje: (a) zaltamanie symetrii
w szkielecie siloksanowym oraz (b) zmiany w ustawieniu pierscieni benzenowych.
Natomiast efekty zwigzane z pokryciem takim czy innym tlenkiem (czy tez czynnikiem

silanizujagcym) nie wprowadzajg zadnych znaczacych zmian.

Podsumowujac W te czesci pracy zbadano dynamike przejscia szklistego PMPS
umieszczonego w matrycach nanoporowatych wykonanych z tlenku glinu z r6znymi
pokryciami ALD. Do badan wykorzystano matryce AAO z pokryciem tlenkiem hafnu
HfO,, tlenkiem krzemu SiO, oraz tlenkiem tytanu TiO,, charakteryzujace si¢ réznymi
wlasciwosciami hydrofobowymi/hydrofilowymi. Na podstawie otrzymanych wynikow
pokazano, ze modyfikacja warunkéw powierzchniowych silnie wptywa na oddziatywania
miedzyfazowe pomiedzy badanym polimerem a powierzchnig ograniczajaca.
Przeprowadzone badania dielektryczne wykazaty, iz czas relaksacji segmentalngg PMPS
umieszczonego W ograniczeniu przestrzennym zalezy od hydrofobowego/hydrofilowego
charakteru $cian poréw oraz od zastosowanego protokotu termicznego. Z kolei uzyskane
wyniki badan kalorymetrycznych wykazujg zjawisko podwojnego przejécia szklistego,
nawet przy braku silnych oddziatywan przysciankowych. Ponadto zaobserwowano, zZe
charakter zastosowanego pokrycia ALD nie maduzego wplywu na wartosci temperatury

przejscia szklistego warstwy przys$ciankowej i rdzeniowsy. Z tego wzgledu zmiany, jakie
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zachodza w dynamice przejscia szklistego badanego polimeru umieszczonego w osrodku
nanoporowatym, nie moga by¢ rozpatrywane tylko pod katem analizy energii

miedzyfazowej polimer/podtoze.
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9. PobsumowANIE

Niniejszag rozprawe doktorskg stanowi zbidr trzech artykulow naukowych
poswieconych badaniom wplywu modyfikacji powierzchni na dynamike przejécia
szklistego fenylo-metylo-polisiloksanu umieszczonego w matrycach nanoporowatych
AAOQO. Zmian w chemii powierzchni dokonano natrzy sposoby. Pierwszy z nich polegat
na zastosowaniu dwoch czynnikow silanizujacych o réznych wiasciwosciach:
(3-aminopropylo)trimetoksysilan (APTMOS) oraz chlorotrimetylosilan (CITMS).
W drugim powierzchnia nanoporowatych matryc AAO zostala zmodyfikowana za
pomoca wysoce polarnych jednostek kwasu fosforowego (111), ktore oddzielono od siebie
niepolarnymi  grupami trietoksysilanowymi. Z kolel trzeci rodzaj modyfikacji
powierzchni polegal na wykorzystaniu nanoporowatych matryc AAO z roéznymi
pokryciami ALD. Do powlekania membran zastosowano tlenek hafnu, tlenek tytanu oraz

tlenek krzemu.

Badanie dynamiki przejscia szklistego PMPS umieszczonego w nanoporowatych
matrycach AAO o zmodyfikowane powierzchni przeprowadzono przy uzyciu takich
technik eksperymentalnych jak spektroskopia dielektryczna oraz réznicowa kalorymetria
skaningowa. Waznym punktem niniejszych badan byto rowniez scharakteryzowanie
wlasciwos$ci hydrofilowych/hydrofobowych wykorzystywanych matryc. W tym celu

przeprowadzono pomiary kata zwilzania.

Wykazano, iz w przypadku zastosowania czynnikéw silanizujacych CITMS oraz
APTMOS efekt ograniczenia przestrzennego moze, zosta¢ w pewnym stopniu usuni¢ty
co potwierdzajg przeprowadzone badania dielektryczne. Oprocz tego po pewnym czasie
PMPS umieszczony w matrycach nanoporowatych osigga stan rownowagi. Co ciekawe
skala czasowa tego procesu nie zalezy od wyboru sposobu modyfikacji powierzchni
porow. Ponadto dynamika segmentalna badanego polimeru umieszczonego zardwno
w natywnych jak i modyfikowanych matrycach AAO silnie zalezy od zastosowanego
protokotu termicznego. Z drugiej strony badania przeprowadzone za pomocg réznicowe;j
kalorymetrii skaningowej wykazaty obecno$¢ dwoch przejs¢ szklistych dla wszystkich
badanych uktadéw. Obserwacja ta sugeruje, iz zmiany powierzchni wprowadzone przez
wykorzystanie tego sposobu silanizacji nie byly wystarczajaco silne, aby zahamowaé

tworzenie warstwy przysciankowe;j.
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Rownie ciekawych wynikoéw eksperymentalnych dostarczytly badania dotyczace
wplywu polarnosci powierzchni na dynamike przejScia Szklistego umieszczonego
w matrycach nanoporowatych z tlenku glinu. Pokazano, Ze sterujgc proporcja pomiedzy
polarnymi jednostkami funkcjonalnymi a niepolarnymi grupami separujgcymi (od N=0
do N=24), mozliwe jest kontrolowanie polarnosci powierzchni a tym samym réwniez
hydrofobowego charakteru scianek porow. Wywotane W ten sposéb zmiany znaczaco
wplynely na dynamike badanego polimeru. Wykazano zmnigjszenie gradientu
ruchliwosci molekularng. Ponadto pokazano, iz wzrost liczby niepolarnych grup
separujgcych ma istotny wptyw na wartosci energii miedzyfazowej badanego uktadu oraz
warto$¢ temperatury zeszklenia warstwy przysciankowej 1 rdzeniowe. Oprocz tego
badania kalorymetryczne ujawnity, obecnos¢ dwoch przej$é szklistych co wskazuje, ze
niniejsza modyfikacja warunkow powierzchniowych takze nie zapobiega powstawaniu
warstwy przySciankowej. Aczkolwiek zaobserwowano, iz ten rodzaj chemiczne)
modyfikacji powierzchni zapobiega tworzeniu si¢ dodatkowe] warstwy posredniej. Wraz
ze wzrostem liczby niepolarnych grup separujacych temperatury zeszklenia warstwy
przySciankowej oraz rdzeniowej przesuwaja si¢ hieznacznie w kierunku wyzszych
temperatur. Przeprowadzone badania dowiodly rowniez, ze zmiany w polarnosci
powierzchni wptywajg na kinetyke rownowagowania i mogg zosta¢ wykorzystane do

kontrolowania czasu powrotu badanego uktadu do stanu réwnowagi.

W ramach ninigjsze rozprawy doktorskigy omoéwiono rowniez wptyw modyfikacji
powierzchni na dynamik¢ przejscia szklistego PMPS umieszczonego w matrycach
nanoporowatych, ktorych powierzchnia zostata zmodyfikowana poprzez zastosowanie
techniki ALD. Do powlekania matryc AAO wykorzystano tlenek hafnu, tlenek tytanu
oraz tlenek krzemu o grubosci warstwy 5 nm. Kazdy z wyzej wymienionych tlenkow
charakteryzuje si¢ innymi wlasciwosciami zwilzajacymi, od bardziej hydrofobowych do
hydrofilowych. Na podstawie obliczen energii miedzyfazowej pokazano, iz zastosowany
rodzaj modyfikacji powierzchni znaczaco wplywa na oddzialywania przys$ciankowe
pomiedzy badanym polimerem a powierzchnig ograniczajagcg. Co  wiecej,
przeprowadzone badania dielektryczne wykazaty, ze czas relaksacji segmentalnej silnie
zalezy od zastosowanego protokotu termicznego oraz hydrofobowego/hydrofilowego
charakteru powierzchni. Ponadto obecnos¢ dwoch przejs¢ szklistych na termogramach
DSC wskazuje, iz tak jak w przypadku poprzednich modyfikacji powierzchni rowniez
pokrycia ALD nie zapobiegty tworzeniu si¢ warstwy przys$ciankowe;.
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Interesujacych wnioskdw dostarczyta analiza widm roznicowych oparta na
badaniach z wykorzystaniem spektroskopii Ramana. Jak okazalo si¢, zmiany
konformacyjne i strukturalne wywotane ograniczeniem rozmiarowo$ci zwigzane sa
przede wszystkim ze zmiang dtugo$ci wigzan i katow miedzy wigzaniami w szkielecie
siloksanowym oraz modyfikacjg ustawienia pierscieni benzenowych wzgledem tancucha
gléwnego lub wzgledem siebie nawzajem. Co ciekawe, analiza roznicowa wskazata tylko
na nieznaczne roznice W zalezno$ci od warstwy tlenkow pokrywajacej wewnetrzne

$ciany matryc nanoporowatych.

Reasumujac, wszystkie badania przeprowadzone w ramach niniejsze rozprawy
doktorskiej dostarczaja niezmiernie ciekawych, a zarazem intrygujacych wynikow.
Jednym z najbardziej zastanawiajacych jest nieustanna obecno$é zjawiska podwodjnego
przejscia szklistego bez wzgledu na rodzaj zastosowanej modyfikacji powierzchni. Juz
nieraz pokazano, ze W zrozumieniu dynamiki przejscia szklistego polimerow kluczowa
role odgrywa sitla oddziatywan przysciankowych wystepujacych w uktadach
ograniczonych przestrzennie. Aczkolwiek przeprowadzone badania dostarczaja
niezbitych dowodéw na to, Ze wystepowanie podwojnego T, dla ukladéw
0 modyfikowanej powierzchni nie moze zosta¢é wyjasnione wytacznie za pomocg sity
oddzialywan pomiedzy badang substancja a powierzchnig ograniczajaca. Otoz
udowodniono, iz nawet przy braku silnych oddziatywan przysciankowych przejscie
szkliste zwigzane z zeszkleniem molekul w warstwie przys$ciankowej jest nadal
zauwazalne. Ponadto nie istnigle minimalna warto$¢ energii miedzyfazowej, ponizej
ktorej oddziatywania powierzchniowe sg za stabe, aby wywola¢ zmiany w dynamice
i obecnos¢ podwojnego przejscia szklistego. Tym samym najprawdopodobniej istnieje
szereg innych zjawisk mogacych wystapi¢ blisko powierzchni, ktore jak do tej pory nie
byly brane pod uwage. Jeden z mozliwych scenariuszy zwigzany jest ze zmianami
gestosci W poblizu podloza. Z tego punktu widzenia, w materiale ograniczonym
przestrzennie mozemy wyodrebni¢ obszary 0 wysokig i niskiej gestosci z rdéznymi
warto$ciami temperatur przej$cia szklistego. Warto wspomnie¢ rowniez o efekcie
zakrzywienia powierzchni porow, ktorych w niniejszych badaniach nie brano pod uwage.
W zwigzku z powyzszym obecnos¢ zjawiska podwdjnego przejscia szklistego
obserwowanego dla PMPS (ale takze dla innych polimeréw i cieczy formujacych stan
szklisty) umieszczonego w matrycach nanoporowatych pozostaje w dalszym ciggu

nierozwigzana. Z pewnos$cia dalsze badania powinny pomoc W wyjasnieniu tego
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intrygujacego fenomenu dwoch przej$¢ szklistych. Jest to niezmiernie wazne z punktu
widzenia nanotechnologii, poniewaz zrozumienie, w jaki sposob wiasciwosci
powierzchni wptywajg na zachowania polimerow w nanoskali moze pomoc
w zaprojektowaniu zupelnic nowych i innowacyjnych nanomateriatow, ktore

w dzisigszych czasach sg niezwykle przydatne w elektronice czy medycynie.

Do najwazniejszych osiggnie¢ naukowych niniejszej rozprawy doktorskiej naleza:

1. Scharakteryzowanie, w jaki sposob réznego rodzaju modyfikacja powierzchni
wplywa na dynamike przejsScia szklistego polimeru umieszczonego w matrycach

nanoporowatych wykonanych z tlenku glinu;

2. Pokazanie, ze chemiczna modyfikacja powierzchni przeciwdziata tworzeniu si¢
dodatkowej frakcji posredniej zlokalizowanej pomigdzy warstwa przysciankowg

ardzeniowa;

3. Zademonstrowanie, iz czas relaksacji segmentalnej polimeru ograniczonego
przestrzennie moze zosta¢ ,,przywrocony” do tego charakterystycznego dla

materiatu litego W procesie rOwnowagowania,

4. Wpykazanie, iz bez wzgledu na rodzaj modyfikacji powierzchni charakterystyczne
dla uktadow ograniczonych przestrzenie poszerzenie dystrybucji czasow relaksacji

segmentalng nie jest mozliwe do wyeliminowania;

5. Przedstawienie, iz nie wszystkie cechy zwigzane z dynamika przejscia szklistego
polimerow 1 materiatow formujacych stan szklisty mozna wytlumaczy¢/przewidzie¢

W oparciu o site oddziatywan substancja-matryca.
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Effect of Surface Chemistry on the Glass-Transition Dynamics of
Poly(phenyl methyl siloxane) Confined in Alumina Nanopores
Roksana Winkler, Wenkang Tu, Lukasz Laskowski, and Karolina Adsjanowicz®

gmmmwmuums-&s (%} fead Online

ACCESS | | Metrica & Moes | B3 Anics Recommeeviations |
ABSTRACT: Broadtund diclectsic spestroscopy (BDS} and diffor-  wew .

ental scanning calosimetry (DSC) are combined to study the effece " A 3 B
o‘cbugum&emxfxedxnhhycnthem«ﬂxldymmd , 3 _#_{‘1"‘!,.@3

plass-foeming polyma poly(methylplenylsilocane) (PMPS), con e TR T
fined in anodized alaminum caide {AAQ) namopores. Mouummgma e

were carried for aative amd silasiced aunopores of the sune pose o Nl
sizes. Nanopore surfaces are modified with the use of two sdinixing ....-""""" e ‘,Q Join
agents, chlorotsimethylsilane (CITMS) and (3-amancpropyl)- -,

tnmethoxysilane (APTMOS), of much dfferent properties, The o
resalts of the dickectric studies havwe demomstrated that for the — Nt :-»Qﬂ»g
stodied polymer located in 85 nm pores, changes in the surface w °

chemistry and thermal treatment aBows the canfinement effoct seen

in temperature evolution of the segmental redaxation time, r,{T) to be removed. The bulklike evolution of the segmental relaxation

time can also be restored spon long-time annealing, Interestingly, the time scale of nxch equilibration process was fosmd to be
of the surface coaditions. The calonmetric measarements reveal the presence of two glass-transition events in DSC
of 3l considernd systems, implying that the changes in the interfacal interactions introdaced by silanization are not

ltmng mou‘inomhlhnd\c focmation of the interfacal layer, Although DSC traces confemed the two.gliss-transition scenario,

there is no chear evidence that vitrifcation of the imterfacial layer affects £ (T} for nanopare-confined polymer.

B INTRODUCTION transition bebavior under manoscale coofinement arv con-

When gaing down with the size of a soft matter to 3 manametre trolled by two factors: decreasing length scabe and the
sise, m’;:;;d and chemical properties drastically change. For inceasmg anpostanse of the surface offects, Stulies on lh@n
that reasan, sclentists are Incessantly loterested in obtaning polymer filmss s well s moleculas gpsieme embedded within
novel nmanmomaterials with remarkable morphologies or nanopores have demonstrated that the interplay betwwen both
stractares that, in many cases, canpot be achieved by any factors might resul in either dvcreasy, increase; oe no change
other means at the macroscale. Such nanomaterials can firl on the ghss-transition wmperature compared with the bulk
namerous promising applications in drug delivery eystems, material, " I addition 10 that, theoretical ind exper-
coatings, sensars, electranic devices, and many others imental resaks leave lirtde doubt that the dynamics of confimed

One of the very useful strategies allowing for the stady of the matertal s streagly heterogeneows and subdnaded Into
properties of polymers and modecular liqueds at the nanoscale different feactions. In nanopore confimemert, this includes a
level is by constrainmg thems within sold Interfaces of cone fraction with enhasced mohility and & surface liyer with
nancmeter sive in citber one- (thin &lms), two- {nanc- dynamics showed down by the imeracticas with the solid
charmeb foylindrical pores), o three-dimensions (suspended intesface. Ia turn, in thin Glms, the presence of aie/ polymer
nanopacticles or droplets). Depending oa the boundary interface can enhance the overall dynamics, while at the same
conditions, oo can also discriminate between soft and hard time the polymer/substrate interface strongly retards
mnﬁm. In the case of soft confinement, the investigated it."57* The manifestation of such two coexisting layers
material is more viscous thaa the confining envitonment. Some
examples are ymer nanoparticdes prepared In agueous
Auspensians or :dlammlsion droplets. ‘(,)n the other hand, in Roculved; Apdl 13, 2030
the case of hard confinement, the sample is Jocated within the Wevised:  June 2, 2020
rigd porous matrix/nanochanmels oc suppocted on hand Poblished: Jooe 9, 2020
substrate (eg., aluminum or sllicon). ™

Irrespectively of the given geometry, it 35 generally
established that the changes in the dynamics and glass
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with much distinct mobility is the double glass transition event,
detected in the temperatury regivn above ansl bedow the bulk
T, The one located above bulk T, comes from the mear-
lu%‘nwdynu-'a.wh*lhumehlwhdkr,ﬁmdu
enhanced dynanscs in the middle of the nanopore or cither
free-surface interface. The arigin of the gradient of the mobdlity
is related to frastration in the molecular packing arising froem
the mteractions with the confining susface. For glass-forming
liguids embedded within sasumseter pores, it has been
demonstrated that virifcation of the molecules at the
interfacial layer introduces changes in the packing density
(moee free volume ), which (s tuen & responsible for enhanced
mobility and devistion of 7,(T) from the bulk behavior at
lower temperatures” " Perturhation of the density mear the
confining surface and interfacial interactions also ph'c an
insportant role in understanding the thin film dynamics.” ™™

The and the type of interactioas that occur between
the confinod sample and comstraming environment play a key
role i determining varlous properties of such materils,
including glass transition and crystalization behavior, so it can
ko bead to promising applications in nanotechaology. This is
ooe of the main reasons for numerous studies aimed to moddify
the confining sarface conditions.”’ ™™ One of the strategies
that can be used to tune the mtecfacial effects mvolres
chemical or physical modification of the pore walls,
Silanization, which replaces the hydroxyl groups at the surface
by varioux silane agents, ix 2 common strategy employed to
render the surface more hydeophobic. A a resalt of such
substitution, the effects of confinement on the
dynamics may he partaally or even
Sach feature is typically related to the lack or either difficulty m
forming the interfacial laywr far weaker interfacial interactions
doe to more bydrophobic surfice of the pore wals For
example, Zhang et al. demonstrated that silanixation of anodic
alamisum axide (AAQ) manopores with the use of hexamethyl
desloxane weaken interactions with confmed material but still
leads to the formatian of the interfacial kiper. " On the other
hand, the coating of the manopore walls with more hydro-
phvobic tachloroperfinorocctylsilane introdaces repalsive inter-
actsons and peevents the formation of the mterfacial layer. As a
result, only one glass transition cvemt is detected. '™
Modification of the surface conditions cas also be introduced
using ODPA {octadecylphosphooic acd), which may afect the
crystallization tendencies of & confined substance.”” Likowise,
charges in the crystallizabon were observed for syndiotactic
polystyrene in anodized alumimum oxide when the nanopore
surface was coated with an alkyl monolayer.” Ancther
promising strategy for the modification of the physical and
chemical properties of the nanoscale emviroament & atomic
layer deposition (ALD) whach enables covering of the solid
substrate, such & this flms or cither inner pore surfice, with
nanometer-thick layers of metals, oxides, or aitrides.’

In this work, we investigate the effect of changes in the
surface chemistry on the ghssy dynamics of palymethylphe
nylsiloxane (PMPS) confined i anodi aluminam  oxide
nanopores. To do that, we have employed didectric spectros
copy and diffecentaal scanaing lorimetry, The surface of the
akimioa nanopores was modified using chlorotrmethylsilane
(CITMS) and (Y-aminopropyl Jtrimethoxysilane {APTMOS),
The difference between both sdanixing agents is that the
formes replices the hydroxyl groups with trimethylsllane umit,
while the latter with aminopropylsiline species. As reported in
the Mterature, APTMOS molecules can form cyclic structuees

20
m.") (SLF AL

or 3-dimensional networks, making the swfice morpbology
more comples, Swuch 2 netwock s relatively Joose wnder
amblent conditions but tightens with thermal processing, Thus,
improving the stabifity of the polymer thin films ' Our interest
in APTMOS, as a silanizing agent for PMPS confined within
AAQ nanopores, abo stems from its spesific interfacial
interactions. As veposted in the lterature, kn somse cases,
AFTMOS ix 3ble to embrace the polymer chains within its
complex network or even form the covalent bonding with
some polymers, like polydimethylsiloxme, "™ Sach complex
surfice characteristics were observed for silicon sebstrates with
AFTMOS based coating that contams only two or three
monolayers™ Our research focuses oa the effect of changes in
tive surface conditions in 55 mm pores oo the temperature
evolution of the segmental relaxation time and its disteibution,
as well 35 the equiibration kinetics, The resukts show that the
7 (T) characenstic for the bulk material & restosed wpos
annealing with the time constant that does not depend om the
specific surfaco coaditions. We also demeestrate the presince
of two glass transition evests in DSC thermegrams of afl
considered systerns, which meanw that the changes in the
interactions between the polymer and silanized pore walls are
not stroeg encogh to ishilit in any case the farmation of the
mtecfacal layer.

W EXPERIMENTAL SECTION

Materials. The teited polymer (s poly(phenyl-methylalinane)
Libeled m the teoxed » PMPS 25k with M, = 1500, and
polySapersity lndes (PDI) = 140 We demomirase the moleculas
swucture of PMPS I Figure 1. The sample was parchased from

Figure 1, Chemical sinscties of poly(phenytmmethyl-silacane | used n
this study.

Folymer Source Inc. {Canada) as 4 chear, viscous, traasparent dquid
and uwd without further pucification The glec-tramsition temper-
ature of bulk PMPS 25k deterssncd from the troadband dickectric
rﬂm« ¢ (BOS) 4 Ty = 230K (T, = T at which 1, = L), While
mm:&n«-ml scanning caleeimetry (DSC) we et T, = 230 K.
Nmmsmdnueganf valve for PMPS which increases with the
mdxduvlidn.”' For M, = 2 200 sd PDI 323, Alexandns et al,
cbaaleed T, = 229 {BDS) and 228 K {DSCL™ which faidy agroes
wath cur matenal.

AAC Templotes and Method of Infiltrotion. Nabive AAQ
Nanopores. We have used commercially avallable aoodized alaminum
axide membranes [Symkera) compoaed of sasform arrsyy of
wdirectional and non-cress:linking saacpores {peoe dumeser of
&5 4 6 nm, pore degeh 53 4 | jom). The diamwter of the alummisa
memtedne & 13 + 02 mum, and its pocesity Is 13% 1o this study, we
ales use AAD membeanes purchased from InRedox (pare dameter of
£+ 9 nas, pore depth 100 2 5 oo ). The dissweter of [aRalos AMD
membeanes Is 13 = 0.0 mm, and its porosity is 15%. Before 8lling,
MO membeanes were dried 4t 473 K in & vacuum oven for 24 h o
remove ay volatile snpurities from the nunochannels. In the nest
step, PMPS was placed on the top of the AAD membraaes, and then
the entive system was kept st T = 353 K under vacusn for 2 duys.
Thes allows e bguid to fiow metde the nanopores by capillary forces.
The meseleanes were weghed before and alter inblzaton. We havw

rrpacisadciony 1 000G s e gree Dot s
Lompreows XG0 M. TE5S- Mas
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Figure 1. Schematic repeesentation of the silanteatinn peocedure. Denoting: AAD, wnodic akening odde; CITMS, chilovotrisethylsiune; APTMOS,

(3-aminopropyl trimethoxysibane; Me, methyl growp.

Figure 3, Resdts of contact asgle measurcauents of a water

lter

dreplet depoaited on the suface of AAQ membrases with 55 nm pores (a) native and
modficd by uh' %) (}mﬁqﬂﬂl)un‘qﬂ-l {APTMOS) and () shlosutrmethylelass (CITMS). Images were captsred within § o

assaned that the fillng & completed once the mass of the membrane
crsed 10 increase, Then, the ssrface of the membeane was doved
uing ddicate dust-fvo ssoes

Stiamized AAD Membroves. Foe dlanization, we have used AAQ
membrases {Synkeral charactermed by the same paraments av
deseribod above dancter 13 + 02 s, thicknes: §3 = 1 pom,
pore sze- 55 + 6 nen, pore densitys 6 % 10° an~’, and porosity 13%,
Stameation of the MO matrices was camed out under argon
Abmosphere wsing a vacoum lne. The AAD matrices were silaniced
usag twe surface modfiers with the highest gnlly available:
chloroteimethylsilan (CITMS) and (3 aminopeugryl
(APTMOS). These reageats were prrchased from Sigena. Abdsich and
nsed a5 supplied, Just before the sllanmation peocess, we have dried
AAD matnoe under vacsem in the temperature af 411 K for 24 b o
remove aay excess of water froos @ pares. Then, the coatpletely dry
matrkces were Immersed i the solsor of CITMS or APTMOS In
teluene (3% of wohaue), in the Teflun chamber of
synthesis autoclive reactee, Sohsequently, we have placed the dsh
contaiming the 2 a vacoum chamber and degassed under the
presune of 02 Pa for | min. Next, the prossure was gadually
Increased. This peocess asssres complete filiag of the AAD channds
by the solutton. Then, we have chosed the dish In the assochive and
phiced it inbo dhe thesmal chamber foc 24 & at the semperature of M3
K. After this, the samples wese nnsed with toluene, immessed n the
pure tolsew again, and pat 180 an ultraseaic bath for | b %o remeove
any exces of the CITMS and APTHOS and (o svoid polyerseriation.

We have repeated the procedare twice. Afterwand, the samples were
ted In a vacsum Awe o schemne the
e Ty o L
between AFFIMOS and CITMS & that the former was repostad to
form cydic strectures or 3-dimensional networks which mught be
anchived 1o the subtateate, whie the Later seplaces caly the hydreay!
groups with units. The estimated vidue of the dipde
meaent for CITMS s 1.20 D, winle fer AFTMOS & s 109 D. Bafore
hltration, slanized membeines wers dred ot 373 K in 4 vacuum
arven for 7 h. Subsequent stages of filkag the silindred nansgores were
the soe ax for mtive AAD nanopoees,

The porcus shaminun cddde matricos are fhusctiomalecd very
precisdy by individual molecules of aminopropyl cilane. Practic
we should not mestion tha a3 lyer. Howerer, vven in the case

very dense covering of the surface by sluukdm
mum-mmhrmu:mmma
abuning of 55 nm, the influence of the functinnalization on the
prea is neghighie. As we do not know the grafting luyer
density, we aspame the pore siae and porosity as determined for the
native membirases

Methods. Warer Contoct Angle, ‘The wettablity of sative and
slanized membeanes (same bath and pores dae) was evaluated by
contact (CA) memsurements sing & drop shape analysis
Iestrament (JC20000 Contact Angle Tester) under ambient
taoudity and tempersture Figure 3 demonstrates the dhapes of a
water drupbet an (&) & native AAO membrane surface and modibed
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with cther (b) APTMOS or (¢) CITMS. As ces be scos, te
hydrophilic character of AAD membranes (44.63%) can be
wignificantly slected by the choice of the modifying agees. AFTMOS
treatment increase hydrophilicity of the nanopore susface, resuking In
+ decreane of the contact value (28167 ) On the otier hand, the
nanopase surfisce treated Cﬂ'N"hmm«m«thqhb&ln
this cave, the water contact angle Imoet ~90°, Thus the
chunge of the sunopore wxface chancter om moee hydrophilic 1o
hiydrophobk can be wranged In the following ordes APTMOS <
native < CITMS. Increased adhosion of APTMOS costing rekex en
the specific strocture of the molecule, which centains active —NH,
terminal grosps that mberace with the yurface hydreagd groups and the
hydrolyzed hydroxyl grovgs (from the methexy groap of the
APTMOS mobecules), I this way, APTMOS molecules form
plex cydic s ar the discedered polymuriced 3d-setwork
on the inorgankc sbstrace, ™

Broadband Diefectric Spectrascopy (BDS) Daclectric spectrusco-
py easaremenss for bulk ad nanopoce-coofined PMPS were made
with N nirol Alpha Evquency analyzes. For bulk cample, we use
mdndplm-ﬁmdomo&d!bmhdnmupmdhy‘
0 um Teflon spacer. Native and sfaovmed alumoms membranes AAQ
fBed with the invistigated polymer were placed betweos tao round
dectrodes with @ 10 mm dameter. Bulk and manogore-confined
amplex were meansed 3% 2 function of teng in the fn
range from 10~ He te 10°Hz. The tempesature was controled with
stabibty Better tham 01 K by the Qaatro system The complex
iliedecmic pesmittivity ¢* « ¢’ = ", where ¢ is the e amd ¢ & che
Iimaginary part, were collectsd om (1) show cooling with 0.2 K/min
froas 293 1o 217 K md (3) dow heating &om 217 to 193 X with 02
K/mn followed by 10 K/min coolisg step. The time dependent
measurements were abe camted out @ming Novocostrol  Alpha
Analpzes for a period of 35 h & T = 231 K. Thermal protocad for
voch espertmants imwalved fart cooling from the room semperature to
o« sedected annealing tesepentuore,

Analysis of e Dielecinic Peamirzivity far the Polymes Confined
N Aluming Nanopoves. Herem, it should be noted that the
ninopase coafined system undes conshderation is an mhomogenesus
dielectric that inclodes tested polymer located swide the Alumina
matric, Because the electric Seld nuss along the aasopone chanmel,
the enttre hmwm dielectiic respomae probliess can be modelald
kg the equeval d of the two capasiters connected
lnpmlhllnuducnc.dledldemlcp«mnmydnm]mu
matenial {the caw Eats hat wo measure nung impedance sralyesr) s
the sum of the dickecuic penuimivity of te adividual compeneats,
cunfined pohymer and alumina satre, weighted by the sepective
volume factivas

"wv:’rm"“ ‘*n"w'- i

wheee ¢ s the pocosity of the duming membrase, &, & the
Mm:mnlmnfrofdndmm&(*lnh

diclectric permattivity of the confined polymer. Thus, for the real and
Imaginary parts ane gets

 congeae ~ Yaaoh! — ¢)
v

* =

T (2)

To characerive the didectric permittiviry of the matrx, we have
measired the didlectne ageal of the smpty AAQ memieanes. The
dats presested in Fgar 4a demosotiazes that the sellcudered native
and sllandsed AAD membraaes weh the pore dameters of 535 nm
shorw Evquency mvariasce of & and can be convidenad xi lotsdree. In
addition to that, the values of ¢ are almost temperature independent,
which Iy illestzated in Fyue 46 for alumess templates slasined with
CITMS.

] Eranes are filod with air (¢', = 1), finding the
peemintivity of the bare duming saatrer, &0 will alio employ e L
The porosity of AAQ membranes with $8 nm pore stees 55 13%, which
takes g = 13, The obtased vidues are as fellows 17y = 4.1, 45,
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Figore 4, Real and Imagiary {inses) of the complex dicdectrc
pemittvry for the empty (sir-Sled) AAQ membranes (3} weh
peintion und slieined pore walls s sseasured a1 153 X, (b) silintoed
wing CITMS a5 recorded cn coolig from 293 to 223 K The «if
ocdered slemina membrames have the pors dametess of 58 nm and
13% parosity.

and 48 for astive, APTMOS, and CITMS-treated alumina
membeane, 16 the neat step, the oerection of the Edectes data
kt?)«ll’&l.&kmnfndhmd:lmmus«mpb'nmcmd
ot accordngly with ey L Figurs 5 comparex the pars polymer
<M|buummdlmudlbepbmammnmtmxlm
mpeesentates cheloctric curve for the fined = 55
mal-lmn—opuummrmmuawmw
tigher values of % a & depenids only on the porestty of the
membeane. The podtion of the masmum and the breadth of the o
Joss peak remains the same. This is i Hine with the work v Alexandris

55 nm CITMS ' eyt
T=239 K Lots e

mmcmm
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Figure 5. Dilectric loss spectum for PMPS 2.8% embedded within
AAQ manopoees of 35 mm siee wrth surfaice moddied by CITMS
(indeated s “composite”). Data were recorded on subsoguent
heating froes 217 to 293 K with 0.2 K/mia. The open hesagoos are
obtaeed by mﬁss the composite data by the porosiy
comtnbution (psse palym ctiom ). The open quares
mnhﬂndbymdmmcoummnfamwmﬂlmdm
mancsharmale with the polymer (up to 10%), All carves refer to 259
K
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Figure 6. Diclecteic loos speciza fue PMPS L5k recceded (a) in belk and conlemed ia 55 am skee dhuming nanupoees (b) sative, and slsssed with
either (<) CITMS oo (d) AFTMOS. The spectra for the polymes-matris composite matestals were measired vpon cooling with the mte of 02 K/

min.

and co-wurkers [woe supperting materials therein] demonsirating fat
hoﬂym:b&aﬁwtdmu&mnhwumvﬂ!dm
diglectric permittrvny. '

It shondd ¢ noted that the scenasio docrded above refers to the
\deal smation when the nanopoees are completely dlled with the
mmvestigated wmgle. However, in many cases, eipecally due to high
viscosity, the pelymer aubibition within AND unopoces s greatly
tmpeded. In wach & cae, it is mmpossble to aved inwde the
nunochannels, and sdditionad cosrections fae some Idedage
mﬂmmcpmaumded.'lhmkcbumnﬁmwm
procedure deserded in our reamt paper,”” However, asesming that
the sancpures are Slled with PMPS 2.5k caly wp to 50%, we dso
mmhﬁo(ﬂuopﬁmdqmwﬂhudmng[mnpmx

pere pelyruer, porouily, and ax gaps coerections”).

anmf Scanning Calanmetry (DSC)L Calorimetric messure:
ments were carnted ot by wsing 3 Metdor-Tolado DSC spparatus
equipped with o liged nitvogen cocling accessory and an HES8
coramic servr {Beat Fex sznsor with 120 thermecouples). Temper-
ture and ethalpy calibrations were performed by usisg mdioen and
tne standards. Crecbles with prepared samples (tulk or efther
crinhad aluming membranes containing ceafined PMPS) were sealesd
and cooled down 1o 183 K with the wte of either 0.3 oe 10 K/min
inede the DSC apparatue Then, DSC theemograms were rocorded on
heating with 2 rate of 10 K/min = the 1 range bom 133 10
mt(.] ¢ values weee determined from heat flow data as the point

to the midpoant infection of e atrgolated e
un!endoflbe trarsition cave

W RESULTS AND DISCUSSION

We start our mvestigation by charactesizing the gliss-trarsition
dynamics of bulk PMPS 15 k For that, dielectnic and
calosimetric measucements were performed. The correspond-

58y
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ing didectric loss spectra measured above and below the glass
transiton temperature are presented in Figure 6a As can be
seen, except for the dominant -relaxation associated with the
gass-transition, the two other relaxation processes can be
detected in the Joss spectra of the tested polymer. The sbower
onw, labeled here as the o'-relaxation, appears at higher
temperatures, andd it is interpreted as thy sub-Rouse mode, The
faster one, seen at ower temperatuces in the supercoaled liquid
and glisy state, & the frelavation. The properties of botly
processes foend oa the low- and high-frequency flanks of the
stpncnul () relaxation of bolk PMPS are discussed
elsewhere,™

In Figure 6b=d, we present the dielectrc Joss spectra of the
composite mtecials measured at different temperatures for the
polymer embedded within 55 nm native and sitainreed AAO
nanopores, As can be seen, wnder confinement, we observe
only a- and @-rebiation process The a'-relaxation is very
beoad and bardly perceivable b the loss spectra of the confised
spstem. In turn, the secondisy S-redaxation process is no longer
resolved as 2 proncunced loss peak In nanopores. For PMPS
277k (M) confined in AAO nanopores, we have also reported
the same frature.™ Suppression of the frelaxation under
confinement wax also seen in the literature, in vapor-deposited
gasses or epoxy rexins confined in alumina nanoperes’
Thas effest can be connected to the changes in density or
additional interactiovns with the host material which may affoct
the goametry and confoermation of the mokecules, as well as the
variation in the angle of dpole moment librations, among
others. In addigon to that, the results depected I Figure &
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Figure 7. (3} Relaxation sap, which mchudes the evnbtion of the a-relaxaten time musvsced for bulk 20d samples confined in alumisa nanopores
with native {30 and 35 nm poces) and silane-costed wall (35 2 pores). The neélacation times i conhinement were determined from the analysis of
the didectnc spectra collected on heating with 2 K/min after fast coobag (with 10 Kimin) from 293 80 217 K. DPashed lines represent the
comrespondng VFT and Arthenius fits to the data, (b) The & T} depencence for the tested polymer ax chtamed m 335 am patrve, APTMOS- and
CITMSareated poces depending on the thermal peotocal The two combdered protecels invalve {1} dow coolisg with 02 K/'mis fom 293 te 217
K and (i) dow heating from 217 to 293 K with 02 K/mi follewed by cooling steg with 10 K/mis. When emor bars aee not displayed, the

aaadend - 11

wrToC in thaxn the gymbal ee.

show that the intessaty of the a-process decreases at very low
temperatures,

The dielectric spectes for bulk and confised semples wene
anafyzed nsing Huﬂll&-Nepml (HN) functions with a
condoctivey term ™

Arv

i)
———
[t + Lirg )|

Cl) =, + e
e,

(3)

whese o, & the kigh frequency limit of the peensitrivity, Ac is
the dielectric strength, a and b are the shape parameters, oy Is
the de-conductivity, 74y denotes the relaxation time, and o is
the angular freguency (@ = 2af), In HN fhmoction the
characteristic time constant, 7ige, is related to the maximuem
of loss peak frequency ., by the following relation™

fua r,ml“{2+zb]|“|“{2+zb I (4)

The contribution of a- aad o' -proceses were single out
froen the fitting procedure, which s iscluded superposition of
2 HN functons. From that, the relaxation times were obtamed
by calculating 7., = 1/{24/,,,). The temperature depend-
ences of the a-relasstion time obtained in this way aw
preseated in Figure 7ab, Due to very weak intensity and broad
distibotion of the a'loss peak In canopores obtained
dependences were excluded from further consideration.

Figure 7 demonstrates 1,(T) for PMPS 2.5k in bolk and
nanopores that were determined after heating with 0.2 K/min
following cooling step with 10 K/min from 293 to 217 K. The
segmental relaxation for bulk polymer exhibits Vogel-
Fulcher—"Tamsmann (VFT) bebuvior and be described wing
the fallowing relation”' ™'
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(:=‘2»“Pl.r )

where 1, 3 limviting refaxation fime 2 very high temperatures,
Ty is Cideal” glass temperature often termed as Vogel
temperature, while B is the activation parameter. The results
show that the segmental process in nanopores follows bulk
behavior at higher temperatures. As the temperature decrease,
7AT) starts to deviate from the bulk VFT dependence. The
dynamics associated with the glass transtion systematically
speed up with the increasing degree of comfinement, ie,
lowering the pore size (see results for PMPS 25k confined in
80 and 45 am native pores). This is a typical feature reported
for ;lna forming substances in confined geome-

SIS However, the ceigin of such enhanced
dymlma In nancpores, as compared to the bulk, Is often
inteepeeted i differest ways. This inclodes, for uample.
approaching the length scale of sooperative dymamics,'’
dynamic exchange between the surface layer and free
mokaﬂq"&mulmlndnd:nﬂyw\'am‘a
spinodal temperature, By combining together dielectric
relasation and calorimetsic studies, it has been demonstrated
that the temperatare at which varfication of the interfacial
layer takes place & signified by the departure of ¢, (T) from the
bulk dependence,”™ ™" For PMPS 2.5k confined in 20 snd 55
nm native pores, such deviation is observed bekow 239 and 245
K, respectively. Thus, with decreasing the pore size, confine
ment effect seen in temperature evolution of the segmental
relaxation is more promounced.

Subsequently, we bave repeated the same experiment using
55 nm pores in which their inoer surface was silanared with
CITMS and APTMOS, The results ane also shown in Figure
Ta In contrast to the case of PMPS 2.5k confined in native

- ];
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pores, the segmental process in CITMS-treated membranes is
virtually unaffected by confinement and shows no systematc
crassover of 7,(T). On the other hand, in APTMOS-treated
nanopores, the temperatare dependence of the segmental
redaxation is enbanced compared to that in bulk, However, the
resalts are also dEferent from those reported for native pore
surfaces, as the deparrare from the buolk-ble dynamics is now
shifted toward lower temperatures. By comparing 7.(T)
obtaned for PMPS 2.8k confined within native and silinzed
pores, we conclude that in the case of pristine alumina
templates, the change in the pore sze from 55 to %0 nm
produces virtually the same result as when modifying solely the
inoer surtace of 35 nm pores with the use of APTMOS
malecules, Our obsorvation ix in line with the literature data
demanstrating that silinixation of silica pore surfaces allows w
1o rensave partially or even completely the confisement effece
seen in temperature evolution of meclution time ™Y
Such a featere s typically related ta the lack or either dfficalty
In forming the interfacial layerfor weaker interfacial
interactions due to more hydrophobic surface of the pore walls,

Experimental evidence suggests that the ghss-tramsition
dymamics in nanopores depends om the thermal treat-
mven, ST The resalts demonstrated in Figwse Th
show thas segmental msobilicy foc PMPS 2.5k confioed in tative
and silanized nusoposes redies oo the thermal protocol Excepe
for the r {7 recorded upoa heating with 0.2 K/min following
cooling with 10 K/mun from 293 to 217 K, we have also
condocted dielectnic relaabon measurements i a revene
direction, 1e, when decreasing temperature from 293 to 217 K
with the rate of 0.2 K/min. As can be seen, on slow cooling
1AT) in 55 nm pores approach the hulk behavior,
irrespectively of the surface conditions Thas, when provided
enough tiee, confinement effoct sees in femperstuse evolution
of the segmental relaxation can be eliminated entiecly. The
sportance of the cooling rate and nonequilibeim phevomena
that occur when the intesfacal layer is immobdized oo the time
scale of the viscous fiow of the core fraction &s also supported
by combined dickctric rdaxaton and solvation dynamics
studies.”™ ™ We will explore thas issue more in the following
part of the paper.

Besides the enhanced dymasics, another meaningful chapge
ins the behavioe of PMPS 2.5k confined (o alumina nanopores
involves beoadenlng the distabution of the a-relacatica time
refative to the bulk (see Figure §). Such spectral broadening is
widely repocted for the confined systems and inchcates that in a
spatially resticted emviromment, the heterogemeity of the
refaxation dysamics Increases. 7 The literatare data
shone that the braadening of the a-relasation peak decreases or
can be even eiminated by the silanizaton of the mner pore
walls. ™" However, the results present in Figure & shows the
opposite trend. The distnbution of the a-refaxatson time in
CITMS-treated masoporees & practically the same as for the
peistine pore surface, while it is evident that the hydrephilicity
of both membranes Is mach different. Stranger interactions
between the sarface of the pores and confined molecules are
apected in the former case. In turn, in the presence of more
hydrophilic AFTMOS coating the spectral broadenmg
increases even more, To describe such broadening of the o-
less peak mose quantitatively, we ase of the fractional
Peww from the Kohlrausch and Williamy and Watty
function™*

&V

g 44 *
w107 wt et W o W Y
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Figere 8. Companson of the shape of a-dos peak tor PMPS 25k
confoed in 55 nm oatve and sdabed pors. The balk spectrum
colected at ¥ < 243 K wos vsed a5 a refesence. For the studed
polymer confined = 55 am pores spectra were chosen 1o match
appenvimutely the same 1, Dushed Baes represeat KWW fins to the
data.

| 1 Yhoew
M) = A exp —[-]

; (®
whiere Py changes frons 0 to L The value of figyy, decreases
with icreasing the width of the relaxation spectrum. At 245 X,
the stretching exponeat for PMPS 25k coafined in 55 nm
native and CITMS-treated pores is 036, while for more
hydrophilic APTMOS swface, we get 028, Obeained values
are much lowes, compared to the bulk polymer of
appradmatedly the same segmental relaxation time (fne =
044 at 243 K). As we suppose, the broadest distrbution of the
relaxation time observe far APTMOS functionalization might
arise from the complex properties and specfic interfacial
interactions  between the palymer and APTMOS mole-
cules,"" ™" At this point, we also wish to remark that the
distributions of the segmental relagation time in 55 am native
and CITMS treated pores are practically the same, while their
2,(7) dowx nat necessarily show the same featirve. Fram that,
it cans be concloded that the dhanges in the interaction of the
polymer segments with the conhming surface might aéfect
various aspects of the relaxation dynamics 1o entirely different
ways

As a next step, we have lnvestigated the effect of changes in
the surface chemistry on the out-of-equilibium dynamics of
nanopore-coafined polymers. This Is an tnpostast spect x
polymers often fail to equilibrate on the time scale of 2 hypical
processing experiment, and exhibsts nonequilibeium  behay-
ior™ To do that, we have perdormed armealing experiments
carred out for up to 35 b at 231 K, e, in the temperature
region at which deviation froen the bulk dynamics s expected,
The samples were rapidly cooled fram room temperature to
selected annealing temperature and measured as a function of
time employing the BDS rechnique. Tn Figure 92, we havo
plotted changes in the dicdectric Joss spectra of the studied
polymer confined 10 55 nm sianized CITMS pores with time,
The collected results demonstrate that upon anneakng, the a-
relaation peak shifts toward Jower frequencies. This ffect
reflects the dowing down of seymental mobility with tme,
Additionally, in Figure 9b, we have compared the shapes of the
a-relaxation peak it the witial and final stages of the anneakng
experiment carried out ot 231 K. Note that the dstribution of
the relaxation tines slightly namows with tene, but does not
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Bigure Y, (3) Changes i the dielectri: loss spectra foe PMPS 2500 = 55 nom pores (stlanized with the use of CIEMS) wpon annealing at 251 K (b)
Comparson of the shape of the normalized 1r-does peak at the inttial and fmad states of the annealing process, Bulk ypectrs were used 25 a referonce.
(c) Evokation of the orcdastion with tsee at 231 K for the studicd polymer cabodded m 55 um native und silaniced masegoces. Solid lines
represent fits of the experioental data to stretched exponential fenctivn. (4] Temperatare dependence of segmeatal (o) reluation time as

meanined on heateg afer equibbeation of condmed ampler 3t 131 K. Arow deescastrates

m the @-relization time that accompany the

correspondng anealing expenment, Whes eeroe bass are a0t displaped, the standand enor & sasaller than the symbol siee,

reach that characteristic for the bulk polymer, Qualitatively, the
same soemario wis akso observed for PMPS 25k confined in
native and APTMOS functionalized membrases, Howewer, &t
this point, It Is essential to realiee whether the changes in the
surface conditions affect the equisbration kinetics, that &, the
corresponding time canstant and the final equilibrium state
that the confned polymer can reach.

To study the effect of annealing on the segmental dysamics,
we have analyzed timve-dependent changes in the a-relasition
time at 231 K, as presented ia Figure 9c The evolution of the
arelaxation time upon annealing of coafined PMPS 2.5k was
parametrized using the stretched exponential function (eq 6)
froen which the annealing time constant, Ty, was obtained.
The valoes of the fitting parameters are collected in Table | As
can be wseen, the characterstic equilibration constants are
sknost the wene for PMPS 2.5k confined in native and
silanizned nanopores. Through observation, the starting point,
In Tible 1, and the following recovering behavior froen

Table 1. Fitting Parametess froem the Stretched Exponcatial
Function won Kimetics at 231 K for
PMPS 2.5k Located in Alemina Teasplates with Pore
Diameter of 35 nm

3 -W
nz'{;i’)) h? &‘..U apioent S, Tus
naive -9 -05 068 2000 443 =002
APTMOS -L% -04 064 4 006 &85 & (uw
CITMs -7 -5 OA7 = 003 =0

%60
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nooequilibrium  state to the bulk state, suggests that the
mechanism which govenss the egailibrium kinetics relitald 10
exceedingly slow viscous is pesctically independent of the
surface chemécal treatment.

By analyzing 1,{7), we also found that manopore-confined
polymer necovers s bulk a-relaxation teme characteristic for a
goven temperature, see Figure 98 These results agree with the
recent studies carried oot in 20 confinement,” " ket the same
effect was cbserved in polymer thin flms."' ™ Thus, the
confinement eflect seen in 1,{7) can be ehiminated with time.,
Upon such an egailibration process, it 1 expected that the
polymer segments rearrange to attain more derme packing, By
the same token, thoy lose the excess of the free vohume being
the source of the enhanced dynamics Notewocthy, after
subsequent heating of the equilbrated samples, 7, are dightly
higher than the corresponding bulk values (see Figure 9d).

In order to complement the resiskts dervnd from the
diclectsic relaxation studics, we bave alse performed calosi.
metric measurements. The covesponding DSC
recorded for PMPS 2.5k in bull, and 55 nm natve and
silanized nanopores are presented in Figure 10, For balk
sample, it only appears one endothermic evont related to the
vitrification process (T, = 230 K). On the other hand, for
PMPS 2.5k embedded in 55 nm sative and sllanszed pores, the
two glass-transition events are observed. The first one that
occurs at lower temperatures correspoods to the glass
tramwition of the molecules at the center of the poees, While
the other process, located at higher tamperatures, is avociated
with the vitnfication of the interfacal layer. The presence of
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Table 2. Vitrification Temperatures of the Interfacial and Corse Layers for PMPS 2.5k (s Bulk and Coafined n AAD

Nanopares”
nBos Dsc
weth 0.3 K/ th with with with 10 ¥/ roin
heaing with 0.3 l:uﬁluthq- W—- heatieg wu-nblm-; hastizg :‘oﬁuwﬂ;«q
T, r T, T,
o Ty (42) T () e eB% ey MY
natve 245 21y 4 16 49
APTMOS 2% 220 148 5 249
M el ERT) 16 244

"Data were estimated based ca dbelectnic {BDS) and calonmetzic [DSC) measurements

two glass-transition events in DSC shermograms of melecalar
systems and polymers confined in nanopoross alwming has
been reported many times m the Bteratare as the evsdence for
the two-layer moded 74T O the other hand, ane
may expect not to wee two T'% in silanized nanopores. The
interfacial interactions in such cases are expected to be much
weaker compared to native alumina surfice, and the
concentration of surface hydroxyl groups, responsible foe the
hydrogen banding with coafined molacubes, will also be greatly
recoced.

To further explore this msuwe, we have ioveshgated the
cooling rate dependence of the DSC trices and comypare
obtaned results with the delectric data We have pesformed
DSC scans wsing two different cooling rates: 0.3 and 10 K/min
followed by heating with 10 K/min. The results collected in
Table 2 inelicate that slower cooling rates shif the ghss
transition temperature of the core fraction toward higher
temperature irrespectively of the paticalar surface condibans.
As show cooling & an equivalent of the anncaliag process, we
can imagine that the polymer chams have enough time to
lecally rearrange and form a more densely packed structure
with an increased valoe of T From the calocimetric results, we
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also found that the changes in the surface chemistry peactically
does not affect the values of both T 's.

The presence of the two-glass transition events i DSC
thermograms of PMPS 2.3k confined in native and slanized
nanopores 15 quite the opposite to the results of the dicdectric
stadies As noted before, a charactenistic kink in 7,{7') Is often
ascribed to the vitnfication temperature of the interfacial layer.
Thaus, the bulk-like behavioc seen m the temperature evolution
of the segmental relaxation time for PMPS 2.5k embedded
within 55 nm CITMS-tewated porws might  indicate that
slusizaices impedes stable iaterfacial layer. On the other
hand, we had also observed that the segmental dyvanucs in £5
nm alemina templates show bulklike features when slowly
cooled or annealed below the crossover temperature. Thes
wosald imply that the evolution of the a-relaxation time for the
nanoconfined polymer is, in some wny. insensitive 1o
immolilization of Intesfacial layer at T, . Discrepancies
between the glass transition behavice obmad s the digdectric
and calommetric stodies might probably asise from the
decoupling between molecalar mobility and glass transition,
As reported i the Bteratare, at bange confioement Jength scales,
Ty and 2, are not eguivecally redated and could be profoundly
docoqalullnnxhncac.dynmucghummmm
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ature determmed from the 7. (7] may not necessandy match
with that obtained from the convertional DSC.” ™™ The mont
strking ndicatioas decoupling between vitnification kinetics
and the a-relasation were reported for the ultrathin polynser
films with markedly depressed T, that exhubit the dominant
budk-like chymamiox

Lastly, to gain some Lnsight into In the content of
the interfacal kayer, i particular dependence on the cooling
rate and suwrfaze conditicas, we have estimated It thickness
using the heat capacity changes in the two-T,'s region™”

103
) Gtz
= 7

where d is the pore dismeter. The results of the calculations are
summarized in Tobde 3 and serve as the evidence that the

AC,

— Cr.l o

Table 3. Thickness of the laterfacial Layer for PMPS
Confined within $5 am Pores of Pristine and Silankzed
Walls

thickocax of the hesting with 20 Kjmn  beating with 10 K/ e

e Tl e
matree LT L4 =m
AFTMOS T4 107 wmn
arMs IS5 nm .l nn

changes in the interactions between nanopore walls and the
confired polymwr imtroduced by silantzation ar, in any e,
not strong to the formation of the interfacial
layer. We abeo found that the interfacial layer gradually thickens
with the decrease of coaling rate for pative and APTMOS
fumctiomalized namopores. On the other hand, for PMPS 2.5k
lecated in CITMS treated alamina templates, the growth of the
mterfacial fayer is practically independent of the cooling rate.
This would mean that there Is no exchange process between
the polymer chains located in the center of the pores and the
Interfacial regron,

B CONCLUSIONS

In this work, by employlng dielectric spectrascopy and
dffervntial wcarming calorimetry, we have ievestigated the
Infloence of surface modification on the segmental dynamics of
PMPS 2.5k confined i nanoporous alumina templates. For
that, we have used two quite different sllanezing CITMS
and AFTMOS. The former, more hydrophoboc, neplaces the
hydroxyl groups attached 1o the pare walls with timethyisdane
umits. While the fatter one was to form more complex
cyclic structuges or three-dimensional networks, as reported for
thin films prepared ca silicon substrates. However, based on
callocted data, we instead exclude this situation for 1he
ATMOS-based coating of the aluming poce walls. The results
of the divlectric stulios revesd that for the studied polymer
lecated in $8 nm pristine and silhared nanopores, the 7, (T)
shows & strong depenslence on the thermal treatment. The
bullklike evalution of the segmental relaxation teme can be
restored upon  decreasiog the cooling rate or long-time
anncaing. Iaterestingly, the time scale of sich an squilibeation
process was found to be independent of the particalar surface
chemstry. Ia contrast to temperstuse evolution of the
segmental refaxation time, the confinement effect seen in
becadening the abuss peak s not ciminated by chemical
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medification, the surface of the pore, noe prolonged annealing
experanents.

In contrast to dielectrc relaxation studies, the results of the
calorimetric meassremwnts reveal the presence of two glas-
transition events ls DSC thenmogrims of all considered
systoms, meaning that the changes i the interfacial
intesactions introduced by both sl nts are not
strong, enomgh to inhibit the formation of the interfacial layer,
Although the two glass transition scenasio was confined by
DSC traces, thero ix no chear evidenco that the immobdication
of the lnterfacial layer at T, , ., has any impact on the 7,(T) in
confined geametry,

It showdd be soted thar the silanizatson is, in general psuch
Jess effective in terms of Bydrophobic functiomalization than
ODPA-treatment of AAO. In this regand, the distinct quality of
the porewall functionalization may akeo expliin the partially
contradicting results foand foe the ghssy dynamics sepoeted
here, Just as reported by Sentker et al™ in the case of the
mobeculas ancharing and the phase bebavioe of the liquid
crystals s ODPAtreated AAQ nanopores. Specifially, the
chiemical pocv-surface gralting with silanes newer praduces
edge.on anchonng of the dscotic liquad crystals. On the other
hand, mare robust and hamogeneous bydrophabic surfaces
obtained by the phospbonic functionalimation enforces such
edge-on anchoring in AAOQ nanopares, Some experiments
using surface-sensitive Xoray diffraction show that in a planar
silica surface™™ and silica nanopores™ the silanization
treatment works better on the hydroxylared silica serface. In
opposite, on plinar aluminam oxide surfaces, the phosphonic
acid lnking gives mece ordered self-assernbled mosoliyers
than silanization treatment ™' Our results might costribute
1o & betrer understanding of the glass-transition dynamics of
nanopore confined polymers, especially showing that the
behavioe of napopore-confined systems is strongly affected by
the thermal treatment, surfice chemistry or interfacial
interactions. Koowing the effect these factors will help to
design palymer nanoenaterials with controlled physical proper-
ties and stability eequired for o number of applications,
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Effect of the Surface Polarity, Through Employing Nonpolar Spacer
Groups, on the Glass-Transition Dynamics of Poly(phenyl
methylsiloxane) Confined in Alumina Nanopores
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ABSTRACT: Broadband diclectric spectroscopy and differential scanning calorimetry were used to shady the effect of changes in
the surface conditions on the segmental dynamics of polp{plunylmethylsiloxane} confioed in slemim nanopores. Functionslization
was done using highly polar propyl phospharnic units separated by the assamed concentration of triethoxysiline groups {from N = 0

ta N = 24). By adjusting the proportion between polar units and nonpolar spacers, it was passible to control the surface polarity,
Modification of the surface conditions does not inhabit the formation of the adsorbed layer, as revealed by the presence of two T.'s in

calodimwtric neeults: Howerer, changes in the swsface palarity will prevent the growth of the additional interdayer = between the core
volume and the interfacial layer. Finally, we also found that the changes in the surface pofarity affect the equilibration kinetics and
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ean be need ta control the time wcale of the struchural recovery toward the equilibrivm state,

W INTRODUCTION

Undesstanding polymers beduvioe at the nanoscale level is a
sebject of continwous rescarch dec to the aumerous
applications of palymer materials in microelectronic devices,
selar cells, wmart coatings, nanocomposites, and many
othere '™ The interest in nanoscale phenomena is because
when the size avalible for the polymer chain mobikty
approaches that of fnite length, its dynamic and static
propertiex can drastically change compared to what we weaally
terms & “boldk”. In tuen, confinement & & usique seate when the
intrinsic properties of the polymer matenal depend on the
sample thickness or imposed geometrical constraints,

In nasoscale confinement, a materal's characteristic proper-
ties are dominated by the finlte size effect and Interactions with
the mterfaces or confining sarfaces”™"" In thin polymer flms
wpported by & sl substrate, the finite sive effect affocts the
rdaatios dysamics, the glass-transition temperature, the
physical aging behavice of the glissy polymer, oc the chain
conformation,* ™" Likewmse, by inhltrating the polymer
sample jside olimdrical ranopores, it static and dynamic
peopertics may also change For exumple, when lowering the

€ 20 The Aumvan Aasaled by
Ay LTersndl Saoety

L4 ACS Publications

poce size, the plus-traniiion temperatsre can decrease or
remulns unchanged compared to the balk value™ ™' In
additon, the d-relaxation process, associated with segmental
mobility, broadens and its h decreases.”™"

On the other side, the surface effects also have an eormoas
impact on the polymer’s dynamics.’" " Strong attractive
interactions can bead to the adiorption of the palymer
segments on the surfice by forming bydrogen bonds. Thas
produces a gradient in dynamics across the Sim or nanopores,
resulting in more than ane ghss-trassition event in 2 canfised
geometry. The fraction of the palymer chains anchored to the
solid sabstrate bas reduoced mobility compared 1o the balk
polymer. Conversely, those located away from the sapported
surfices are weakly or entirely not affected by confinement.
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Strong interactions at the polymer—substrate imterface results
abo in the local density distribution that vanishes when
maving away from the coanfinleg surface. In tum, at the free
surface, the polymer chains reveal enbunced mobdzy orders of
nuagnitude faster than the bulk dynamice

It is often climed that glss-transition dynamics in the
confined state is the ouscome of the counterbalance between
finte size and sarfice efiects™ ™ In addition, in some
cases, with the reduction of the thickness, the influence of the
fisite sixe effect can be overpowered by the substrate
interaction. For this reason, undentanding bow the surface
combitions affect the behavior of pelymess and glus-
systems at the nanoscale in an active rescarch topic.™*** "

However, the picture of the nanoscale-confinensent
phenomena seen only as the interpliy between the finite size
and ausface effects is not complete. In recent years, the growing
umbuofupmmnlmd:mepmnuomdm&emﬁ
matter confned at the namoscale level is trapped in an out-of-
equmbn.nnue.hmd:oondum,nmrendefanmy
lorg time.”" The effects seen in confined geom ﬁ-
the thensal history oc the gcouluiam”
provided enough time, confined material can mach the
equilibrium configuration end therefore reduce or even
climinate some of the striking features seen only In cosstraned

JESTATY 1 thin films, upos profonged annest-

mg.t:bcmﬁxnmonohhepolwmchlubawdmw
the substrate is changing due to increased imeversible
adsorption.” """ P d anncaling can dlow down
initially faster dynamics as observed in thin films of
polyl methybmethaceylate) and poly(visyd scetare)."” Plus, it
can restore some of the bulk sample’s properties, such as T,
snd dielectric strergth,' "7 Likewisw, in nanopone confime
mens, one can observe out-of-equilibrum phenomena "
One af them is the ability {0 recover by the system some of the
bulkc properties, such as the temperature evolution of the a-
redaxation time "™ Upon annealing, the polynur cham
packing dmany changes and dows dows the segmental
dynamacs

One of the strategies that can be used to alter the surface
effects originating from the interaction of the polymer with the
pore walls is the chermical substitution of the surface-anchored
hydroxyl groaps by varous crgancstlanes, Numercas exper-
imental stadies demonstrate that the change in the surface
chennistey doe to silabation affects the stroctare of thc
interfacial and core layers,” the glass-transibon
and Increases the hydrophobicay of the surface.”"™™ Hin
Moreover, due to silantxation, the effect of confinement nuay be
partially or completely removed,” " or either become mone
prosounced when the pare diameter & reduced accoed-
ingly. "' The efficency of the silanization procedure depends
o the sdanizing agent that is esed. Foe example, alkytsilines
are more effective in the glass-transition behavior as
compared 1o luorsdanes,” However, the sarface modification
strategies do not involve ooly silusization; there ace other
methods, for example, the use of ODPA (octadecyiphosphonic
wcid), which may affect the crpstallizzation and kocal dynamics
of nanopore-<onfined poly{e-caprolactone),” as well as
contral the phase behavior of liguid-crystalline matesials.”’
Apart fram that an atomic-layec-deposibon technique can be
utilized 1o fuu-tuan the swrfice properties of the confined
nancmaterials."’

Depending on the silanization proceduce, which s used to
modify the susface of the nanopores, the formation of the

adsorbed layer, as well as the segmental mobility, might be
quite different. This we have demonstrated recently for
poly{ phenylmethylsdoxane) confined In alumina membranes
with surfsce modification using two  different  silinization
agents, chlorotrimethylsilane (CITMS) and (3 amdnepropyl):
trimethuxysibine {APTMOS).”" CITMS was respomsible for
replaciag the native hydroxyl groeps with tdmethylsilane units,
while APTMOS provides aminopropylsilane species at the
poce surface. Such a dstinet change tumned oat to have a
significant impact on the temperature evolution of the
segmental relaation tinse and the breadth of the relaxtion
function. Neverthebess, both silanization agents do not inhibit
the formation of the interfacial layer, as the two glass-transition
events were still detected om DSC thermograms of the
coafined polymer.

When it comes to alummum oxide surfaces, silanization s
less effective in creating homsogeseous nonpolse  (hydro-
phobic) surfaces than in the case of hydroxylated silica
surfacos. In tum, thw o of phosphomic acid oe -Imm
surfices gives more ordered self assembled monolayers."’ For
this reason, n this work, we bave modified the surface of
oylindncal alamina nanopores wang heghly pofar phosphanic
acid umits that were separated using the assumed concentration
of nonpofar spacer units. The pore dameter remains fxed, 20
nnt. The use of spacer groups :llom-d lor the compatible
distributicm of the polar fanctional units. "' Because the spacer
units were nonpolr, adjustmg the proportions between the
polar fanctional waits and sanpolar spacers has enabled us to
precisely control the polarity of the surface, With the nse of
soch funcuona¥zed alumina nanopores, we have simed 1o
investigate the segmental dymamis of the stuched polymer,
poly( phenylmethyisdoxane), denoted PMPS 2.5k, The chokee
of the tested material was as followed. At &int, from the
previces study, we know that the glass-transition dynansics of
PMPS 2.5k 15 very sensitive to small frustration in density, and
therefore also confinement effects. Second, by comparing with
the previous results focused on CITMS- and APTMOSreated
nanopores, we can evaluate the infloence of the diferent
strategies used to modify the chemistry of the pore walls on the
gass-tramsition dynamécs in a4 co spaxx, Introducing
hydrophobic conditions at the susfoce tumed out to afect
various aspects of the confined palymer dymamies, This
includes, for example, preventing the foamation of the thixd
mobecular layer, “interlayer”, Jocated in between the adsarbed
layer and coce volume. Fuactionalizatson of the pore surface
with the alternate use of polar/nonpelir units akeo affects the
equilibeaticn kinetscs and can be ased to tune the time scale of
the structaral recovery. Surprisingly, Erespective of the surface
conditions or thermal treatment protocol, we were still able 1o
detect two glass-transition events in calocimetric response of
the comfined polymee, They are typically atributed 1o chain
mobility close to the pore walls and center of the pores. The
values of bath T's shifi shghaly toward higher temparatuees
with Increasing the surfice polanity and after annealing,
Nevertheloss, they are #till present. Results of the didectric
relaxation and differeotial scanning calotimetry (DSC) studies
demonstrate that tamisg the surface conditions could help 1o
get a better understanding and controd over the behavior of
combined polymer materiald in nonequilibrivm states.

B EXPERIMENTAL SECTION
Materials. The tested polymer s poly{phenylmethylalosane)
Ldvled in the test PMPS 250, with M, = 1 300, and polydisperity
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indes (PD1) « 140 We show the chemical stractese of PMI'S in
Figoee 1, The sample was pucchased from Polymer Sowrce Ine.

. L

sle

Figure 1. Chemical strocture of poly(pheoylmethylsilosane) wed in
thic study,

(Camada) as 2 clewr, viscous, transparent Dgeed and wsed withowm
furdher purfication. The gles-transition temperature of badk PMPS
25k deteemined fom the didecuic specroscopy (DS) mesurements
5T, =230K (T, =Tauh:br.slc).-lluhnﬁv-lhbsc.m

1' 1303 K4 Numerom stadies report the 7, valoe for bak
mﬂmmmunmnkuam"‘“v&u = 2 200
and PIN 124, Alesaadris et al obtained T, = 229 K(DS) and T, =
128 K (DSC).*

AAD T and Mathod of Infiltration. Nathe AAD
Nanopores. We huve ueed comsmertially avalable sodired slussnum
oxide membranes (pore diametes of 30 + 6 nm, poee depth 100 £ |
pm) purchasad from InRedar. The membeanes ary composed of
unifoern hesagonad pose aerays aligned perpendicaulas to the surface of
the matenal and pe e entoe thick The channd,
ate aligaod gunlld to other, The diumeter of the aumina
membrane s 13 + 02 mm The porosity of ancdized alumma mode
(AAD) memdranes s 13%. Bofoer filkng AAD merkranes were
dried at 433 K In 2 vacowm oven for 24 ki to semove any volatike
tmperities from the nanochannels In the next step, PMPS way placed
on the top of the AAD membrises, and thea the estire system wis
Toept at T'= 313 K under vacwam for 2 weeks. This allows the liquid to
How inside the nenopores by capillary foeces, The seembeanes were
welghed before and after Infiltracon, We have asaimed that the filling

# completed onie the sos of the manbrane coaves to incewse with
time. Then, the sueface of the meubranes was dred useg delicare
chast-fren tisnee Typically, the polymer mass ineide S0 nm AAD
membeanes varics within 2.1-15 mg.

Chemical Modification of the Pore Surfece. For pore suface
modification, we dave osed AAQ membranes (InRodox) characterived
by the same paraments a5 doxribed shove. We have geepared the
fonctiomaized poroes AAMD matnces cootainieg highly polar peogy!
phosphocic acid waits with an assumed concestration at the surface.
The ww of spacer groups allowed to b the dstrbution of the polar
fuectional weits.” Taking iso combderation that the spacer usins are
noapolar, we can control the polanty of the surface by ad the
frupartions betwean the polar functonal units and r apacers.
The viwal presestation of the nuserad and the idea of using spocer
walts can be seem In Fguee 1

h&bmmﬂlh-ﬁnﬁlrhlmm.m‘

between the polar sad neepolar units, o the
mmaumgmwnm»«uum
representates cmples, contaming O, 1, 3, 6, 13, and 24 nomgolar
spacers per single polar phosphoaic acid wnn. Samples were sarmed
MO-PO{OH},-NX, where X deocted the number of spacers per
ndividual polar unit, Fanctionadaation of the AAQ matrices was
carried oul wnder 2n argoe stmophere using & vacuum line. Solverts
were dried cut and dsolled juit before the wse. Reagents with the
highest avallable puriry were used for reactions. Choroerimethox-
yoibeae (CTTMS), bromernimethonyslane (BrTMS), and tetracthy-
Jerthodicate (TEOS) were purchased fom Sigma Aldeach seud used
as supplied. Vhosphoaatepropyhinethoxyslane, hereafter called
PPTES, was purchased from Syotal Chemicals, The schemabe
gresentation of the fuscriosaluaion peocndure L be seen i Fyguty
A

Before the fnctionalizaton process, we have dned AAQ matrices
weader Vacuasm 2t 3 tesperature of 150 °C fee 24 h 1o remare any
excess water from the pares. Such prepased matrices wadeewent the
wudundmﬁnghmdhmﬁmmunmd

f anits {STEP 1), Hee, we have
detmdthmdmﬁ«pohmbnunhg&wumm
hetween dopanss: TEOS aad PPTES. To do this, messured amounts

ﬁmuwml unit
(b) .n
o ‘:,:,'cm ",.:s.(‘" 0.,ull
09 IN 90 t" v ?\9 [ "-5-
Mum:u oxide

Fagure 2, Vealzation of the AAO semplates (2) and coneept ol’mmgmﬁawhllymgnnnpdwmm (b) Number of N determines

the moler proporticn Setween poker (phosphosc scad) and seepolar (rimethogysiling) usis

101

and ehe vonal polassty of 1he surface,
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4. Goometricaly optimised madds of the fancscnal units (), -Si—{CH,),~PO(OH),)—{3) and wpacer growpe ((—0),~Si-0-

SHO=CH, ) )~=(b) with the disgonal lise which marks the total

of TEOS and PPTES weee mued in toloene (4% sobution) for 2 h
under argon. We have prepared Sve solmtions, which contained
various comcentrations of the TEOS aad PPTES: 01 (fetal
functiomalzation, with no spacers), Lil; L1 6y 120, and 241
(final samplex: AAO-PO{OH),~NO, AAO=PO[OH),~N1, AAD—
PO(OH),~N3, AAO-PO{OH),~N& AAO-TPO[OH),~N12, and
AAMD=PO(OH ), =N24) Completely dried AAD matrices were
tnserved (nto open teflon paramoclives, and the grafting sokutivas
were pomel. Samples were degassed under 2 vacvum 1o
ensure the total fillng of the pores by the solution. Nest, sstechives
wvee closed and kept untouched for 24 b at 3 temperatere of 50 °C
After thic time, the cenples were d with tok z ol o the
pure tokeeswe again, and pat o an ultrsscoic bath for | b to remove
any escesh of the doping soktion asd avaid its polysseration. We
hive repeated e procedore twice for toleens and osce for
dichkeomethane. Afierward, the samples weee deed In 4 vacuum
overnight inssde open leflon autocaves, ready for the subsequent
processing. The ohtzined AAD matrices contam esters of phosphonic
1cd and surface hydreayl units @ asssmed proporness. In STEP 2,
hydrexyl ungts were transferred im0 norpolar toethoxy uress by
sibesuanicons This was achieved by eating the pre-functionsliced AAQ

matnces with a soution of chlorotrimethyisibn in toluene (2% of
kame ). The § dure was the same ax in the previcas step. Abo,
here we have casried out the reaction in desed veflow per autodaves ot
a ternperztre of 80 “C for 24 B We have wadhed the camples in the
mm umﬁm{w:h;nq,w‘&mmmpm
STEP 5) the phosphonic actd diethy] ester groups 1o
#-Muummdmbyw&-qhm&-
solution of bromotomechylaline = toduene (4% of volume) In the
e way 3k in the previous shepa. After washing a=d drping woepley,
they were munessed in 2 mowture of methanol and debalzed water
(11 of volume) te complete the conveesion, The resulting samphes
containky plunsghonic soid units separsted by ticthoxysilane groups
m assamed peopoctions were doed under vacuum aad stoced In 3
jrotective atmosphere of argon, The detailed charscterization of the
mlﬂdahummﬁcuahmﬁmlnno(mquhukmm
be found in the Sep g Iuf

B METHODS

Water Contact Angle. (s oeder 10 chanactesize the vrface
peopertes of the modified alumina substrates, we have measured the
water contact amgle (WCA) usey o drop shape analyse instrument
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Alscvecienio X031, 54 M9t 1A

102



Macromolecules

pubs.acy.ocegMacromobecules

(a} (b) {c)

lyms. Vmof&mmdhmmmnhmmddu

channels with 2 dlameser of $0 nm. ‘15e borderkne cases

d AAO (3) AAD muasiz functionaliced ezducrvely with spocer snits (spacer ==its layer was red
muld—-(b)) and AAD masdx functinnaliced exchasivedy with functions] units (fenctional wits liper wis bhae macked—{c)).

(JC20000D contact angle tester) under ambtent humidity and
tomperature, We have applied the sesile drop teshoique for the
measurement of slatic contact angle. We have wed 5 gL of deoniced
water in each drop. The contact ingle wis messured immediately afree
dropping H.0. For 2 samples, we have checked the variabon in the
cuntact angle with time by takeyg an additiom] measurement alter 30
s from the dropping. There was oo sigaificant dtfesence s the case of
the referonce matenad (pere, unfacctionaslaed AAQ matix). For
functionaloesd alumina, the contact angle was constant in ke
Geometry of the Nanopores. To check the geomsetry of the
functional units and spacer groups, we have prepaced teir sumencal
models and optimized them geometocally. Theoretial caloalations
were carried oul i the g phuse wing the density fancticadd theury
calculations™' avallabie in the Gausstan 09 software package”” The
Md‘lhonuﬂdnl-dmlnwﬁmowﬂdnwth
Becke's hwbed excharge and comelated l’m--pammln with the
Lee=Yamg—Pare ceerelation functional {BALYP)™ and the spha-
valence basis sets 3-21G. Newr, the optimized stroctures were used as
mﬁhfw‘rﬂmoﬂhﬂuﬁmm‘l&nﬂbmﬂh«uwn
tions wing the MOLPRD Hasis Query ef2-T2VP" a2
reascoably accurate basis set withi a redsonable compesational time,
As 2 nemit of the geometry optimtzation, we had obtained 3 fow

hﬂmchmmdmﬁmmmmnmwm
with the wwvestigated polymwer were placed b two
dtmode’nnhadhmnudmmm M-lau-pmtonﬁed
amples were ww 1 ax 2 femn of tamy in the Sequency
riege from 107° 1 10° He The temperature wis contralled wih
sabiity better than 0.1 K by 2 quatro system. The complex diclectnic
penuittvaty € = ¢' = @, where & @ the real and ¢” b the i

part, were collected on (1) dow cooling with 02 K/min froes 293 to
219 K and (4) dow hesting freem 209 to 291 K with 02 X/oun
followed by fast queach (10 K/min). The tme-dependent measwe-
mmabomd«numgaﬂmmudn\b&mfw
w o 20 b ot differerd temp Th tocol for wonch
axpenmants nvolved woodmﬁvom the reom tmp«amnm
wtermedate temperstune or eithes drectly to a selected snnealng
temperature.

onfiowd matersal ceveals stroagly nos-
equiibrium beharior, ‘the polymer samples have experienced exactly
the syme theemal treatment and time-interval peotocals, The diefectne
meastremints were perforssed tsusclasely aer weighting and
ckmlqﬂu!u:ﬁmdthmslqlmk«m,fuw
cowuckers bave dwelled an that subject more carefully and

demosstaate that the mbenaty of the didlectric boss corve foc a4
polynop w AAD semplates changes afiec complets imivbebon

sunforuess for cach molecule, The final configurations of the medd
were selected based on the conformationsl aradysis, Conformess with
the lowest energy had been chosen as the correct ones,

The semerical mmulations alkow for the etsmation of the kengthy
of the fenctoeal wud spacer unis, thiss estimating their bnpac: ca de
pores’ volume. The structures of the optimieed solecules, and their
wives are shown o Figure 4. Ax can be seen, the lengtha of the ypacer
aoits and functicasd grougs are significantly lowes the disrscter
of the pores (20 nm) Thus, In oar optolon, thesr impact on the pores’
volume can be neghghble,

'rh 4 2 Eenficand. »

d with hurectional usits snd spaater
grougs with vanable proportions. One can consider some
of the dameter of the pores 25 3 rewlt of such fanctionzlization. The
spproaimated lmgth of the furctiond unit & 0.75 mm, whiv the
spacer groap lus 064 s (see: Figue 4L Cossideniog thar che
diameter of the pores s 80 am, the nacrowing resulting from the
funchionalization » negigble. M v. the dAfference in the
diameter af the 3 and spacer ity i only 011 nm, and
the infloeace of the proportions between the spacers and
functionalies cannot be woen practically. Figure S wissalizex this
situation. A can be sen, e marowing of the pores @ much lower
than the crrer in mesuriog the poce daes dier the systhesis of the
AAQ matre and the varation (n the diameter of the chammels
Lakewier, the radius of gyration for $hw stodind polymes (PMPS of M,
= L1802) 5 less than L5 nm {~2.43 am), meaning that it 5 moch
smoaller than the dianeter of the coaskdered nanopores (30 nm).
Therefore, 2R/D s 00356

Dieclectric Spectroscopy. DS measuremests loe bulk and
nanoporecoafined PMPS were made with a Novocortrol Alpha
frequency asalyeer. For the bulk sample, we havw med standood
phite=plve decrodes of 20 mes in dmeter soparted by 2 50 um

Interestngly, it can even complesely reverse the wead due to
m‘mo\slmlt&mem&ummw
docreans i intensity with tisve”

Analysis of the Dielectric Permittivity for the Polymer
Confined in Alumina Nanopores. Heress, # diould be aoted that
the naopere condned systes under considesation is an mhomoge
meoos dielectne St inclades the testod polymor located waide the
abeming sudrs Beciuse the clectric feld runs long the maaopore
¢hmk&embwnm&cuxmpmm\hnmh

d wing the equival § of the two capacitons
cmudmpdd.lnndnou,&edldm&pammda
materal (the raw data thae we uemg an

analyzes) Is the sem of the dicdectric permimviry the Individual
compenenty—confined pbnm and alumina mastx—weighted by
the respective vohese fractions™

Eoogeen = Cotenn¥ t (- ‘)"ma {1)

whare g b the poccoaty of the slumesa membrane, ¢, B the
dedectric peemictivity of the aleming mesbeane, and ¢, & the
dlectnic permestivity of the confimed polysser, Thus, for the real and
maginary pasts, we get

b B = ) = 0)
et pu

Fpirver = G/ ¥ @

To dasracterame the dicdectrc permintivity of the mards, we have
measieed the dielectnc signal of the empty AAQ membranes. The
i geesented in Figurs e show thet the values of &' are alnxes
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Fagure 6, (a) Real and tmaginary (inset) ports of the compliex dickectric permttivity for tae empty (sir-8lled) fanctonalized AAD membsans with

froun 293 10 218 K. The & of the

N = 0 reverded on couling

is 30 nm. (b)) Real past of the coaples diclecasic parmittivity for the

enpty (alr-@led) AAQ membrases with pessme and chemically modified serface of the pore walks (from N = 0 to N = 14) 2 meacared at 253 K

temperatare-ndepernident for the fonchomaboed alamma templates
with N = 0 and can be comadered kes-free (inset). [ addition 10 tha,
native and modiied AAO membranes with a pore diameter of 20 nun
show frequency invamance of £/, 3x demonstrated i Figere 65 The
diffe in the of the seeface chemictry 3t the poee walls are
reflected in the valoes of ¢ For aative meropores—rich with OH
groups at the surfaice—the delectrc response of the empty
nmnln-uhl,j\n pared to phe achil-functy

emply L mﬁﬂcdﬂhn(n’ - 1),
ﬁnhg&enqu&ebmdummmemﬂ&o
employ ey 2. The porossty of AAQ mesnhranes wagh 50 nm pooe sizes
s 138, which malen g = 0L13. I the neat step, the comectiva of the
diehectric data for PMPS 2.5k coafined (n such nanopocows cemplates

the pure polymer cuntribelzon weth that of the
polymer—matex composite material. The sepresentative dielectric bs
curve foc the tested polymer confed in native dumma nanopoces s
shefted towan higher vahoer of &7, ax it depends oaly on the poenaty
of the eembeune. The position of the madiome and the becadth of
the o doss peak remacas the same. This & in e with the work by
Abexandrn and co-workers (see the Supporting Isfermation thermn ),
who abio demortrated that the culy vadable, which will be dfected in
soch i the absolute value of the didecic permetivity.”
It shosdd be noted that the scenanio descrbed above refers to the
ideal sitvation when the nanopores are 1008 hled with the
tvestigated samgle. However, In many cases, maindy due to high
viscosity, the polymer mmbotetion withia AAQ namopares: is
-puﬁ:-nl.lchbdlnm:hn:—c.tuunpc—&bbuvdu
g maide the mascchasncl, wod esddtiond corections for some
insulating blockage within the pore e peeded, Thnnnhdou
3 to the procedure descrived in onr mecent paper.”” IF we
assame that the nunopoees are filied wieh PMPS 25k caly up to 590%,
:rmahqmnodﬂof!hea-pc&.ﬂwrdbm&)m
weo Iy polymes, pomsity, and sir comections”
mzﬂﬂm Clh&u—mmb
were carvied out wsing a Metther Toldedo DSC appamatus equipped

with a biquid nitrogen cecling accessory and an HSSS$ ceramic sensec
(heat flus sesior with 120 thermocouples). Tempentie and

80 nm surace modied panas, N=(
:'g T=253 K

124

0A4
T

0,08

0 wreowre . poaey cencion
\' .'m ”“.m

——TT—yr

107 7}'"730 10 10’ m’ w oW ‘o' w

om

Freg Mz

Figare 7. Dikectric foss spectrum for PMPS LSk embeddal within
AAQ manopores of SO see siee with smface modified by phesphorsc
achd (N = 0), labeled as “ " Data were teconded on
shsequent cooling froe 203 to 219 K with 0.2 K/min. The apen
Hue squares are obtalned by correcting the composte dita by the

p-nopamhmwwﬂnmmm{m
complete fillng of the manochannels with the palymer (up 1w 10%).
All curvoe refer to 251 K.

enthalpy calteations were performed by ustsg indlum and winc
sandands. Crucibdes with the prepared samples (bulk or wither
crushed dlumise membrancs confined PMPS) were seuled
and cocled down to 183 K with the rate of sither 0.5, 4, o 10 K/min
side a DSC appecatus. Then, DSC Shennogeams were recondod on
heating with a rate of 10 K/min in the temperature range from L83 o
313 K T, values were detemmined from Beat How deta s the posut
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wrropondng o the midpoist infection of dhe cxtrgpolated ot
and end of e trangbion curve, The tiese-dependent messirerents
were aba carried cut wang the same DSC system Thensal protocol
for sech expestments nvelved:

1. Quench fram T =313 10 T = 235 K

2. Heating 20 T = M 3 K wpon which the DSC thermograms were

coliected.

3 Coolagto 7 < 24T K

& Waiting 3t 247 X for 10 h.

Adter annealing at 235 K, the mple was beated wp to T = 813 X,
Upon that beating ran, we have recorded the DSC thermogram fee
the confined matenial After annealing at 247 K, the sample wae coaled
dowes again to 7' = 183 K and then heated ep whike heat
flow changes continoously voell it ceaches 7'= 313 K. The heating and
cooling ratox were kept constant, 10 K/min

W RESULTS AND DiSCUSSION

We stan by demonstrating the difference in the surface
propertiex after lht functionalization of the ahiming nanopores
usieng highly polas propyl pbmpbork acid wnits aad the
wssamed mmbc ol‘ psilane separators. All
silantzation steps were caurefully described o the peevious
section. It should be noted that after soch treatment, the
wirface propesties of the alaming matrices are expected 0
change significantly. Therefore, the contact angle was
nwasured, The literature data show that the pure AAO matrix
shows hydrophilic properties.™ lnommmh,ﬂu obtained
value of the WCA for the native AAQ panopores i
approximately 35", This vakie decreases to 28" after 30 s
sfter the dropping, powsilly due to water getting inside the
nanopores (see Fligure &), Interestingly, we have not observed

AACE (h AAD: 308

Figure & Results of contacrange measuremenss for the vefereace
ample; natve AAQ matnx

this effect for functionalized samples. In this case, the contact
angle remains unchanged i time, This proves that

functionalization increases hydropbobicity i such a way that
water is not able to penetrate pores in alumina oxide,
Asmanzcmg?\u'e‘) most of the samples show a
hydropbobic character ™ (comact amge of above 90°), excupt
for the sample of AAO-PO(OH),~N0. However, this sample
does not posyes hydrvphobw ;pm but o relatively h@
coacentration of dypolar ups. The
hydropbobicity is obumﬂ‘urlln sample AAO-PO(OH ),
Nu.ommdhgtoourmpﬂou.hthhm\rcluwu
nonpolar spacer units per single polar phosphonic acd grosp.
This material has the lowest dipolar character of the surface.
With lowering the namber of spacers per polar functional anit,
we slso observe incre h ty of the susface. For
tive samples of AAO-PO|OH),—N12, AAD-PO(OH),~N6,
and AMNO-PO[OH),~N3, this incresse & relatively low but
constant Much more significant changes are observed for the
sample contsining equimolas proportions of polir and
nonpolar uushFMO—PO{OH),—Nl}. and the afore.
mentioned mple of AAO=PO(OH);~NO, The dependuncy
of the contact angle on the number of the spacer I
shown in Figure 10. Based an these resalts, we conchude that

100 a
T &
9%
§n~ O
7 *
g LMD ROCH A
Lol O MOPOIOKE N
ARDPOIOH], AR
5+ ﬂ O AASPOOMLN
B AMO-Poion,Aa4
LY v T g v v T
e 5 10 5 n 25
Nurmbes of spacer unils
Figure 10. Dependency of the aaghe a a fanctica of the
menber of the norgolas spacee groupe

ALDPONOHL N1 AADPOIOH| NS

Figure 9. Teaslts of contact-angle meassrements Sor AAD nanoperous templstes contaimeg vanoos concentrations of the polar phosphenic aokd

growgs ol the swrface.

ms?
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with inceasing N, the alumina nanopore properties are more
hydrophobic, In the Supporting Information, we also provide
measurements of WCA for the functionalized nospocous flat
shimiza mafaces and demovsteate that this trend is very
similar,

Experimental evidence demonstrates that the hydrophobic
and hydrophdlic properttes of the confining surfaces mi
vignificantly influence the glass transition symnua
Therefore, in the next step, we have in Mchlgsln!he
sogmental dymamics of the confied polymer induced by
chasging the surface polanty. From the previous work, ™" we
know that in the dielectnic spectra of bulk PMPS 2.3k one can
detect theve relavation processes of differeat molecalar 1
', a, and fFrelaxations. The former one is identified as the
wb-Rouse mode, the secand one is due to segmental mobility,
and the latter one represents more Jocal motions, though it is
strongly coupled t the aructural relaction

Figure 11 presents the dielectric loss spectra foc the shadied
polmer confined within 30 pm-functionaleed AAO nano-

PMPS 2.5k in B nm surface modified AAD, N=24

G40
Tamperatim
® MK . MiX
® 23K LT A 2%K
0034 ¥V K & v 2K an czalty
- e

R R T S T
FreqHz

Figure 11 Diekectric loss specera of PMIPS 25k docated in 30 nm
AND masopures with fectiomaliond pore walls (N = 24) o mwssred]
ot Sffczent temperatures. The spectia shown are for the polymer—
matrix composite matertal and were collected apen cooling with 3 rase
of 0.2 K/min, Collected diclectzic Joes spectra were paramwiericed
g the Haveila~Negami (HN) feection given & duoswn io e’

pores measured at dafferent temperatires, as indicated. In
nanopore confinemwnt, we found the two relasation processes,
@' and @. The slower one. a-relaabion, is very broad and
hardly noticeable due 10 its low ingensity. Interestingly, when
conficed 10 AAQ nanopores, the secondary feeliation & mo
lowger observed, A simifar finding we also reported for PMPS
with higher molecsdar uvelglu—z‘fﬁ (M, )—confined i
native AAD nanopores.” The lack of the f-refaxation under
conﬂummbomnmvw&pwmdywm
epoxy resins constrained in alumina nanopores,'* Sach m
effect might ongisute from the denity variation oc lateractions
with the constraining surface, which nfluences the geometry or

induces confonmational changes. As a eoce, the dipole
maoment libration of the molesule is too.
Ac ]
o) =¢, $ ——m—— + —
: U (o YT ey, (3)

where £, Is the high-frequency limit of the permistivity, Ae s
the divlectric strength, o and b are the shape paramete, o, @
the dc conductivity, tyy denotes the reluation teme, and w is
the angular fequency (o = 2a7), Using HN fittigg paramucters,
the nnomum of loss peak fn.-qucnq_{_, can be caloslated
from the following relation™
LEE)
el M)
l'“N + 2h 24 2k (4)

The anabpis of the collected dieloctris loss spectea for - and
a's processes performed from the fitting procedure has
indudwd the superpostion of 2 HN fanctions, Fnally, the
rehoation tines were obtained by calcolating 7, <« 1/
(2#f,..,). Bucause the intensity of the @'~ peak in alumina
nanopores is very low and the dstibution of the relacution
time is very broad, the obtained 7,{7) dependences were
climinated from sebsequent consideration. We have valy
focuudonth:ngnmnldwmaof!benu&dpolym«
embedded within nanoporous templates with native
functionalized pece surfaces.

Figuee 122 pmenu the temperature dependences of the a-
relaxation time for PMPS 2.3k in the buolk and confined within
AAD panoperes. The resedts were obtaleed upon heating with
02 K/min tollowed by rapid cooling with 10 K/min from 293
to 219 K. The segmental process for the bedk polymer eshibits
Vogel-Fulcher—Tammann (VFT) behnmt, &mfom can be
approximated wsing the wsccreding equation’

L =T 0!‘{ 2
" L T- 11. (s)

where 2, is the limiting relaxaticn time at very
temperatures, I is the activation parameter, wl’nle'l',,ktbe
“ideal” glass ermperatare, often termed 2 1 Vogel temperature.
The results show that the segmental relaxation in phosphonic
awid-functioalized nanopores with 3 varying number of
noapolar spacer groups attached to the pore walls follows
bulk bebavies st bigher temperatares. However, as the
temperature is decreased, we can observe some deviation
from the bulk VFT . These results coincide with
ourpamwtonl’hfhl&kco«inadh“nn:ﬂmnw
and silamized AAQ templates™ as veell 3s numerons literature
woeks reparted for other glass-formieg substances in confised
geometry. """ Faster dynamics m nanopores compared
tolhlmlkwrkaberdawd.fmeumyle,wﬂhﬁmruﬂu
in the density,” "™ dynamic exchange between the surface
hyermdfrumoloahs." approaching the leagth scale of
cooperative dynamics,”’ ar crossing 3 spinodal temperature.”
Ins the next step, we have examined the effect of the different
thermal protocols on the 7,(7) for the investigated polymer
embedded within 80 nen treated and antreated ANO. I this
case, the segmental relaxation times were measured wpon (1)
slow coaling from the room wmpersture with a rste of ~Q0.2
K/min as well {ii) upon slow heating from the glassy state,
which was folowed by cooling with 10 E/min to low
temperatures. The representative resudts for PMPS 2.5k in 80
nm native alumina pores are shown in Fagare 12 As can be
seen, depending ca the protocal t{7T) evolves in a slightly
different way. This incicates that the segmental relaxation of
the studied polymer & in aa out-of-equilibeium state. Notably,
the same effect wax abo seen in termplates with
varying surface polaity. In the temperature region, where the

NP R TR fac macrared 1000 145
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Frgure 12. (3) Temperature dependence of the segmental rdaation toees for PMPS L5k coafined to 52 s in diameter natwe and fosctionalied
AAO nanopores with a varying number of nospolar =p Fer single pods phesphonic acd unit (from N = 0 to N = 24), The semperature
dependence of the segmental redaxation time for the bulk polymer & shown &s a reference. The data were seasaced oo slow hestiog from lower
temporatures; (b) 7,(7) for the tested polymes located in native slumizs nanoperes measured by following two differeat thermal protocols Data
wire obitained egher on ceoling fram hagher temperatures ce an heating from lower temperatures (followed by gquench) The Blue line i the VFT
fit, while the green lne represess Anhenies £t to data. The T, vidues fur DSC and DS are also shown for reference.

{a} PMPS 2.6k in 20nm AAND

3 ' B N
10 w W "’mlﬂ w 10

Figure 13. Companann of the shape of the i-relxation fnr PMPS L5k confined to natrve sad surdsce-modibod AAO nancpores with 30 nm pare
dired 44 medsurcd o slow heatey frose the ghosy seate ot tvo dfereat tenperatuses, that s, (1) dbove and (b) bedow 4 charactedtatic kisk in the
7 A7), Bk spectra are given as a reference.

obtained dependees do not follow the VFT behavior where AE iy the activation eneegy and 1, & a preexponential
: i . 2 factor.

“'Y““"_'-"'":n“ Shs ol of v5 spiog o At this point, It ts worth noting that the temperature at

unsan - which the @-rdaxation time starts to deviate from the bulk

AL dependence (we labeded it in Flguee 12b as T,) Is often related

logt=r,,u;{-——] to vitrification of the interfacial Jayor, that is, the fraction of

LT (6)  molecules with retarded mobility due to interactions with the
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1
PMPS 2.5k in 80 nm AAO (Nativa)
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Figure 14, Standard DSC traces recanded for PMPS 25k bocated i 30 nm native AAO aasopares. The peotocol of the measscement s shown in
the tnwet, Samples wore first cocled to 183 K and ssheequently beated with 2 rate of 10 K/sun,

pore wells.'” Such & conclusion bas been deawn by combining
the results of the delectric rebuation and calonmetric studies
systems confned in nanoporous
' On dn other band, by extrapolating
r,(‘l’)uaxdd.thmtmpmmmls.d\cglw
transition temperature of the remaining
oorcmlmeunbcaumntd.l’mmtlmwgd.
2135 K and T,;(DS) = 241 K By comparing the ‘obtain
ressalts with that extracted from the calorinsetric studies (dmwn
lntbefuthupaﬂo‘thispp«),wlomdamygood
sgroement between T, (DS) and T (DSC), which reflece
vitrification  within the core volume. However, a marked
ducrepancy was cbaecved at higher temperatures, where the
clal layer Is expected to witrify. We suppose that this
related to the emarmoss sensitivity of the PMPS
to densty frustration, which can be
nducc& for example, by changing even very dlightly the
ol.

We conclade this part by noting that for smtreated alwmina
nanopores, the change i the segmental relaxation time s
virtually the same as wien we precisely contral the polanty of
the surface by adpusting the peoportions between the polar
functiomal units and noopolar spacers. Thas is a very sarprising
resalt, espechally thae for PMPS 2.5k confined within 55 nm
ahmina templates with surface modified wsing either hydro-
philic AFTMOS or either mare hydraphobic CETMS, we coald
see 2 clear difference. In that case, the polymer dynamics
confied within AAQ membranes with the surface modified
using APTMOS {contact amgle value 28.16") was faster
compured 1o the bolke While for the surfaces treated with
CITMS (the WCA ~907), we have not seen any deviation of
£,(T) from the bulk behavioe,” Conversely, the coafinement
effect was deasly seen on DSC thermograms s the two
distinet glass-trans®ion events focated sbove and bedow the
vitrification temperatures of the balk polymer were detected,

Apart from the asalysis of the segmental relaxation times, it
Is also essential to compare the distrimtion of the a relaxation
time for native and phosphonic acid-functionaled nanopores
with respect to the bulk polymer. We peovide such comparison

in Figure 13ab, For the confined sysems, the obuerved
spestral broadening 18 widely reported in the hterature. In
addition, it edicates that the segnseatal relaxation becomes
more hﬂenﬁmcws in a spatially restricted environ-
ment.' T Ag reported in the literature, by the silanization
of the inner pore walls, the beoadening of the a-reluabon peak
in confinement might be even th eliminated.” ™"
However, the results presented in Figare 133,b show no virtual
difference in the breadth of the ercluation peak for PMPS
25k confined within treated and antreated nanoporous
templates, neither at ligh nor at lower temperatures. The
distnbution of the a-relaxation time foe 3 nanopore confimed
samples ie practically the same. It i evident that sanopore
confinement itself is responsible for sigrificantly broadening
the relaxatian tene distribution. A particular serface condition
plays here almost no roke.

To describe mose quantitatively the shape of the o-loss peak,
muthﬁzcnudupomtgfm.ﬁmmthl{nhlnm:hnnd
Williams and Wates function””

¥ (7
where Ao, vanes from 0 10 1. it shoudd be noted thar the
value of fgy decreases with increasing the width of the
relaation spectrum, The wvalue of the stretching exponent
obtained for PMPS 2.5k was confined in 80 nm alusuna
nanopores with varying surface polarey a5 messured at two
different temperatures located above and bedow a charactenistic
Kok in the (7] dependence is 0.21, while for the bulk
poelymer, we get 0.44. By the obtained valaes, we
Tound a pronounced broadening of the a-loss peak in confimed
geometry, which—as mentioned before—is & typical sign of
incremsng heterogencous relasation dynamics in the presence
of geometrical manoceastraints. On the other hand, the change
in the surface conditions from N = 0 to N = 24 practically does
not affect the distribation of the arelaxation times. At this
point, we would like to recall our previous study on PMPS 2.5%
confined withie alumina templites with the surface of the

@ = A exp
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pores modified wsing different silanang agents, CITMS a0
AFTMOS. The steetching exposents obtiined foe the CITMS-
treated pomwuo.id while for a more hydrophiac APTMOS
surface, we get 028" Both values are farger compared to
those reposted in the present work. Based on that fnding, we
suppose that the becadth of the relaxation Ranction, a1 least to
some extent, senses changes In the chemical nature of the
surfoce, However, the differences in the surface conditions
incduced by contralling the proportions between the polar
functional wnits sod sonpalar spacess do mot make here any
additional changes.

To confirm and verify the resalts derved from the dielectne
mwasurements, we have also pesfarmed DSC for PMPS 2.5k
confised i native and surface-modified nanopores. Foe this
purpase, we have performed DSC scans nsing three different
cooling rates) 10, §, and 0.5 K/mim, followed by beating with
10 K/enin. The results collected in Figuee 14 indicate that the
number of glass-transition events for the native AAO
nanopores decreases with decreasing the cooling rate. With
the fastest cooling rate weed in this study, that is, 10 K/min, we
were able to observe three ghsstransition events, while the
Intermediste and altradow cooling rates geoerate ooly two
T,'s. This type of observation was reported for the first time by
l.a and co-workers foc poly(methyl methacrydate) comfined in
slaminu sasopoees.” The odigin of such & phenomence was
redated to strong interficlal interactions between the polymer
chains and the pore walls that can propagate into the center of
the pore. As a result, an additional layvr—so-called an
intedayer—is formed. The intedayer is situated in between
the core volunee and adsorbed layer. Such a gradient
mobility results in three ghss-transiton events: T, (for the
cote volame), T, (for the interfacial), and 1' {for the
interlayer), The fom.\uon of each lLayer is a stroagly

noaequilibrium  process; theretare, their thicknesses can
chuange with time or the cooling rate in a different way.

Interestingly, as can be seen In Figure 1S—c, In DSC
thermograms of the studwed polymer confined in alumina
nanopores with the meddifid wsrfice polanity, we have not
observed the prosence of theve U In contrast to sative AAD
nanopores, only two endothermic processes were detected in
such caxes, When changing the number of the monpalar space
miulmm N = 0ta N = 24, 2 small bet systematic increase of

Ty and Ty, vabaes i observed Compared to native AAO
mnoyom. T, valoes con‘espondm; to the core volume are
always Mﬂly higher in silanized manopores, while for the
interfacial layur, they anv lower, Herwin, it is worth mecalling our
previcus study on PMPS 2.5k confined in AAQ
with pore walls modified using CTTMS and APTMOS. In that
case, we have alwo ohserved the presence of two glass-transition
temperatures reflectimg interfacial and core dynamics, while no
calorimetric signatures of the lotedayer formation. As we
suppose, silankzation of the surface walls cannot mhibst the
formabion of the adsorbed layor with frastrated dynamics,
However, it effectively weskens the speead of the gradient in
dynamics toward the center part of the poves.

Recent studies on polymer thin films and manopore
comfingment highkght the important role of noooq.n'bbnum
phenemena in determising the behavior of confined
forming systems at the nanometer length scale ' 4%+ ot
In the presence of spatial restrictions comparable in size with
the codl dimemsions, the polymer chains cannot approach an
aqailibriven conformation within the tinve typically allowsd for
processing or stabilization of a mew condition. As a result of the
frustration in the density, deviaticas in seguvental mobility is
observed i a confined space. Neverthelas, when provided
enough time, outofequdibdum chains can partially or
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polymer at Ty
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Figure 17, (main) Segmental ndaxstion tane plotsed v the temperatuse for the bulk PMI'S 2.5% and confired to 8 nm AAD nanoperes with

native and modified sucfaces (poku/moapolar spacers, N = | and N « 24). The resoks were collected befoee (“Initial™) and aker {“recovery”)
annealing at Ty, = 247 K; prevcasly, the sesglex expenence two different thermal treatssenst protocely (up jump from 243 K and down pmps

froas 293 K). The solid line sepeesents the fating of the bulk dats to the VFT eguaticn. Towt shows & dose-up view of the data

completely rebax and approach an equilibrivm confgueation
charactesistic for a given state condition. This causes changes
in the properties of the confined polymer with time.
Therefoce, for the completeness of the present study, we
wish to focas ca nonequiltbrium phenomena taking place
nanopare-canfized geometry, and the role of surface chemistey
in recovering the bulk-like behavice with time. For that
purpose, we bave carried out time-dependent dielectric and
cadorimetric measurements in the sclected temperature
conditices lecated just a few Kelvins below T, for a peniod
of up to 20 b Themual protoced for such expeniments involved

quenches from the room temperature to a designated
annealing temperature with or without an Intermediate
temperature jump. In the Jower inset of Figure 10, we show
representative time evolution of the diclectnc loss spectra for
the PMPS 2.5k confined in 80 nm AAD nanopores with 24
nonpolar group epacers at the surface after 2 jump in
temperature from 293 K to Tougy = 247 K The shift of the
aloss peak toward lower frequencies with time mdicates
slowing down of the segmental dynamics. After wasting for a
subsequent time at Ty « 247 K, the @ velaation peak ceases
to shift. Eventually, the confined polymer reaches the
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Table 1. Fitting Parsmeters from the Stretched Exponential Fanction Describing the Eguilibration Kinetics of PMPS 2.5k
Located in Native and Surface-Modified Alumina Templates with a Pore Diameter of 80 nm

anple
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» A ~457 —4.49 i “3A8 “hin
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rddaxation time corresponding to the bulk sample (within 3—4
b of annealing). This cecovery phenomwrson we can follow by
analyzing changes of the r, as a functioa of time. Foe clarity, in
the main pase of Figure 16, wo present the mitial and final
values of t, (noted as “down jump”). The same equilibeation
behavior was abio seen in other cases. For both pative and
surface-modified nanopores, at a selected annealing temper.
sture Ty = 247 K, it wav possible to recover a 1,
charactesistic foe a bulk polymer, as shown in Figure 17, By
looking closely at the initial values of the a-relaxation times
measured at Ty » 247 K (inset in Figure 17), we found that
for the samples that experience the xame thermal protosol, the
fastest dynamics & seens I native nanopoces, while the slowest
ooe in functionalzed pores with the greater number of
nonpolar spacer gromps N = 24 (Le, the most hydeophobec
Deves )

To analyze the equiltbration kinetics in confined geametry,
the evolation of the a-relixabon time wpea annealng was
descnbed wsing a stretched expanential function given s

L= wesp(=tin) + b (8)

where 7 &5 a characteristic annesling time. The ftting
parametens for confined polymer mamples are callected in
Table |, The results indicate that foc the down jump (from 293
1o 247 K}, the equilibeation time increases with increasing the
namber of nonpolar group spacers attached to the pore
surface,

Apart fram dolng a down jumg froen the equilibrium state of
faster dymamics (293 K) to the nonequibbrmm state of dawer
dynamics (247 K), we have akso carrled oat time-dependent
measurements at the selected annealing temperatures Tyyy =
247 K in the upjump conditions. To do that, the tesed
samples were first cooled down from room temperature to a
pee-mitial annealing temperature, Ty SK = 243 K. At this
temperatare, the sample was allowed to completely recover so
that the 7, approach the value charactenistic for a bulk pelymer
at a given temperatare. Only after that, an wp jump m
ternperature was pecformed from 243 10 247 K, The upper
inset @ Figure 16 demonstrates the cocresponding changes m
the divlectric Joss spectza recarded for PMPS 2.5k confine in
silanized manopores (N = 24) upon the equilibratson process at
Tasw for such cases, Tn contrast to the dowis-jump cooditons,
the segmental mobility Is reduced comspared to the bulk, but it

increases with time. The peak maximum shifts
taward Bigher frequencies and eventually reaches the same
ration time as foe the bulk (it takes ~2 h). Although the
depths of the up and down jumps are not the same (AT for
down > up), we can still extract some interesting information
regarding equilibcation phenomena in a nanopore confine
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ment. A close stody of the inset in Figure 17 reveals that the
initial values of the a-redaxation times, messared at Ty = 247
K immediately after an up pamp, follow a completely different
trend than that seen for down-jumg condstions. Initially, the
segmental mobelity of the coafined PMPS is the slowest in
AAQ nanopares with N = 24 nanpolir spacur groups per single
polar unit, while its the fastest in native nanopores. The
amalysic of the wquilibration kineticr with the wie of the
stretched expocential function also reveals a very interestng
finding Namely, with increasing the number of nompolar
spacer groops at the pore surfice, the confined polymer
recavers toward e um faster, Tahle | lists the parameters
obtaimed from the analysis of the (1) with the use of a
stretched exponent. For better visualization, i Figare 15, we

T " 24T K
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a
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= 204 Adw g fom Te241 K
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Numbsr of non-polar spacens

Figure 18, Dependence of the annealing time for the different ratio
vilues between polar and nonpolar unis wsed for surface modifcation
o AAD nanopores. Dashed lines represent annealing time condtarts
hmlln nmopens.

dso sammarioe the bvhndov of the characteristic annealing
tumes as a function of the ratio between the polar and noapolar
uniss, In the cse of wp jumps, the hydrophobic sarface
conditions facilitate recovery In confimement, while for the
down jumps—they are not favorable. Froem that, we presume
that by changlng precisely the surface polasity, it Is possible to
control thye time of the stroctural recovery toward the
equilibclum state.

In lme with the didectric measurements, we have abso
pedformed annealing experiments using DSC. The two tested
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Figure 19. (1) DSC protocol wod for PMPS 2.5k in B0 nat AAO temglates with the varying pore seeface polarity, N
were recorded on the heatang from T« 235 to 1« 313 K after anneding at T« 2358 K; corves (2) were collected on the heatig
= 313 K after prior annealing 3t T = 147 K for 10 h, curves (1) refer to the measarements oa the heating from 7' =

Tamp X

= 1 and N = 24, Corves (1)
from 7'« 18310 ¥
1830 T = M3 K without any

prior annealing. Pands (b) dow DSC thermograns {and beat low desseatives) mdicatiy different 7, values for N} esd N = 24, sespectinely.

D&. dnmmmdnlon heating with & rate of 10 K/, following cooling with 10 K/min

samples were PMPS 2.5l¢ confined in AAD manopores with
mwodificd surface polarity, N = 1 and N = 24 Fguo 1%
llustrates the detailed steps of the experimental procedure.
Politsdis et al. reported that without crossiag the low 7, the
higher T, does nct appear on DSC scans for sl 4-
polyisoprene confined in AAO panopores.”’ Keeping that in
mind, we first im to test & T, can be detected on DSC traces
of the studied confined systems when T,y & not crossed. The
anneading temperatuce T« 235 K matches these requivement
conditivas. Therefore, after cooling from 313 to 235 K (T, <
T < T,,), the samples were sotbermally annealed for 2 h.
Then, the heating scan was performed from 235 to 313 K
(without cooling 10 Jower temperatunes). The results, a5 shown
in Figure 19byc {blee lines), demonstrate the presence of 7. in
calorimetric dats, though we have not cooled down the mnph
to lower temperatures, that & below 7y, From that, we see
tha lhe appeaum:e of T, s not oonnﬂmml conceming

o Interestingly, tbesamemdnnumsakom;de
fox Pb mps with a higher molecular weight (21.7k) confined
within 100 nm AAO nanopares. The resslts of the calorimetric
studies, which asw presented in the Supporting Information,
demanstrate that the presence of high T, does not depend on
d\cmluduwaw,hmwas-lﬁﬂund‘dby
Floodas and co-workers.”™ Ia the next run, sothermal
anncaling was pecformed at Ty = 247 K for 10 h After a
given annealing time, the sample was cooled down to 183 K
and thea measured wpon subsequent heating (ie, upon
crossing the tymperature region #t which 7., is observed),
Lastly, the sumple was cocled 1o 183 K with 10 K/min and
reheated at the same rate, while omitting the annealing step.

Rl

112

Figuew 19h shows the obtsined resalts for the texted polymﬂ
coafined in ALO with the two limiting surface
polanity conditions, N = | and N = 24, respectively. The first
important information extracted from the theawograms is that
proloaged annealing carmied cat at 247 K doss not dear ont
completely the confinement effects on heating, More
specifically, even f the eguilibrium state iy rogained i the
previows step, swbsequent cocliog of the sample 1o lower
temperatuces deives it out of the eguilibriom again, The
equilibation phenomenon ks, however, seen in the raluu of

T, and Ty, After prolonged amnealing at 247 K, T,

toward higher temperatures, whale T, toward lower tzmyer
mmwhnmmwdwﬁ!ﬁwrmwd(mmuled)
sumples,

It is still not entirely dlear why the two 7, scenarias are
sometimes seen for the nanopare.confined mpks. We have
detected it o all of the cases, though the inner surface of the
pores was moddified via different strategies, mchading changes in
the polanity and bydrophobicty hydrophebcity. This suggests
that the presence of T, does not depend strongly on the
sutface chemistry. The modification of the surface conditions
aiens 1o afect the specific interactions of the palymer with the
confining walls cassing T, to disappear. Howeves, the
presence of two T's has aiso been seen even in the absence
of strong imteractions for other systems”' Ome of the
possibdities, noted by Wang et al, is to link high and low
T, seen i nancpore confinement with 2 vanation in the
tlln)ll)‘. which for the regions closse to the smooth pores induce
deaser packing, while for the regions away ftvm the potes
results in consistently lower density areas.’’ Such an
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explanation would explain the dlnppmue of two T,
soenarios for rowgh pore walls,™ Vdultkcunmmuh
shows Is that the particalar surface chemistry can esther
premote or hinder the equibration phencenena that bring
back the nancconfined system to the time scale of the bulk
material.

It showld be noted that except for the pasticular changes in
the surfice conditions, like that induced by controlling the
namber of noapolar spacer groups attached to the nasopore
wally, the interfacial enorgy ix expected to play 3 significant role
s controllmg segmental dynsmics of the pofywer under
nancpore confinement. Thes was demeastrated for polymer
materials by Alexandris ot al.™ as well as for the low-molecular
compounds by Talik et al™* Typically, with increasing the
interfacial between the polymser and the alumina
surface, the glass transition temperature of the core fraction is
decevssed comgueed 1o the bulk material. On the other hand,
as interfacial energy incresses, the glass transition tempecature
of the interfacial laper was found to increase. By knowing that
this ks a general trend observed for numercus polymers and
madecular systems in confired , we bave determined
the surface and mterface of PMPS 2.5k and alumina
whstrates (native amd modified). The details of such
cilcalation can be found in the Supporting Information. The
results presemted in Figure 720, demonstrate that with
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measurements pecformed at reom temperature

increasing the number of noapolar spacers at the alumina
surface (from N = 0 to N = 24), the interfacial encrgy between
PMPS and the considened confinmg substrates increases, from
~7.4 t0 125 mN/m This suggests stronger interactions of the
polymer with the substrate with increasing number of nonpeolar
spacer units attached to the alumina surface. In contrast to
that, when charggiog the wumber of the noapolar space units
from N = 0 to N = 24, the dfferences i the values of the glass.
transition temperatures recorded for core and interfacial
fractions are only within few Kelvins (DSC data shown in
Figare 15). Both systematically mcrease, but still the observed
differences are very subtle. By combining these two findings,
we can conjecture that, for the series of the mvestigated PMPS
samples confined in AAOD templates with modulated surface

polanty, the changes in the interfacal energy do not produce
well-pronownced differences in T, valwes for the core and
Intecfackal layers. However, it does not mean that the interfacial
gy between PMPS and aleming templates with either
native or modified pore walls is insignificant. As a matter of
fact, t should have a sbistantial effect on the confined polymer
dynamics. We can expect that by taking into xoounlnhqe
downward shift of the Mmhm temporature in confined
geometry, that s AT, T et Which for the tested
polyturuappm&umhnrmﬁ) to {—18} K. Based on the
literature data, the estumated valoe of the Interfacial energy for
PMPS with similar M, ~ 2200 g/mol confined in native AAO
templates is 7.4 mN/m."" In contrast, akmost 0o shifk in T, &
observed bthﬂl extremely low interfacial energy, 74
- 15 mN/m

B CONCLUSIONS

In this woek, by employing DS and DSC, we haw investigated
the Inflaence of the changes in sorface polarity on the
segmvental dynamics of PMPS 25k confined in susoporoes
aumina templates with 80 nm poce dlameter. To control the
surface conditions, we have functionaliced AAQ membranes
using highly polar propy! phosplorc units separated by the
assumed concentration on nospolar tnethoxysilane groups. By
adpustiag the propoetions between polar functsonal usits and
noapolar spacers {from N = 0 to N = 24), it was possible to
contrel the polarity of the sueface and, therefose, also the
hydrophobic character of the pore walls Indwced in this way,
clunges in the sudface conditions tamed out to affect vadoss
aspects of the confined polymer dynamics. The most
signilicant caes incdude reducing the geadient in maobility
that propagates from polymer chains bound to the
poev wallx into the center of the pores. Chemical modification
of the surface prevents the formation of the interfayer located
botween the interfacial layer and the corv volume. The
interlayer is seen as an addwtional glass transtion event oo
DSC thermograms of the nanopore-confined palymer,
Calonimetric results also indicate that in none of the studied
samyples, the modification of the surface conditions ishibits the
formation of the adsocbed Jayer. Therefore, upon cooling, we a
deviation of 7,(T) from the bulk bebavior ix observed, With
increasng the sumber of nonpolar spacer groups attached to
the pare walls, the ghsy-transitbion temperatures assigned to the
adsarbed Layer and core volumse progressively shif toward
higher temperatures. As these changes are very subtle (only
within & few Kelvins), they cannot be seen clearly in £, {71) for
the confined polymer Becanse i the temperature region
Jocated bedow the glass-transition temperature of the interfacial
layer, the confined polymer is m an out-of-equilibram state,
we were able to stedy the stroctural recovery. The balk-like
evolution of the segmental relaxabion time can be restored by
prolooged annealing. Tnterestingly, we found that the changes
in the surface polarty affect the equilibration kmetics and can
be used 1o control the time of the stroctural recovery towand
the equitbrmm state. In the case of the functionalized
nanopores with increasing the number of sonpolar spacer
units per single polar group, the recovery from the confine
ment effect is favored for up-jump conditions, while retarded
when doisg down temperature jamps. This study also shows
that the breadth of the reluation function is am important
parameter that can sense differences & the sarfice conditions.
In confined geometry, we typically observe a pronounced
broadening of the a-boss peak that can be itself affected jast by
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changmg the functionalization strategy, In this picture, our
rewalt sheds new light on the role of the surface conditions on
the glass-transition dynamics of the nanoporecoafined
polymen, specifically, knowing that the bebavior of nano-
pore-confined systems ase strongly affacted by varlous factors,
such as thermal treatment, surfice chemnistry, or interfacial
Interactions. Unde their individual role and complex
interrelation will help design polymer nanomaterials with
controlled physical propesties and stability required for many
spplications
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1. Verification of the individual syntheses stages by means of infrared
spectroscopy

To verify the correctness of individual stages of the syntheses, we carried out infrared
spectroscopy on the representative sample.

Fourier transfommation infrured (FTIR) measurements were performed using & Thermo
Scientific Nicolet iS50 FT-IR spectrometer equipped with a standard source and a DTGS
Peltier-cooled detector. The spectra of silica thin films were collected in the 4000-650 cm'’
range using a VeeMAX I with ATR uccessory ut 65-degree incidence angle and a Ge flat plate
crystal. All spectra were accumulated with 16 cm™' spectral resolution and saved in 200 scans.
Water vapor and carbon dioxide were subtracted from each spectrum, and baseline correction
ani peak fitting were done using the GRAMS software package.

Afier each step of the synthesis, samples were dred and measwred. For the research, we used
the representative sample contaiming a single spacer per single functional unit. In this case, we
were able to estimate comectly the variation in hydroxyl units and CH, units during samples
processing. The IR spectrum can be seen in Frpuie 51,

+yO vCH,

Absorbance (a.u)

Wavenumber (cm™)

Fiovre S0 Infrared amalysis of the reference sample (unmodified AAO matric) and
functionalized one on individual stages of functionalization AAO pores. For the analysis. the
representative sample containing one spacer umit per single functiomal group was used, Data
presented in the 3800 - 2500cm ',
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The infrared spectmam of the reference AAD membeane s composed of broad and asvimmenric
shape bands onginated from the hyvdroxyl groups. The chuaracter of this band is stnctly
associated with the high dynamicity of hydeoay! groaps with the changeable donor-aceeptor
(OO distance involved in the formation of the H-bands,

As a result of functionalization, the character of the band arrangement in this region has been
changed. After the grafting procedure {1 stagep, the intensity of the hydroxyl-related band
shightly increases due to the introduciion of a more significand number of 0N groups o the
sysiem as a result of hwdrolyeed silano] groups attaching {precursors of spacer units). This slight
mcreasing 0 the OH vibrations inensity can idicate, that some of the salanel groups were
aitached by a single or double -5 boond. The full width & half maximum (FWHM) of ihe
hydroxyl band increases concerning the reference pointing o the Si-0H units. Finally. propyl
IJIE“'I:,II pln’iﬂphmulr achivated new !-:inrlu. -::-I'\-:hl‘:]li-mw related to I|:'||.- x].'rnnu:l!ril_' amcd ilh}'n"ll-'l'll:ll‘il.‘
stretwhing CHx €x=2.3) maodes,

The silvlation applied on the 11 sage peactically vanishes the hydroxyl group and in
consequense, the infrored spectrum of such membrane 15 & confimmation of the efectiveness of
the functionolization. As extra proof, the increase of the intensity of the CH, hands and the
appearance of extra bands abour 3000em-1 was observed on the specirum. These resulis
confirm the appearance of the trmethylsilyl units insade the pores,

Finally, convening the dicthyl phesphonate units into the phosphonic acid groups corresponds
to the appearance of the hydrosyl-relsted bansds and lowenng the intensity of the CH; banads,
The intensity of the OH bands observed tor the AAC membrane after the 11 stages tormed oot
to be slightly lower than the refercnce AAD membrane, while its FWHS indicates, similar o
previousky, the mndom distribation of the denor-accepior bond distances. However, both
information confipms the specessiulness of the membrane functionalization.

2. Verification of the synthesis’s efficiency

In coder 1o confimm the assumed number of functional units in the samples, we camied ot
indirect evidence baesed on the elecirochemical techmgues. The techmigue that i hkely o detect
even trace amounts of the metal ons in such samples is differential pulse anodic siripping
voltammetry (DPASY), To do this, we synthesized shightly meodified samples. The first
difference lay in the matnx: we wsed the matenal with no removed alomimeme substrate, By
applying reversed potential, we obtained direct connections pores interior 16 the aluminm
elecirode. It was necessary for carrying out the electrochemical measurements, Anothes
difference depended on the additional stage of the svothesis: activation of the phosphoric acid
groups by copper wons, plaving @ mole of a marker, being available w detece by DPASY. We
prepared the samgles with the same concentration of specer units as for the primary materials,
This procedure of functionalizition was depicted in Fpore 50
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Flovre 520 Schema of functionalization AAQ matrices containing phosphonic acid groups by
copper ons,

The first three steps were unchanged, To carry out functionalization, we soaked the AAO
matrices containing various proportions spacer units to phosphonic acid groups in the solution
of 0.1 g of Cufacac): in 50 ml of tetrahydrofuran (THF). We carried out the reaction in closed
Teflon-parr avtoclaves at the temperature of 8U°C for 24 hours, The resulting samples were
washed with THF several times in order to remove any excess copper salt. Afterward, samples
were dried in a vacuum overnight. The samples' nomenclature was similar to those non-
functionahzed by copper: AAO-POOCu-NX, where X is a relative number of spacer units per
single functional group.

We have also prepared the reference sample: functionalized non-porous alumimum oxide, In
this case, we assumed no spacer 1n order to have as many functional units as possible at the flat
surfuce. The synthesis procedure was the same as for the porous matrix. and the sample was
named AO-POOCu-NO.

The differential pulse anodic stripping voltammetry can get quasi-quantitative results since the
surface area under the DPASY peak is proportional 1o the number of detected charge camiers.
In this case, we would be able 10 compare the relative number of copper ions in the samples.
Assuming that each phosphoric acid unit would contain exactly one copper ion for the correct
synthesis, the number of phosphoric units would be equal 1o the number of detected copper
cations, A simifar procedure was presented in our earlier work [Applied Surface Science 481
(2019) 433-436].

The differential pulse anodic stripping voltammetry (DPASY) was carned out using
potentiostat/galvanostat SPISD  (Biologic) at room temperature in the three-clectrode
configuration, The working clectrode was the prepared sample. As the counter elecirode, we
used a platinum plate, while the reference electrode was standard Ag/AgCl. DPASY
measurements were carried out in 0.IM NaNOs electrolyte solution. For synthesis and
electrochemical experiments, we used custom fabricated Teflon cell, allowing for the
application of the substrate ot the bottom

The DPASV spectra of the investigated samples are shown in Fiooe 55
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Provie S0 Differential pulse anodic stripping voltammetry (DPASV) curves recorded afler |
min electrolysis at -00.25 Vin 0.1 M NaNO: electrolyte solution using AAO samples containing
vartous contents of copper ons anchored via propyl-phosphonate units. Conditions of the
experiment: pulse height of 2.5 mV, pulse width of 100 ms, step height of 5 mV, and step time
of 500ms.

Considering that this peak is absent for the non-activated sample, these results confirm the
presence of incressing contents of copper-containing groups in the matrices, What is more, we
can see significantly Jarger peuks for the porous samples than in the case of functionalized flat
alumina (AQ-POO;Cu-NO). Since we deal with 4 much more developed surface area for the
porous samples, this peoves that the interior of the pores is functionalized, Looking ¢loser af the
variation of peak areas versus the functionalization level, one can be certain about the syntheses'
success. The highest area under the DPASY can be observed for the AAO-POO:Cu-NO sample,
according o expectation. Such a sample possess the highest assumed number of phosphoric
acid units. Almost twice the lower peak area can be seen for the AAO-POO;Cu-N1 material.
Indeed, such o matrix possess @ twice lower sssumed number of copper-containing groups. Fous
tmes Jower peak s assigned for the POO:Cu-N3 sample, again, according to synthesis
assumption. A similar wrend can be observed for the remaining samples. Of course, lower
concentrations of the copper-contiaining units (higher concentrations of spacer groups) can be
connected with relatively high ermor. However, the trend seems o be evident. This proves
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indirectly that we can obtain assumed proportions between polar phosphoric acid groups and
nonpolar trimethyl silyl molecules.

3. Water contact angle of the functionalized bulk aluminum oxide

We carried out the measurements of water contact angle also for functionalized non-porous
alumina samples. As a basic material. we used 0.5mm commercially available alumina plates
(Merk Ltd,, Germany). The functionalization procedure was the same as for the porous murix,
The samples' nomenclature was similar to those porous: AO-PO{OH):-NX. where X is a
relative number of spacer units per single functional group. Also, in this case, we measured
static contact anghe using a Sul drop of DI water, Resulis of the measurements can be seen in
Freure S4.

Frowre 54 The results of contact angle measurements for the bulk alumina containing various
concentrations of the polar phosphonic acid groups at the surface.

It can be easily noted that the tend of WCA variation is very similar to those measured for
modified AAO matrices. We presented WCA plotted versus the functionalization rate in 1o
83,
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Flevre 55 The dependency of the contact angle on the number of spacer groups.

In this case, however, the initial jJump of the contact ungle s kess significant as for the case of
porous matrices. It can be explained by the tack of porasity and less developed specific surface
area; in the case of AAO matnices, the number of surface hydroxyl units was much lower, Thus,
variation in this number was less significant,

The WCA for the unmodified bulk alumina was higher than for the unmodified porous matrices.
The comparison of both materials can be seen in | ipure 56,
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Frowre 56, The juxtaposition of the water contact angle for unmodified maserial: porous aluming
oxide (AAO-left) and bulk alumina oxide (AO-right).

An important observation was that for the case of bulk alumina oxide, the value of WCA does
not change in time.

Summing up, the comparison of the results of meosuring static contact angle for porous and
bulk alumina shows that the trends in the variation of WCA plotted versus functiopalization
rate are very similar, Thus, measurements of WCA for porous samples ¢an be used as a tool for
the characterization of the surface properties,

4. Discussion on the effect of thermal treatment in DSC curves and the
presence of 2 Tg's

Recent studies on the absorption kinetics of ¢is-1,4 Pl demonstrate that the molecular weight
have a strong impact on the adsorption Kinetics as anticipated by scaling theory [1]). For that
reason, we have made an additional set of experiments, but for PMPS with higher molecular
weight (My= 21.7k) confimed within 100 nm AAO native nanopores, Same as demonstrated in
the main paper for PMPS 2.5k, the idea was to check whether high T2 15 also seen when we do
not cross lower Ty region. The annealing temperature was set Taw=260.5 K, which is again
Ter<Tann=Tg: The snnealing time was 15 hours. Afterward, the heating scan was performed
from 260.5K to 353 K (without cooling to lower temperatures). The obtained results are shown
in Flpure 57 As can be seen, the presence of Ty 18 still detected in DSC thenmograms. So, in
contrast to confined cis-1,4P1, 1t is not conditional at all. In | e 57 we also show the DSC
curves for the empty 80 nm AAD nanopores that experience the same thermal protocol as that
filled with the studied polymer. As can be seen, there are no additional thenmal events detected
in this case, Additionally, we also add an instrument baseline. It is not clear yet why for the
studied polymer we observe the presence of high T, while it is not scen for the other material
hike cis-1,4 Pl studied by Floudas and co-workers, One of the possible ideas might be related
with the differences in the sensitivity of the segmental dynamics to density frustration so
possibly also confinement effects {for example as reflected by dTy/dp=178 K/GPa cis-1.4 P,
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while 2800 KAGIPa for PMPS 2.5k,

In comparing cis-1.4 PI with PMPS with respect to crossing the lower T, in the DSC curves
roree parsmelers should also be proveded (a) The rano JEa for the two cases amnd (by the
interfocial energies e.p., PUAACD v PMPSAAD) The degree of confinement ZREpD
considered for 1.4 cis PLin [2] is 0005 (100K in 400 am pores) and .22 (50 in 63 nm pores].
In case of PMPS: 2Rg/D ~0,035 (25K in 80 nm pores) and Q09 (217K i 100 nm pores), These
values indicote for relatively weak confinement. According to the literuture [3] the imterfacial
enargy for PEAAC s <95 mMm (Ma—B0H gfmol), while for PMPS/AAC 7.4 mMAm (Me=2200)

gimuol),
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Frgure 57, DEC thermograms recorded for PMPS 21,7k confined to 108 nm poes as measured
on hesting with 20 ESmin. The sample was previewsly onnealed ot T=26005 K for cither 1 or 15
howrs, The DSC response from empty membrane and instrument baselines are also shown.
Somples were cither guenched aith the rate of 200 Kimin to 152 K and measured afier thot, or
hented up e 353 K withewt going 1o lower lemperatunss,

5. Burface and Interface Propertics of PMPS 2.5k and modilicd alumina

The sobd sorliace Erhérgieﬁ of native and modafed sl oimina suhﬁlrﬂlr-_ﬁ as well ax the
surfuce free energy of the investigated polymer - PMPS 2.5k - were caleolated aceording
Orwens-Wendt methodi4] wsing contact angles valoes (8) for the two test lguids, woater and
glveerol, The contact angle values on pelymer and alumina substrates were mepsured using the
sessile droplet method using ulrapure solvents at room femperatune. I should be noted thar
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ditodomethane and twoluene cannot be applied in this case because of complete spreading on the
alumina surface. According o this procedure, the total surface free energy y is a sum of
dispersive and non-dispersive components, y%and ¥, where the latter one comes from non-
dispersion intermolecular interactions such as hydrogen bonds or base-ucid interactions

y=y9+y™ (S1
So. for the Tiquid (here polymer), the surface energy is given as
Ye=rl+y® 2
while for the solid substrate (here flat alumina)
ve=n+r®8h

The general relationship between contact angle, 8, solid surface energy, vs, the surface energy
of the liquid, v, and imerfacial energy, y ¢, is defined by Young's equation

Yis = Ys = Y.cos8 154)
Knowing that the work of adhesion is

Wa=vitrs—ris (55
axt

wa=2( Joi )+ Jortve9) o
The dispersive and non-dispersive components of the solid surface free energy can be caleulated
according 1o the following equation
¥o(1+ cosf) = 20y8yE )V + 22 - yMYM2 (87)
which gives

2
ol
Pegleoxdy 43 ) feo 0,4!)‘4:_@

l( - [lite)

2
— n.,(mo\,m-z‘r;’yf, »
ys — {5SY)
tjym

Where &, and ik are glycerol and water contact angles, 78, and y are the dispersive and noa-
dispersive compooents of the water surface energy, while rf, and y,[',t" wre the same components for
glycerol. The dispersive and non-dispersive components of the surface energy for water ( rfs=2l.8 4';7"
and yilf = 511';'!) and glycerol (y,‘f,,=37 'l-ﬁ and y,'; = 26.4%&). s0 s the valoes of surface tension
for glycerol ¥y, = 63.4 ™ and water ¥y, = 72.8 - were tuken from the literature.[5.6]

158)

v =

Based on dispersive and noa-dispersive components of water and glycerol, the total surface free energy
of solid substrate (native and modificd alumina) was determined. Following the same procedure. we
also get 1 and pff values. Then, using 1) 57, the overall surface free energy of the polymer was
estrmnated. The results of calculations and contact angles are summirized in 100 S1.The valve of yg =
36,85 oblained for flat ulumina surface (native] agree very well with the literuture datu (36,3%).
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Likewise, the value of y, = El.ﬁ%iluumﬁm foe PRIPS 2.5k im0 thas sily matches with thas
reporied by Alexamdris et all for PRIPS of similor molecular weighs Moo= 2819 plmol (305 mMim), [3]
The interfucal CHETEY e PMPS 2.5k modifsed alumema subsiraies was estimaied from "Ilil.lﬂﬁ_lﬁ condact
amgle { oy S as well s using lsirsoniie mein equation |7

Fer =¥+ ¥ —ﬁ[rdrd]—d ¥ =i
w =¥t ¥ rf_‘_‘]’«rr. T

Wiere ypoand pgoare the sarface free enecey of PMPS 25k and alumina subsirases (natlve or elther
maodified), n:xpu:liw:l].'. We found that the value of yep, = T',-!I-% detarmmimed for PMPS 2.5k el nobive

aluming at reom temperatune agree very well with that reported by Alexandris et al, (=74 %‘J- The
resules collected in [oble =1 demwensrates that interfacand free energy values deduced from B 500 are
shightly higher companed to that determined from Youny's equation. Mevertheless, in bath cases, we ses
akreedd of moreasng yop values with increasing the nimsber of pon-polar spacers altached 10 e alumina
surface. This supggesis, that with ircrcuzing the namber of sen-polar spacers & the aluming surface, the
comnfined polymer inferacts more stronply with the substraie

Fable 51 Surface and interfuce propenies of PMP3S 2.5k and aheming substrates (nutive and madified)
Wl roin lempenin

Comtactmngle ) | 20 | L | v
d Gh;:'ﬂ w;:‘; rE ﬂ’r ¥s :P’! ?fd ¥i bri%“ qlzzﬂ'mp
Tﬂm o U T943 . - - 15| 833 | 3148 . .
mive | G221 | 6499 |1146 (2539 (368s| - | - | - | 74 | 1258
N=b | e | 72 |9sa {mar(3ne| - | - | - | sm | 1134
Nel | sbs1 | B198 | 676 w6726 | - | - | - | 7 | 1ee
Nad | 8931 | 8983 | 456 (13 [war| - | - | - | 9o | 1342
Nes | 9492 | o509 | 353 (1671520 - | - | - | e | 1499
n=iz | 24 |0z | zas | e [oae| - | - | - | i | ieee |
M=24 1% B3 1021 | 219 | B.T9 | IURE . : : 12.56 17,36
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Glass Transition Dynamics of Poly(phenylmethylsiloxane) Confined
within Alumina Nanopores with Different Atomic Layer Deposition
(ALD) Coatings
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ABSTRACT: Dielectric spectrascopy [DS) and differental scanning calorimetry (DSC) were employed to study the effect of
changes in the surface conditions on the segmental dyramics of poly{phenyimethylsiloxane) confined in alemina nanopores (AAQ).
The inner serface of the pores was modified by wsing the atomic layve deposition techmigque, Coated membraoes include 5 nm thick
layers of hafmium oxide, titanivm oxide, and séficon oxide, exbibiting different wetting properties. Modification of the surface
conditions dramatically affects the interfacial Interactions between the polymer and coofinng susface. The interfacial energy
calculations indicate a decrease of yg, value from 18.7 mN/m in Si0,-coated to 0.5 mN/m in HEO <oated nanopores, The results of
the diedectric rebuxation study demonstrate that the segmental relaxation time of confined PMPS 15k depends on the theanal
treatment peotocol and the bydrophilic hydeophobic character of the pore walls. From calormetric measunements, we found that
the two glass transitions events are stl observed, even In the absence of strong intesfacial Interactions. Values of both Ts do not
depend strongly on the chemical nature of the surface. In this way, dhanges in the glass-transition behavior of the tested polymer
confined in ALD-costed o t be raticealized in terme of the polymer/substrate interfacial enengy. Eliminating strongly
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that soft matter under nanoconfinement can weman in this
state for a very long time,” On the other bund, it was also
ohserved that the long-time annealing experiment could
remove the confinement effect, and the polymer dynamics
can recover some of its bulk features ™" For example, in
thin polymer films, prolonged anmwaling slows down the
dynamics’ and affects the conformation of the polynser chaiss
placed near the substrate due to lmeversible adsorp-
tinn 1O The outiafequilibrium behavior is also
seen for glas-forming materials confined in nanopores (2D
confinement),” ™™ Numerons studies indicate that upon
anpealiog the polymer chain packing density changes, slowtog
down the segmental dynamics; therefore, the confined material
can recover—at least partially—its bulk properties,” ™
However, the enarmous impact on the ghss transitoa
dynamics in the cenfined state b also dee w the swurfice
interactions.”"***°=** In ghort, the catcome polymer
dynamics in nanoscale confinement is considered as the
cutcome of the balance between finite sie and  surface
effects, ™™

The surface effect arises From the interactions betwesn guest
molecales and the hard-confining walls of the nanopoces.
Genenally, this effect m native nanopores, which has a
hydrophihic profile, leads to 2 beo-layer scemario. We
differentiate the intestacial layer, where the molecular mobilicy
closer to the pare walls is slowed down,”* and the core fraction
of the molecules with enhanced mobility.*“*" The primary
mechargsm of the interactions between the sample and the
pore walls ix bonding, which can be remowd by the
chemical substitution of the bydroxyl groups anchored to the
surface via the sllanbaton process. Previous invesbgations
show that the glass transition temperature'” and the hydro-
philic character of the inner poce walls™ ™ change when
replacing the hydroxyl groaps at the surface by using variows
silane a;mu.“ Furthermore, the foemation of the core—shell
structure in surface-mexlified nanopores seems to depend on
the cooling rate.'” Some previous reports suggest that
slanieation can partially or entirely elimivate the enhinced
@ass transition dynamics under confinement.” ™' On the
other hand, decreasing the pore diameter makes this effect
more noticeable.”'*’

Changes in the glass transition dynamics caused by
silantation depend on the slane agent. Some silane agents
are msore effective in creating homogeneons hydsophobic
surfaces on alumina surfaces than others. Thas, @ turn, might
have 1 significant impact on the temperature evoluton of the
wegmental reloxation time, These fndings were discussod in
oar previcss woek, where we used alumina membeanes coated
with chlorotrimethylsilane {CITMS) and {3-aminopropyl)-
trimethoxysilane (APTMOS)™” As a matter of fact, more
precise control over surfice conditions = when using a
phosphonic ackd fusctionalization. This steategy can involve,
for example, the separation of highly polar phosphoric unéts by
a controlled number of nonpalar spacers. Interestingly, our
dats indicate that in such a case precise control over surface
polarity might prevent the formation of the intetlayer between
the adsorbed layer and core wolumse observed In native alununa
nanopores,”’

Apart from that, atomic layer deposition might shed new
light on the role of surface conditions in determining the glas
tragsition  dysamics in manopore confinement, ALD i a
modern thin film growth technigoe that allows contralling pore
wall composition and the pore diameter “° ALD coating of

130

AAD manopares provides a compasitionally uniform surface
and maodifies the hydeoxyl growps peesent on the sarface, Mare
specifically, ALO; layers remaove isalated hydraxyd groaps and
keep only hydrogen-bonded hydroxyl groaps, Theretore, ALD
alumina coatings are free of defects.” Chat et al have shown
that for the maolecudar liquid dimethyl phthalate, confined in
alumsina nanopeees with different ALD coatings, changes in the
hydrophibiaty 'h hobicity of the surfice do not affect
significantly the molecular dynamics and the value of glass
transition temperatares for both interfacial and core hiyers as
compared 10 the native nanopems.’” Ou the other hand,
madification of the hydrophilic—hydrophobic character of the
pores can be used to contral the crystallixation tendency. In
cantrast, for the stroogly polar molecular liguid S-Methoxy-PC,
canfined  within aleming nanopores with 3 hafivm  oside
coating, it has been demonstrated that the molecular
mavements slow down.” In both cases, It was observed that
when the surface was more bydrophobic, the a-relaxation peak
broademed.

In this work, we report the effect of changes in the surface
condition on the glas tramition dynamsics of poly(pheayl-
methylsiioxane) (PMPS) confined within cylindrical ALD.
coated alumma nanoporex. For thix purpose, we have
pedformed dickectric spectrossopy and differential scanning
caloremetsy, We chose a 5 nm thick omde coating of hafnum
oxide (HfD,), titanium axide (Ti0,), and siticon cxide ($10,;).
They show different surface properties, from hydropbobic to
more hydrophilic, Furthermore, they are suitable components
for nanotechnology applications. PMPS wak chosen foe this
study becase even a msinienal frustratics in the packing deesity
signehcantly affects its glass transition dyramics m coafined
space. In line with the previous study results, ™' we how that
chunges in the surface character do not erase the confinement
effect. Therefore, two glass-transition events are still detected
In DSC thermograms. This &s an astonishing finding, especially
by taking into account the cxcepthonally low value of the
interfacial energy between PMPS and HIO, (74 ~ 0.5 mN/
m), In turn, the analysis of Raman spectra (shown in the
Supponing Infoemation ) that the observed structural
modifications within PMPS 2.5k chain come primardy from
the confinement effect. Changes in the surface condition result
oaly in the higher structural modifbications within sithaxane- and
aromatic-refated bands. There are 0o other aoticeable
differences. The results of this study, togethver with the
previous one, keep the question open on whether the presence
of two glass transition events seen in cylindrical nanopores is
indeed related to the mtersctions of the comfined sample with
the rigld walls or some other phenomena taking place close to
the surface.

What this study brings new, compared to the previous work,
iv also that the inner surface of the pores s modified by the
chemical deposition of (hard) inoeganic layers onto it In
contrast, the typxal modification of the nanopose susface
conditions mvolves silinization [soft-ocganic coatings). It
should also be highlighted that the methodology of the
present woek assumes keeping the same tested  polymer,
cylndrical pore geosetry, and #s size. This idea has 3 more in-
depth nseaning because the only vartable parameter is the
surface properties of nanopocoas material, while typecally,
different ghiss-forming materials are embedded within the
native nanopaorous abumsing templates. As will be demonstrated
in the farther part of this paper, this has allowed us to evaluate
changes in the polymer/substrate interfacial energy and its role
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in determining segmental dymamics in confined space from a
completely different point of view, Apart from that, the resalts
show that the ALD technigue is 2 very effective strategy to
tune the polymer—sabstrate interactions m confined space in
an extensive rasge. By knowing how the polymer matetial
behaves i the presesce of variows sarface coatings, either
coganic or incagankc, we can fcilitate ouwr knowledge oo
mnoscale pbenomena to modulate different properties of soft
matter systems and further development,

W EXPERIMENTAL SECTION

Materials. Poly{pbenylmethyledesane), hibded in the text
PMPS 25k was purchased from Polymer Source bnc, (Canada), The
molecalar weight of the tested matersal (s M, = 1800, and ns
polydispersity index (PDI) = 1.4, The chemical strocture of PMPS
can be found in Figae L The number of monomer sobwsits does st

CH. CH.

X

Pigere 1. Chemical stracture of paly{ phenyimethylalonane ), used in
thes wtancly,

eu,—cu,-

exceed 20, so It can ako be considered more formally &5 an oligomes,
The ssrglde was provided as & clear, viscow, transparent liquid and
usd wihou! further purfication, Usaally, T, ditermmed from
adxuunhmﬂmduudeﬁmdsamcmmnm
segmental relaation time 7, = 100 5. Howerer, to be comsistent with
the previous lteratsre data, we have defined the gliss transition
temperature of PMPS by wing 1, = 1 & The value of T, detenséned
mmemuw(m)abmrmmu
230 K™ n tom, based 0n difirential scanning calorsmetry {DSC)
data, the reported valas of T, = 2303 K*° As typically ohserved for

I)twmnn-uh,d-nbofﬂo- dbion temperatere for PMPS
increises with the moleculas weighe 77 Aloandes ec al stedied
PMPS with M, « 2200 and PDI 115 and fowed T, < 229 X {05} and
T, = 228 K (DSC), " which are in good m-mho-muln

Mommwcm We kave uaed 3oodned
duminum vxide [AAD) menbrane wih ddferent ALD <
(poee dlameter of 25, 30, and 100 nm, pare degeh SU jan | that were
fabricated by Inredox (USA), The membranes are composed of
uniform arrays of unidirectionzl and non nanopoces
More detads about the ALD technology applied to AAD nanopores
can be found on the supplies’s website. The dissscter of abasieg
membeanes with derent ALD costings Is 10 mux, and its thackness s
30 wm. We hawve used membranes with 5 nm thick layers of the
following axides: HID,, 500, and Ti0,. In thic way, the actuad pom
dissseter shouk! be redoced from 23, 50, and 100 am 1o sespectivey
15, %0, and 90 mdcdledpmnyofnuopoun-dmdm
study varies within 20—24% and the pore 10°=10" em
Inchependestly, we bave pedoemed N, adsamtion) qom-nlm
to confirm the quality of supphed mimdbeanes. SEM images were also
takea o adentify the surface sorphokogy. These eesults can be fonnd
in the Supportsag Information,

Before infikration, the membeanes were doied 2t 353 K in 2 vasumm
wwen foe 8 b to renove dl volatile imgrerities from the ranochannes.
We bave not lecreased above this temperature becawse HIO, might
mﬂmm&uuy&ahuplmathhummmwlﬂeho,
is mat stabi spon gedd anmealin eratures chow 80 500
“C7 Befare and after lnhhnﬁon.:l e m e were weighted,
Then, the PMPS 25k were placed on the top of the AAD membranes,
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and the eatire system was kept & T = 308 K under vaconm for 2
weeks. This allows the capillary flow, The filling was completed when
the mass of the membrane ceamed to inerease, In the end, the
membeanes were deied by ssing delicate dust-&or tissues. The dogree
of membeane dlling was estimated by usksg two approaches that
employ either membrane porosity or pere density. The details can be
found i the Seppecting Informaion, Typlcally, the polymer mass
isade 50 nm AAQ nasopoces with vanous ALD vanes from
Q07 mg (for HIO, and TiO, kepers) te 1,1 mg | for SO, biyers). Thus,
the determined percentage of filing wis more than 0%,

Methods. Confact Angle Goniometry. The sesdle deop technique
usmg & JC2000D comtact anghe tester under ambient bumndsty and
temrperatue was employed to mesvare the contact angle. Ultrapare
water, formamside, DMSO, etbylene ghycol and glycerol were used =
tests ligquids, The contact angle was mewsured Immedisely after
dropping aed newt with the intesval of 5 5 to checs the evolution of
CA. We did not obmerve sy sigaificant changes; thus, the fist
measurement was taken under consideration, We have used 5 pl of
sobvent in each drop, The average valoe was nbtained s« the average of
severd independent messurements.

Dielectric Spectrascopy (DS) Dielectric measure-
ments for balk and manopore<onfined PMPS were made with 2
Narcontzol Alpha frequency analyeer. For the bulk samsgple, we usw 2
standsed plate—pivte dectrodk of 20 mes in Sameter wparated by 2
50 pm Tefoa spacer. A Teflon spacer wian used 10 ossietain fixed gup
between the cectrodes. The ALD-cowved aummna membranes filed
with the ted polymer were pliced between two roend
mmlmmltl«xwduwilhl&anmrnfmm Bulk and akumina
membranes with ALD 1 | s 2 danction of
lm@eumv:mthefreqomtyfnggﬁmw“(o 10 He. The Quatio
system controls the temperature with stability better than 0.1 K The
complex dielectnic permativity ¢* = & — ¥, where ¢ is the real and
#" is the imagmary part, was seconded o (i) dlow cooling with & rate
of 0.2 K/min from 293 0 219 K and (&) slow beatag from 219 o
293 K with ~0.2 K/ave dfter quenching (~10—13 K/min) s the
#assy state. We use two &ffierent thermal protocols to venify the etfect
of thermal grotocol on the confined polymer dyramics. For this
mmnnu--alurwrydmmdm‘fm-mcmumpm or

s - 1y vn .- m

fe should be remembered thar the delecric dats measwred in this
way show a moatrivial combenation of two mixing signals coming from
confined PMPS 13k and porous aluming, Thus, befare any anakysis i
perfomed, correction of the raw dats & needed. The problem of
heterogenoos diclectric systemn, sach o altrin aasopocres Hlad
with the soded polymer, can be considered as a system of wo
capacttors conpected panalledly i an electric arcult. [n sach a way, the
pman of tbe ow—d\u being weighted by the

are additive. However, the additionsd
m-"mmmhnmlhmundwhﬂtkmmm
enteely filed with the polymer, la this case, the systess can be
modeled as serles capacitances. This has been demoastrated recently
for lumina confined sonu hquid g entally, in the
diclectric apectza, the srgaps (dectrode blocking), # karge caough,
mykmpondﬂ:brlhpmcdna-wmqw
reloason and devate the o rdoation to higher frequencies.
However, this is act the case In this ody. As demonstrated in the
Soppocting Information, the comective, which indudes the con
tribration coming fom the matris and incomplete poew Siling/ar gaps
[~10%) with the tsted palymer, eodifics only the intessity of the
dielectric permurtivey whie not the position of the segmentad
relacasion or exher its shape In the previous stody, we have alwo
eaded wp with the ssme finding ™" Neverthaless, one should bear n
mind that such comation iy d befeee  evaksating the
conductivity behavice of onic kguids & mnopore confnesent or
when the airgap contribution Is moce dominant.

Differential Scanning Caforimetry (DS A Mettler Toledo DSC
spparatus. was wed o perforn calodmetric meamiements. This
spstemn hias o liquid m cocling sccenory and an HSSS ceramc
sensor (leeat lux sensor with 120 thennocouples ). lndium aed 2iac
staadards are wsed for tempenture aad eathalpy calbations
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25 nm AAD noncpores

5O nm AAQD fenopores

100 mun AAQ nanogpeves

25 nm AAD nanopores

50 v AAD nasoperes

50 v AAC nonoproves

100 nm AAD nanopores

Figere L. Contact anghe measurements for the AAD manoperes with different diees and ALD costogs measurod for water a8 & test Jguid.

(3l SOnm [ALD: § rm of FI0.)

N

\

1w 10" 18' u'P 10* 10° 10*
(B} 100nm {ALD: 5 nm of Si0,) Frea/Hz — T
0,025 4 00 codling =
ooz *
[¥]
0,015

Figere 3. Didectrc boss speara of PMPS 2.5k recorded (n () S0 s abunina sanopoees with 5 nm MY, coating and (b) 100 e auming
nanopores with S nm S0, coatimg, ‘The spectra for the polymer—matric composite matenals were measuwred epon cooling with a race of 0.2 X/min.

Crocibles with peepared samples (balk or crushed alumina
embeanes contalning confined PMPS) were sealed and cooled to
168 K with & 2 K/min rate iosde the DSC machme, Then,
cakeimetsic data were reconled on heating with 1 rate of 10 K/min in
the temgenture asge from 133 1 293 X From beat llow data, T,
wis defined as the temgeroture comesponding to the midpoior
tnflection the eatrapolated transtion curve at the onmet and end.

W RESULTS AND DISCUSSION

We start our investigation by demanstrating the comtact angle
results for AAQ nanopoces with differest ALD costings and
pore sizes. In this way, the nancporcas templates were
characterized by thew hydrophilic/h hohic charactes. We
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want to note that the inner surface of the walls for cach of the
membranes was covered by a § nm thick ALD coating of either
HO,, 5i0, and TiOy; consequently, the actul pore diameter
Is reduced by 10 nm. The contact angle results measared for
water a8 a test liquid are presented in Figuee 2. Herein, it
should be noted that the surface has hydrophilic properties
when the value of the contact angle & lower than 907, The
surface becomes bydropbobic with the increasing contact angle
(above 90°), The bterature data demenstrate that the native
nanopoees exkibit hydeophilic properties.” ™

In our case, the with 510, and TiQ, have « more
hydrophilic surface (especially $i0.), unlike the HFO,
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Figere 4. {3) Campariscn of the Jeti watal relaxation time for PMPS 2.5k confined 1o AAQ ssnopores with

(poee siaes S5 v and MD-coaned—('acmnl p«: size 40 um)

mdmmemumdbymmdﬁenmm«nulpmtomkmm

paned show aradaxation tmes recorded oa dow deating price to the sample was quenched from the room temperature to the temperature regica

deep in the gassy state. The Inset shows the

dependence of the ardaxation time measored oo coolmg from the room tempesature

with the rate of ~0.8 K/nun. (b) Evoletion of the segmental relaxation time for PMPS 2 3k confimed to AAD membranes with SI0, ALD coating s
a fanction of diflerent poee sizes. Ita were measured on heating. The bloe line reprasents the &ted VITT function to the bulk data. The rosults for

the bulk polymer wire shown o 2 reference.

membranes, which are rather hydrophobic. Farmer exper-

imental work confirms the hydeophitic pature of sificon’’ and
titaniwm  oxides”" and the hydrophobic properties of
hafnium oxide coatmgs.”* ™™ In our previows stady, function-

alization was prepared by adjusting the propoction between
kighly polar phosphoric waits and nonpolar spacess. In such a
case, we have discovered rthat the hydropbobic properties of
the surface mcrease with hmﬁng, the number of nonpolar
wnits per single polar group.” Funﬁmuon. literature data
suggest that the ghiss transition under nanocoafine-
ment might depend cn the hydmplﬂkﬂy/hydroyhoblnty of
the inner pore walls, %"

A dielectric relaxation study was performed to investigate the
glass-transition dynamics of PMPS 2.5k in coafined geometry.
Froo our peevious study of PMPS 2.5k, we know that for the
bulk muterial in the dielectric loss 4 Spactes we €xa distinguish
@', -, and Jerelaxation processes.” The a-relaation is due 1o
segmental mobifity, while the fFredaxation process describes
more local motions, strongly linked to the stractural relaxation,
On the other hand, «'relaation is due to the sub-Rouse
mode. Figure 3a presents repeesentative raw dielectric loss
spectra foe the studied polymer embedded within S0 nm poree
with HRO; coatng, while Figure 3b shows the 100 nm poco
with Si), coating ar measared at different temperatures,
Unfortunately for Ti0,-coated nanopores, it was impossible to
observe any relaxation peocess in BDS becouse TA0, behaves
lke a3 semiconductor with high electron mobility. The
considerable comductivity of the system covers the relaxations
processes, while SiO; amd HIO, are insulator materials where
the electron msobility is lower.” The dicectric spectr of (i)
wafilled membranes with ddferent ALD coatings and (i)
PMPS 2.5k confined within 25 and 50 nm membranes can be
found in the Supportiag Infoemation.
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We have ohserved the pramsinent a-relisation pracess It
Intensity decreases at lower temperateres for all nanopore-
confined samples with different ALD coatings. The o'
relaxation process was alio detected Neverthelos, we have
exchuded it from further consideration due 10 very weak
intensity compared ta segmental relaxation. By comparison of
the dielectric Joss spectra for PMPS 2.5k confined in nanopores
with vaddous sarface modifications, It is poticeable that the
secondary forelaxation process disappears. The same feature
was already detected for PMPS 27.7k determined in AAOQ
nanopores. . The suppression of the f-relaxation under
confinement can be connected with the interactions between
host and guest system and the changes in density. Each of
these factoes may affect the geometry and confoemation of the
malecules and the variation in the angle of &pole moment
vibrations,

The delectric loss spectra were anadyred by using the
Havriliak—Negami (HN) fanction™

___aF .. +
{1 + (i)'l (1

where & is the dielectric strength, £, = the high frequency
limit of the permistivity, u and b are the shape parameters, oy ix
the de conductivity, 1y, denotes the relaxation time. and w Is
the angular frequency (@ = 2xf). In HN function, the
characteristic time coostant, Typy is related to the maximum of
loss peak frequency [, by the following relation:™

e 1w
Jews rm,l“"{uzb]l l (2“5[- )

The collected dicdectric loss spectra were analyeed for the e-
pmcm by wsing the standard fitting procecure. By caloulating
o = 1/(25f,,.), we determined the relaxation times In this

]
Wty

o) =y,
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Figere 3, Comganison of the shape of the a-relsmabon

for PMPS 2.5k comSned to AAG sanopores: {a] with nagrve and ALD-modtfied pore

wirfyce and for different diametery of the nanopores (b) with HIO,; ALD mating as mwasansd using two diffesent thermeal peotocols. The bulk

spectrum colbected at T = 243 K won wedd ax 2

ke are Fits 1o the KWW &action,

way, we obtained the t dependences of the a-
relaxation time for PMPS 2.5k confined in AAQ nancpores
with different ALD coatings and different pore sizes which are
presented in Figures 4a and #h, respectively,

As can be seen, the peocess for belk polymer
exhibits Vogd—Fulcher—Tammann (VFT) behavior, which

LA A

can be approximated applying the following equation

3 T.) [R}]

where 7, is the high-temperature limit of the relaxation time, B
Is the activation parameter, and Tj Is the “ideal” glass
temperatore, often called the Vogel temperature. As can be
seen, at higher temperatures, the nanopores with different ALD
coating follow bulk dependence. Thes, with the
temperatare, the characteristic devation in v {T) appears. This
observation agrees with our previous results for PMPS 2.5k
comfined in AAQ nanopores with chemically modified
surfices "' Similar behavior was also reported for many
other gxus form!ng substances under nanoconfine.
S Sach devation of the 1, (T) from the
bnlk is often nelated to the preseuce of two fractions of
molecules, Le, the interfacial and core layers In each layer, the
molecules have different mobility. In the interfacial layer, the
molecules strongly interacting with the walls of the pores are
characterized by dower mobd&z while in the core, the
mobdlity of molecules &s faster.”™" Therefoce, the interfacial
mobulity vitrifies as higher temperature, while the molecules in
the core at slower, In many cases, it is impossble to observe
the dynamics associated with the interfacial layer on dieleciric
loss spectra. Nevertheless, by combining dielectric and
calorimetnic results, it was demonstrated that the temperature
at which o characteristic kink in 7,(T) depeadence is abserved
corresponds to the vitrification of the interfacial layer™
However, the enhanced dynamics of molecales confined In
AAO manopores compared to the bulk sample were attempted
o exphin Mvmﬂly. for example, crossing 2 spinodal
temperature,” dynamic exchange between the susface layer
and free molecules,” frustration in the demlty."“""
approaching the length scale of cooperative dynamsics ™
Numserous cxpemnmul rescurch saggests that the thermal
rocol im glass-transiclon  dynamics W nano-
m "““‘&m w-a this knowledge, the experiments

L= T uvl
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were executed by using two different thermal protocols The
dielectric results were obtained upon slow cooling from the
rocen temperature with the rate of 0.2 K/min and sow heatleg
from the glassy state with 0.2 K/mn following cooling with 10
K/min to low temperatares The measured temperature
dependences of the segmental relaxation time for the studied
polymer are presented in the inset of Figure 4a. As can be seen,
on cooling, for PMPS 25k confined m 35 nm native
nanopoees, the segmental relaation time shows the buk
belavior, At the same time, on heating {even in the same
temperature range), the characteristic deviation & observed.
Om the contrary, the cpposse behavior is observed for the
stadied polymer confined i 30 nm pores with HEO, coating.
The sample shows no systematic crossover in 1, {T) an
heating, while on cooling, the segmental dynamics ssddendy
deviate from the bulk We bave also woen similar offocts for
PMPS confined within alumina nanopoces with the chemically
modibed surfoces using sikane agents [CITMS and APTMOS)
and varying amounts of palar and nompebir groups attached 10
the smfm:"”' Thus, it should be mmnbered that the
segmental relaxatton time In confinement might evolve

differently, depending on the thermal treatment Such 4
feature comes from the confined polymer being in an out-of-

equibbrium state. Depending on the time provided, # can
restore partially or even completely its bulk segmental
mhnnmmaamm:mﬂummbofw

previous imvestigation demonstrate clearly that the surface
dummﬂlpolamy might control such an equilibration

Chat et al hawe demonstrated that the gless trasiton
dyramics do mot change with the thermal treatment for
dimethy] phthalate confined in 80 nm pores with § nm HfO,
coating, ™ However, for the S Methoxy PC coafined in AAO
nanopoces with the same type of ALD coatings, they &d not
observe a significant deviation of the temperature dependence
of the a-relaxation process from balk behavior.” As conclded,
such a difference might be explained dwe to the different
sensitivity of both glus-forming systems to pressure effects/
density frusteation,

Subsequently, we have aso Inwestigated changes In the
segmental dynamics of the confined polymer as a functica of
pore diameter. For that purpose, we have vaned with the pore
size while keeping the same ALD coating, which was SiQ,. The
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Pugwre 6. DSC thermograms for PMPS 2.8k in the ok state and embedded within AAO nanoperes widh different ALD coatings. DSC scans were
recorded on heating at 10 K/mea following cookag with 2 K /min, The insets show the temperature derivatives of the heat Sow aignals for selected

samples.

carrespondiag results are shown in Figure 4b, As can be seen,
with decreasing the pore diameter, the deviation from balk
behavior shifts toward hagher t So at a2 given
temperature, located below a charactesistic kink, the segmental
dynamics i enbarced with reducing the pore size. This s a
characteristic feature for gliss-forming substances ander
manoconfinement, n:roncd already in numerous stud.
fog S SATARST A I00-30R o o already noted, it tarns out that by
combining diclectsic relaxation and calorimetric stadies, the
characteristic deviation of £, (7) from the bulk dependence
seen in alumina nanopores Gan be ascribed to vitrification of
the molecules in the nterfacial kayer.' """

In the next step, we have investigated the distribution of the
a-relaxation tinse for the PMPS 2.5k confined in cykndrical
alumina mvopores with differunt coating; see results presented
s Figare Sab. As can be seen, the adoss peak becomes
broader in nanopore confinement. This featare is evident with
decreasing the pore diameter. Such spectral broadening
characteristic of geometrically constrained systema 2od
sigrufies that the olar environment becomes more and
moce heter IR some of the lizerature
reports ndicate that silanization of the inver pore walls should
completely remove the brosdeming of the a-relaxation peak in
mnopane confinement.**™” However, in oar peeviaus work, we
bave observed the opposite trend for PMPS 24k confined i
AAO nanopores with the surface conditions modified by using
different siline agents, CITMS and APTMOS, The confine-
ment effect seen as brosdening the a-loss peak was not
eliminated by chemical modficatbon. [n contrast, it becoenes
even move pronounced. We have assumed that for APTMOS.
treated nanopores, it may be due to the complex properties
and specific imterfacal interactions between the polymer and
APTMOS medecules, For CITMS and the native pores, we
observed that their segmental relaxation time distribution was
practically the same. Likewise, the broadening distribution of
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the segmental relasation time was not elminated in AAO
nanopoees with varying surface polarty.”’ As a matter of fact,
the distnbution of the w-relaxation times was practically not
affected by changes in the surface conditions. Altogether, it was
concluded that the changes in the susface chemistry
impact vmonsl%spects of the relaxation dynamics m absolutely
different ways

As shown in Figure Sa, the broadening of the a-relasation
changes with the type of ALD coating and the pore stze. For S0
nm pores with hydrophobic HEQ, surfaces, the shape of the a-
reduation peak is broader compared to Si0; costingy, which
have a more hydrophilic character, This observation shows that
a more heterogeneows natare of the relaxation dynamics s
expected in pures with hydropbobec sarfaces. The same feature
was also observed tor dimethyl phthalate confined in 50 om
pores with 5 mm HRO, coating™ and for S-Methosy PC
confined In 2§ nm with § nm HFO, coating™ Apart
from that, it should be noted that the different themmal
protosels that we we to collest the dieloctric spectra do not
affect further changes in the shape of the a-lass peak, as
demonstrated in Figure $b.

We have wed the Kohlrausch—Williams—Watts (KWW)
mﬂclnd‘ m?ovnml to describe the shape of the a-

relaxation'’
Nowvn
o]

where 7, & the relaxation time and £ is time. The valoe of Aoy
varies between 0 and 1 It decreases s the relaxation spectrum
broadens. The valwes obtamed for the nancpore-confined
polymer are mnch lower than for the bulk polymer. Such
Ercadening of the d-relaxation in panop is & characteristic
feature of many glass-forming systemis under geometrical

confinement. It is often related to the increase of

o) =
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heterogeneous relaxation dynamics. Furthermors, with de-
creasing, pore s, the fo.y value also decreases while it
remalis enchanged for the different thermal peotecols By
comparing the results from the previous stedy of PMPS 2.5k
confined withen alumina nanopores with modified surface
conditions, we found that the wvalues of the stretching
cxpocents reported when useng CITMS and APTMOS agents
are lasger than that obtamed in AAD tes with controlied
surface palanty and ALD coated reported in the present work.
For CITMS-coated pores, wo get 036, while for the more
APTMOS surface, 028, In the case of surfice
polurey changes induced by controlling the separation between
polar and noopolar units, the distribution of the a-reaxation
times was practically not affected. Al the samples bave fro, ~
021, On the basis of that finding, we conclude that the breadth
of the relaxation funcrion detects w some extent charges in the
surface conditions. OQur present results also support that
finding. We observe apparent differences in the distribution of
the relasation times for PMPS confined within 50 nm AAO
templates with HIO; and SiO; coatisgs. As will be
demoastrated in the following part of this paper, we also
found surprisingly low polymer—substrate interfacial energy
vatues in the former system; in contrast, for the latter, the
polymer—suhstrate interfacial energy & very high.

To complement dielectric relaxation studies, we have also
performed calofimetric measurements. The collected results
for PMPS 25k in bulk and confined AAO nanopores with the
different ALD coatings are presented in Figue 6. In some
thermograms recorded foe the confined polymer, the step
characteristic for the T, value can be difficult to pesceive. For
this reasom, to confirm the presence of both glass transition
events, we have also calculated the temperature dermatives of
the heat flow curves, as demonstrated in the inset of Figure 6,
Now, it is clearer that the two mntense peaks coevespand to two
glass trapation events. The same procedure was repeated for
other samples. In al confined samples, two glass-transitioa
t were evident.

The collected DSC results indicate that we can distinguish
caly one endothermic event res from the vitrification
process (T, = 230 K). On the other hand, two glass transition
events are detected for PMPS 2.3k confined in alumina
manopores with different ALD  coatings. Tbe first glass
trarsiton evwnt, seen M lowes tessperatuses, T, is typically
assigned with the glass transition of the m es ly the center
dtbepam.bloowm,tbzdul transition seen at kigher
temperatures, T, w,mnglﬂhemhkdmthemﬁtmm of the
imterfacal layer. “Such terminodogy is often recalled ax a two-
layer model and was already reported in the litera-
ture AP ALIRSGIS The values of T,y and T, were
determined to be the approximate mhr ints of the temper-
ature range over which the glass transition events occur, The
accuracy of T, detessination varies within £3 K As Bustrated
In Flguse 6, wn:b decreasing the pore size T . values slightly
decrease, while T, ‘_H.nluuna!m Fotennp&.amﬂa
trend was reported in van der Wnlsbond«l molecular biquids
condined to alumina nanopores.” " Furthermore, by oo
the values of T, o and T, . for PMPS 2.!~lt embedded
mmmﬁunmammp«umﬁm.hm:unngs.man
see changes in the hydrophobucity /hydrophilicity of the surface
do not bave a definite impact on T, values.

We can find that they barely winuck by comparing valoes
corresponding to a charactenstic crossover temperature In
r,(T) dependesce and T, However, does it explicitly
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mean that changes in 7,(T) are doe to vitribcation of the
interfacial kayer? Or, in other words, how certain is that T,

cmmDSCremlucomuﬁomth\mi&manol’"h
interfacial layer? As already moted, numerous experimental
results reported in the literature confirmed this kind of
kehavior for different ;kw-l'ormng substances under confine-
ment FISHIARISIT Ay of them, indeed, sssocate the
pmmoeo‘!'h‘,wlﬂltbelmrfaml layer. This essentially
should not rame any doubes when considering native alumina
nanopores full of hydrogen-bonded sarface OH groups, o

upablc of forming hydrogen bonding with the confined

Whenncnnatodmnnnymodi&dpwtwmn,the
interfacial interactions are expected to be either weakened or
strengthuned, depending on the surface modification strategy.
Changes In the dynamics of the interfacial layer induced in this
way should be immediately reflected in changes of high T,
value. In principle, in the absence of interfacial interactions,

T, v shoukl not be obseeved, Hervin, it should be noted that
in our previous works the two-glass transition event was also
reveaked upon calodmetsic mearement of asnopore-confined
PMPSJ&.&&, mrespective of the chemacal modificaton strategy
used

Howevor, the presence of both T can also be detected in
the case of a complete lack of strong H-bonding and surface
interactions. To demonstrate that, we have calculated
interfacial energy, which provides information about the
strength of the isteractions between the polymer and
constrained solid surface. The detalls of the calculation
peeceduce can be fousd in the Suppodting Information. The
results lead to the following wvalues: py = 187 mN/m for
PMPS 2.5k confined in AAO nanopores with SiO, coating, 7y,
= 53 mN/m for THO, coating, and g = 0.5 for HIO; coatirg
(values calculated by using water and formamide as palr test
liguids). As can be seen, PMPS 25k confined to AAD
nanopores with the most bydrophobic HfO, coating is
characterized by extremely low intesfacial energy, while for
the SiOy-casted sytem, the interfacial energy i considerable.
This indicates that nanopare confined PMPS 2.8k weakly wets
and Interacts with HfO,coated pore walls while in the
presence of SiO; coatings, the polymer/solid sabstrate
interactions are stronger. Despite that, we still observe two
glass-transition events in DSC themograms in both cases, In
the Mterature, the change in 7, onder coofinement wis
discussed in the context of interfacial energy.”"” Namely,
trend for a decreasing glass temperature relative to the buk
with incovasing interfacial enengy was observed. While it is 2
valuable geseral finding reported for numerons glass-forming
liquids and polymers, it does not apply when it comes to a
detailed amalysis of a single system confined within a
nnnoporwn matrix of different surface propeties. In Figure

7, we plot on the same graph T, ., T, .. e0d g gatherod

fot the lnvestigated samples. As can bc nl:'en, the values of high

and low glass transition temperatures practically do not depend
on the interfacial energy valoe, Compared with the bulk
polymer, 4 downward shift of T, will be practically the same,

T~15+2K

Another poent should be noted here. Tallk and coworkers
reported glycerol confined within alumena nancpores with no
confinement effect. The presence of only one glass-transition
temnperature, corresponding to the bulk value, was related 10
the luwmmﬁaimcrp T = 1.5 mN/m of this
system.” It was also suggested that good wettshility and strong
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Fugere 7. Interfacial encegy for PMPS 2.5k coofined within 0 nm

AAD nascpore with different ALD coatings plottnd as a function of

high and low glass-tzassition temgerstuns ditermned from  the
Metril Mesuremests

by Wang <t al, the pore curvature promotes itself varous
moleculir packing. However, this is not the case for PMPS
2.5k because, in all of the cases, the pore geometry was the
same. Thus, the presence of two Tys in nanoporous
confinement temains unclear, 1t s generally agreed that
understanding how soft matter systems behave close to the
solid interfices s essential to the of nanometric size
interfaces with cootrolled physical properties and further
applications of such systems, This study shows that not all of
the features celated to glass-transition dysamics of nanopore.
confined polymers can be explained by the strength of
interfacial interactiors, Therefore, a more rigorous and
complete unelerstanding of two Ta in confinement requires
further ents and addibonal simulations, especially
considerable insight into the densty distnbution and structare
is greatly needed.

W CONCLUSIONS

In this work, by employing dielectric spectroscopy and
differential scanning calodmetry, we have investi how
modification of the sarface conditions affects the glss
transttion dynamics of PMPS 2.5k confined n nanoporous

Interactions with the substrate are the two most lmportant
parameters responsible for the formation of a stable interfacial
layer. This is again not valid in our case, rasming an open
guestion on whether & high T, value s indeed related 10 the
presence of the se-called nmfacul' layer.

Recently, Wang and co-workers'"' discussed the relation
between conformational changes mduced in confinerment and
T, Although the system under investigation has minkmal
istecfacal Interactions, the authors have reported dramatic
changes m T, behavior depending on whether concave or
convex gwmeuy wat wsed This feature was related to
molecalar conformation chaages controlled by the molecular
packing of the molecules To get new information about
conformational and stroctural changes induced in confinement,
we have alwo purformed 4 Raman spectroscopy stady for the
tested polymer confined in AAO & es with different ALD
coatings. The detailed analysis of collected Raman spectra can
be found in the Sepporting Information, The most important
outcome from this study i3 that nanometds confinement
results n two main features: spmmetry beeaking within the
sldoxane backbone and alterations m the benzene ring
alignment. The particular changes in the surfice chemistry
can be only responsible for slightly higher structural
modifications within sloxane: and arvenatic related bands.

To sum up, in all of the methods that have been employed
to modlify the surface of alumina nancpores, we still observe
two Tes in DSC spectra of confined PMPS 2.8k This is a very
intriguing finding. In view of the calculited interfacal energy
values, we cannot explain it by considering changes in the
strength of geest=host interactions, Even in the abseoce of
strong interfactal Interactions, high T, is detected. There is no
threshold in 7y, below which the smﬁcc interactions are too
weak to induce confmement effect and double glass-transition
phenoemenon, This points out that some other phenomena
might peobably occur close to the sudice, not coasidered so
far. One possible scenario is related to density vanation close
to the substrate, as suggested by Wang and co-wockers. " In
this view, in confined materkl, we can distinguesh b ﬂv-nd
low-denséty regions with different Tis. In the N.N'-bis{3-
methylphenyd ) NN diphenylbenxidine (TPD) case, stodied
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alx templates. The inner surface of the poces was modified
by using the atomic layer deposited technique. Each AAQ
membrane was covered by $ nm thick ALD coating of either
hatnium onde (HIO,), silicon oxide (5i0,), and titasam
exide {TiOy), On the hisis of contact angle messurements, we
have confirmed that HFO, coatlng ks responsihle for the mast
hyéraphobic surface properties, while SIO, and TIO, resulkt in
a more hydrophilic character of the pore walls, In line with thas,
the polyemer/substrate mmﬁchl was extremely low in
the case of HfO, coatings m) and remarkably stroeg
for Si0y, mﬁng(l&? mN/m) 'l'hm:fu'c just by changing the
ALD coating, we taned for the same polymer material the
interfacial Interactions from exceptionally strong to exception-
ally weak

The results of the diclectnc studies reveal that for the
studied polymer confned i ALD-coated nanopores the -
relaxation time exhabits a stroag dependence ca the themul
treatment protocol. As 2 resulk, in somse cases, it was possible to
see cither enbanced or bulklike evolution of (7). The
distribution of the a-relaxation time indicites that the
becadening of the a Joss peak Is more pronounced when we
decrease the pore dsameter and when the sorface has more
hydrophobic properties. We note that the broadening of the
sogmental relaxation peak, which s chacacteristic foe the
nanopece-confined systens, is not eliminated by changing the
surtace chemistry. For all comsidered systems, the DSC
thermograms have revealed the presence of two glass transition
events. This observation iodicates that respective of the
surface character, we cannot remove the confinement effect or
donble glass transition event seen in alumina nanopores. The
strength of the inerfacial interactions does not welate 10
changes In T, behavior of confined PMPS 2.5k From that it
mnalnsmopen question on whether by changing the susface
characterstics we prevent in any way formation of an
interfacial layer between the confined polymer and confining
walls or the presence of two gliss transitica temperatures in
calormmetne response of nanopore-coafined matenal s related
to some other phenomenon taking place close to the pore
surface, such ay Fustration in the demsity.

While the strength of the Interfacial Interactions undes

geometric confinement was proven many times to play a
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criteal role in undenstandmg the polymen’ dynamess at the
manascale level, this study provides evidence that it filed 10
explain the double glass transition phenomenon for the tested
different surface coating. Our study was designed to show that
strong Interfacial Interactions are not needed to see high T,
With this, it s evsdent that there should be some ol:ba
t factors not tzken so far into account. Thus, the
presence of double glass-transition event in cylindrcal pores
remains eves more undear. Parther studies, hopefudly with the
aid of computer simulitioas, should focus on duadating the
problem encoentered for confined PMPS 2.5k Undentanding
bow the surface properties affect polymer bebavicr w the
manoscale level shoeld help develop polymer surfaces with
controlled physical properties for versatile apphications.
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1. N; adsorption/desorption isotherms

The nitrogen sorption isotherms were measured at 77 K using an Autosorb-iQ-MP-AG-AG
analyzer equipped with an MP station with the wriple transducers (1, 10, and 1000 torr). Samples
were degassed at 110 °C. The mass of each sample was approximately 10 mg. Representative
expenimental nitrogen adsorption/desorption isotherms for AAO nanoporous templates with 5 nm
S10; coating (deposited by ALD) are shown i igere S0 Similar experiments were also
performed for the empty HRO: and TiO; coated membranes. All the samples show pronounced
hysteresis loops characteristic to type H1 in the IUPAC classification. ™' Typically, it is associated
with capillary condensation and evaporation within mesoporous materials with cylindrical pores,
The sharp increase 1n the slope levels off at high values of the relative pressure p/py meaning that
the pores are completely filled with the adsorbate in the liquid phase. Monolayer formation cannot
be clearly identified on nitrogen adsorption-desorption isotherms, while at medium pressures,
multilayer adsorption is evident. As we suppose, deviation from the ideal isotherm hysteresis
picture scen at low pressures might arise from the presence of ALD coatings at the inner surface
of the pore walls, which affects adsorbent-adsorbate interactions. Another reason can be
inhomogeneity in geometries of the pores or deviations in the morphology of the surface.

In the next step, the obtained adsorption/desorption 1sotherms were used to cvaluate the structure
of the studied material. For the surface area analysis, we applied Brunager-Emmett-Teller (BET)
method {(multipoint), while pores distribution was assessed according to Barrett-Joyner-Halenda
Method (BJH). The representative curves showing pore size distribution for AAO nanopores with
$10; coatings are shown in Figure 52, The BET surface arcas were juxtaposed in Table S1. The
pores volume and diameter calculated from the BJH model can be seen in Table 52, Data analysis
was assessed by means of ASIQwin (Quantachrome). There is a rather good agreement between
the pore sizes declared by the producer and the values obtained from the desorption branch of
nitrogen isotherm using the Barrett—Joyner-Halenda (BJH) model. The distribution of pore sizes
for the mvestigated nanoporous membranes shows a relatively narrow distribution suggesting that
porous structure is fairly uniform. The results collected in Tables 51 and 52 indicate that the
surface propertics of AAO templates derived from BJH/BET analysis might strongly depend on
the type of ALD coating.

L)
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It should be noted here that the pore size distribution analysis based on the low-temperature
nitrogen adsorption/desorption method is applicable only for micro (sizes below 2 nm) and
mesopores (sizes from 2 nm 1o 50 nm). When the pores widths exceed about 50 nm, this method
might not give a reliable surface characteristic of the macropores materials. This limitation comes
from the fact that when increasing the pore sizes, the hysteresis loop, as scen in lizure 51, shifts
towards higher relative pressure values. Thus, it becomes more and maore problematic to measure
relative pressure values of around 0,980-0.990 with high precision. This range of relative pressure
values contains critical information about pore sizes of approximately 100 nm and above **71 For
macroscopic pores, the opposite pore sizes are far from cach other. The mitrogen molecules
adsorption mechanism on the pore walls cannot be distinguished from open surface adsorption. As
a result, the macropores analysis might no longer be entirely accurate. Another limitation of Kelvin
equation-based methods, such as BJH, is that they can significantly underestimate the size of
mesopores with a very narrow pore size distribution. Such underestimation might exceed cven 20-
30%.%% This could be a possible reason why BJH pore diameters listed in Table 52 are slightly
lower than those declared by the producer.
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Figure 510 Nitrogen adsorption-desorption isotherms for alumina nanopores with SiO; coating.
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Table S1. The BET surface arcas of the investigated samples.
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Table 52, The BIH parameters of the investigated samples.
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Figure 82 The curves of the pore diameter distribution according to the BJH equation of AAO

nanopores with 5 nm thick Si0; coating.

2. Scanning electron microscope (SEM)

Additionally, SEM expenments were performed to characterize the morphology of AAQ
membranes with various ALD coatings. SEM was carried out using Tescan Vega 3SEM
microscope at lower accelerating voltages (5 kV). As shown in Figure 53, SEM imaging confirms
the nanoporous structure of the templates and homogeneous pore size distribution. Using SEM
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images, the porosity of the membranes was additionally venfied using the following relation,
' - 5 ‘ '
Yporosity = 3.628(5} + 100%. where D 1s the average separation distance between pores, while

r is the pore diameter. Obtained results vary within 20 £4%, which agrees with the characteristics
declared by the supplier.

(a) 100 nm AAO with HfO; coating (thickness: 3 nm)
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(b) 50 nm AAO with HfO; coating (thickness: 5 nm)
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(¢} 100 nm AAO with Si0, coating (thickness: 5 nm)
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(d) 50 nm AAQ with Si0; coating (thickness: 3 nm)
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(¢) 25 nm AAO with Si0; coating (thickness: 5 nm)
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(2) 50 nm AAO with TiO; conting (thickness: 5 nm)
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[igure 53 Scanning electron microscope (SEM) mmages of ALD coated AAO membranes with

various pore diameters.

3. Analysis of the dielectric permittivity for the empty membranes. Correction of the

dielectric data for the confined polymer.

When studying the dielectric response of nanopore-confined matenials, one should remember that
it 15 actually an inhomogencous diclectric system, which includes not only the tested polymer but
also the alumina template. Such a system can be modeled by an equivalent circuit composed of
two capacitors connected in parallel. In such a case, the total dielectric permittivity can be treated
as the sum of the two contributions coming from the alumina nanopores and whatever material

located inside the nanopores, weighted by corresponding volume fractions.

Ecomposize = Eparp +(1 — P)Emar

where @ and &, are respectively the porosity of the membrane and its diclectric permittivity, £,
1s the diclectric permittivity of the whatever matenial located inside the nanopores. From that, the
real and imaginary parts are given as follows:

_ E‘n'mumsiu — Emar(l — @)

- @

B por = €¢ wujunslr«/¢ (52}

£ pov

152



In Figures 540 we show dielecine permiftivity data for unfilled AAD nanopores with different
ALD coatings, These data were collected afier drving the membranes a1 333 K for — [ 2 hours ina
Vacuum over (10 remove any remaiming violate impurities from the nanochannels). As can be seen,
for 5103, and HIT: contings, we can assums that &' is glmost frequency independent and practically
free of diclectric loss. Within the temperature range of interest, it also weakly changes with
femperiture. On the other hond, for TiOy coating, the dielectric signal 15 much stronger, nsing
sharply with lowering the frequency. In this case. the contribution coming from the membrane
isell might be much higher than that of the polymer motenal, Thus, the diglecine response of
PMPS 2.5k in Ti0); coated nanopores was not evaluated in this work.
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Figure 54, Real (a) and imaginary (b parts of the complex dielectric permittivity for the empty
(air-filled) AAD nanopores with ALD coating of 5100 (5 nm thickness) as measured within the
femperature range from 293 K w0 233 K with a siep of 10K,
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Figure S5, Real (a) and imaginary (b) parts of the complex diclectric permittivity for the empty
(air-filled) AAO nanopores with ALD coating of HfO; (5 nm thickness) as measured within the
temperature range from 263 K to 233 K with a step of 10 K.
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Figure S6. Real (a) and imagmary (b) parts of the complex dielectric permittivaty for the empty

(air-filled) AAO nanopores with ALD coating of TiO: (5 nm thickness) as measured within the
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temperature range 293 K 10 233 K with a step of 10 K. Blue open diamonds reflect raw dielectric
signal of PMPS 2.5k in 50 nm AAO nanopores with TiQ, coating as measured at 293 K.

By looking at I'g. 52 it can be seen that the only correction needed 1s to divide the obtained
dielectric loss (&") of the composite material by respective porosity value. Thus, the porosity
cormrection involves a trivial shift of the relaxation spectrum up by a factor of Lip while the
frequency dependence remains the same. However, such a scenario is valid only on the conditions
that nanopores are filled with the tested material up to 100 %. This, in many cases, is not possible
due to high viscosity. In such a case, additional correction is needed to cover the contribution
coming from the incomplete pore filling (air gaps that act as an insulating layer). The analysis of
the dielectric permittivity in nanopore-confined geometry with the assumption of incomplete pore
filling can be performed according to the modeling established in a recent paper. ™

In line with the correction procedure, the diclectric permittivity of the bare polymer confined in
nanopores £, can be calculated using the following formula

where £, =1, k captures the faction of the nanopore channels incompletely filled with the
polymer (air-gaps). Note that when x = 0, £, = #,4m. The real and imaginary parts of the complex

dielectric permittivity for the nanoconfined matenals can be described in more general ways as

g PO ¢ S Y (S |
E g - .
P (1= k4 k) + (5 )’

0 i £ a1 —5)
2 o (, -x4 Xl",,,.)! o (“.-o-\)z

154)

From that, the actual bare dielectric signal of the confined polymer sample can be extracted. In
Figure 57, we demonstrate corrected data with the assumption that the air-gaps constitute 10% (x
=(1.1) of the total diclectric signal of confined material while the membrane porosity is 20% (¢
=0.20). The value of x is assumed based on the expected degree of filling. The permittivity of the

matrix material &, was calculated based on ' and expenimentally measured permittivities

of the empty (air-filled) membranes. In this way,

Emar = (snuny =@} [(1 = @)eair] (55)
13
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where €., values were read from the dielectric data presented in Frzures 54 and 55 (insets "¢"),
For AAO membranes with § nm thick HIO, coating, this yields 10 'y = 3.8 and £, = 0. For
the corresponding SiO; coatings we get, £ ,,,=1.3-1.5, The permittivity of each ALD coated
matrix material should remain the same, regardless of the porosity. We have observed that the
measured &gmpey values can vary slightly, depending on the pore sizes (not more than +/- 1). Thus,
such a small change does not significantly affect the following analysis.

In Figure 57, we present a representative dielectric loss spectrum for the tested polymer after
applying the correction procedure. As can be seen, incomplete filling of nanoporous membranes
does not affect the position of the segmental relaxation time. It also does not lead to any significant
spectral broadening. These are the two most important features related to the analysis of the
scgmental relaxation dynamics of PMPS 2.5k in confined geometry. A similar conclusion also

comes from the recent literature.51* ¥

PMPS 2.8k In 50 nm AAQ rancpores with W02 coating (5 nm|

¥ frrrer Tr——TTT—y—rrv—y

woow oW o w ow o wt w wt
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Frgure 57 Raw diclectric loss spectrum for PMPS 2.5k confined in AAO nanopores with ALD
coating of HfO; (Snm thick) indicated as "composite”, Data were recorded at 241 K on subsequent
cooling from the room temperature. Red circles denote composite data corrected by the porosity
contribution {labeled as "porosity correction”). Blue triangles were obtained by also including the

comrection for incomplete filling of the nanochannels with the polymer (up to 1004).
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The estimate of the percentage of the sample inside the nanopores was performed based on the
analysis of the polymer's mass infiltrated into the nanopores and the parameters of nanoporous

alumina templates, This can be done with the use of the following relations
'"pvb‘"( 1

Woritting = 4 (i) - 100%  (S6)

where @ is the membrane porosity (24 £3% for 100 nm alumina membranes with 5 nm thick ALD
laver, 20 £3% for 50 nm alumina membranes with 5 nm thick ALD layer, 23 £3% for 25 nm
alumina membranes with 5 nm thick ALD layer), & 1s the membrane thickness (50 £10 pm), R 15
the membrane madius (5+1 mm), Myuymer is the mass of the polymer embedded inside the
nanopores (the difference between the mass of the nanoporous membrane before and after
infiltration), d,iyumer 15 the density of the confined polymer, Here, w have assumed that at the
infiltration temperature - which was 308K - the density of the confined polymer is approximately
the same as for the bulk materinl. Please note that a similar approximation was reported n the
literature 1o work well when estimating the filling degree for other systems, e.g., *" Typically, the
polymer mass inside 50 nm AAO nanopores with various ALD coatings varies from 0.7 mg (for
H1O; and TiO; layers) to |1 mg (for Si0; layers). With dp iy mer = 0925 em?/g for PMPS 2.5k,
this gives the filling degree of more than 90%.

Alternatively, the filling degree can be calculated by taking nto account pore sizes and pore

density via the following relation

mnlpnof 1 <
% fitiing = Salmis \z.mn-zxm) *100% (57)

where ris pore radius, N is pore density (poresicm?), The pore density for 100 nm alumina
membranes with 5 nm thick ALD layer as declared by the producer is 3-10° cm=, for 50 nm
alumina membranes with 5 nm thick ALD layer 1-10'" cm™ while for 25 nm alumima membranes
with § nm thick ALD layer 5+10'° cm™. Using the above relation, the estimated filling degrees also
exceeds 90%,
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Figure S8, Diclectric loss spectra of PMPS 2.5k recorded in (a) 25 nm-size and (b} 50 am size
aluminag nanopores with 5 nm SiO; coating. The spectra for the polymer-matrix composite

materials were measured upon cooling with a rate of 0.2 K/min.

4. Calculation of the interfacial energy between investigated polymer and ALD coated
alumina

The solid surface energies of ALD coated alumina nanopores and the surface free energy of the
investigated polymer - PMPS 2.5k - were calculated according to the Owens-Wendt method 5"
The surtace free energy for PMPS 2.5k was calculated in a previous paper, ™’ based on the contact
angle measurements for water and glycerol. The sohid surface free energies for ALD-coated
alumina templates were calculated based on the contact angles values (8) for five test liquids. The

results of contact angle measurements are collected in 1 obic 57 For calculations, various pairs of
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the test liguids were considered, The contact angle values on polymer and ALD-coated substrates
were measured using the sessile droplet method using ultrapure solvents at room temperature. The
values provided for ALD-coated alumina refer 10 nanoporous templates. To be more exact, such
measurcments should be carried out on flat surfaces, not nanoporous matenial, because this might
affect the calculated values of the solid surface energy. However, as will be demonstrated below,
the solid surface energy values calculated for ALD coated membranes with the smallest pore sizes

comespond very well with the literature results for the corresponding flat surfaces.

According 10 the procedure, the total surface free energy y is a sum of dispersive and non-
dispersive components, y“and ™, where the latter one comes from non-dispersion intermolecular

interactions such as hydrogen bonds or base-acid interactions
y=y+y™ (SB)

So, for the liquid (here polymer), the surface energy 1s given as

Yo =vi+ 7 (s0)
while for the solid substrate (here nanoporous alumina)
ys=y8+39(510)

The general relationship between contact angle, 8, solid surface energy, y. the surface energy of
the hquid, yg, and interfacial energy, vy, 18 defined by Young's equation

Yis= Ys—Yyicos8 (S11)
Knowing that the work of adhesion is
We=p+ys—vis (512)

and

Wo=2(0r 1) + JOR ) 513

The dispersive and non-dispersive components of the solid surface free energy can be calculated

according to the following equation

yi(1 4 cos) = 208 H"* + 208 yiH'"* (514)
which gives
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where #and #, are formamide {or other considered here test liquid) and water contact angles, 3.,

and y72 are the dispersive and non-dispersive componenis of the water surface energy, while ].-'}-:.
ansd rﬁ ore the swme compenenis for formamide (or other considered here test hguid), The
dispersive and non-dispersive components of the surlace energy for fest liguds were token from
the literature *1'"-121 Based on dispersive and non-dispersive components of water and formamide,
thee fotad surfoce free energy of solid substrate (AL D-coated alwmina) was determined. Following
the same procedure, ¥i? and ¥{ values were also determined. Then, using Fo. 59, the overall
surfce free energy of the polymer was estimated, The valog of ¥ =31.4-EI:‘ determmed for
PMPS 23K in our previous study matches with that reported by Alexandris et al, for PMPS of
similar molecular weight M, =2819 g'mol (30,3 mMN/mp5" For flgt alumina surface (native), we
reported vy = Eﬁ.ﬂﬂ%ﬁ 0 which agree very well with the litersture data [3&,3%”}."‘"1 Thee resules
of calenlations and coniact angles are sumimarized in Toble 54 As can be seen, the contact angle
values might depend significantly on the pore sizes of AAD membranes, This, im wm, might affect
the calculated solid surface free energy values, Obtained values of ¥y vanes depending on the
choice of pair Bquids. However, it should be noted that our resulis correspond quite well with the

literature resulis. For example, pg reported for Tioh coated layvers 15 43,13 :] {with ¥ = 40.96'“

m!

and ¥ = 2,227, for Si0; layers 64.7 7 (with ¥ = 48,86 and y™ = 15,847, % " while
g T ik . SlLls Hyer: Wl o B S e N Eh 1

for HAD: thin films 21.3%,' {with ¥ = 1?,555 and yn? =4,3:T!:."' " The interfacial energy for

PMPS 23KALD coated aluming substrates was estimated from Young's contact angle (Fg 501)

using ¥, and y¢ values for PMPS 2.5k and AACQ nanopores with ALD coatings, respectively. [n

previous work %% we found that the value of ys, = ?;4::‘ determined Tor PMPS 2.3k and native
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alumina at room temperature agree very well with that reported by Alexandris et al. (= T,#%H}.

3 The results are shown in Toble 54 demonstrate that interfacial free cnergy between tested
polymer and confining surfaces increases in the order HAD: < TiCkh < native < 50, This suggests
that the confined polymer interacts more strongly with 5i0, coated surface, while the interfacial
iteractions with HiO: laver seem o be negligibly small, This trend does not depend on the chaice
of the pair test liguids {although the absolute values are not exactly the same).

phle 51 Besuls of contact angle messurements for nanoporous AAQ wemplates with various

ALD coatings and investigated polymer (PMPS 2 3K},
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oble 54, Surface and nterface propertics of PMPS 2.5k and AAD nanoporous membranes with

various ALD coatings al room temperaiure
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100 nm
(5 nm TiOy) 10,17 21 4%y 314 - - - 7.3
20 nm :
12.2¢" 235" 36,100 > - - 74
(5 am TiOy) '
25 nm 40,4¢%) 0.7¢%) AL R = S 51
_ BSemTiO) | 4420 DA 44601 6,6
100 nm x "
(5 nm SiO,) 1 I 54 - . 17,6
S0 nm "
16,8(¢) 47,7¢) 64.5(*) 18,7
25 om
13,7(%) SL3) 650%) - - - 218
ComS0:) | yeg | 293¢ | esse 20
100 nm
(5 nm HIO 19.1(>) 4.3 234 - - - 0.8
<0 nm 24.5%) 6.6(%) 3L 0,04
(5 nm HEO) 30,17 4.90% 3N - . 04
36,79 1A 20,1¢) 16
25 nm 22,7(%) 449 27.1 (%) i _ 0.5
Gamio) | 2100 | 230 | Mach 17
PMPS 2.5k - 232 | 83 318 -
Native
alumina 1.5 254 368 - - T4
{fat)

) 7, determined based on water + formamide data

*) 7 determined based on water + ghveral datw
(") 3 determined based on warer + DMSO data

() 7 determined tased on water + ethylene ghveol data
")y, determined based or glveerol + ethdene ghwol data

5. Raman spectroscopy study on conformational and structural changes induced in nanopore
confinement

We have performed a Raman spectroscopy study to get some new information about
conformational and structural changes induced in nanopore confinement (also with different
surface polarity conditions), For that WiTec confocal Raman microscope CRM alpha 300R
equipped with a He-Ne laser (4 =~ 633 nm) and CCD camera was used, The excitation laser
rachation was coupled into the microscope through a single-mode optical fiber with a 50 pm
diameter. An air Olympus MPLAN ( 100x/0.90NA ) objective was used. Raman scattered light was
focused on multi-mode optical fiber (50 pm diameter). Measurements were carried out at 293 K
for bulk PMPS 2.5k and confined within AAO nanopores with ALD-modified surface (5 nm
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thickness), In all of the cases, we use templates with initial alumina pore sizes of S0 nm. The
temperature was controlled using a THMS600 Linkam stage with a temperature stabilization of
+/40.5 °C. Spectra for bulk polymer and confined within the natve (55 nm) and TiO;-coated
alumina nanopores were accumulaied by 20 scans with an integration time of 20 s, In tum, due to
luminesce or the so-called Raman background effect, the exposition time was mcereased for PMPS
confined within alumina nanopaores with SiO; and HID, coatings. Here, spectra were accumulated
by 20 scans with an integration time of 60 s (S10;) and by 1020 scans with an integration time of
120 s (HfD;). In similar conditions, we have collected Raman spectra of unfilled AAO membranes
with different oxide layer coatings (50 nm pores). All data were gathered m the 120 - 2600 cm’!
range, 10 mW laser power, and due to application 600 line/mm grating monochromator with 3
cm'' spectral resolution. The spectrometer monochromator was calibrated using the emission lines
of a Ne lamp, while the signal of a silicon plate (520.7 cm') was provided for checking the beam
alignment. The background comection, including the auto-polynomial function of degree 3 to
eliminate luminescence or the so-called Raman background effect and cosmic ray removal, were
conducted using the WitecProjectFive Plus software. All spectra were normalized to the band with
maximum intensity, and then the peak fitting analysis was performed using a Lorentz-Gauss
function at the minimum number of the component in the GRAMS 9.2 software package. Finally,
difference spectrum analysis through subtraction of the Raman spectrum of PMPS confined in
variable kinds of membranes from bulk material was done in Ongin 9.6 software package.

A strong TiO; signal considerably impedes the analysis of Raman spectra for PMPS 2.5k
confined in TiO; coated membranes, Therefore, the Raman spectra of the untilled TiO;-coated
membrane were subtracted from that corresponding to the TiOy-coated membrane with the
infiltrated polymer, Interestingly, some bands on the difference spectrum were observed, which
did not vamish entirely even afler the upplied procedure. This effect might anse from the structural
modification of the outer part of the titanium oxide layer, probably due o sample preparation or
intermolecular interaction of PMPS groups with TiO,. In other membranes, the signals coming
from Si0; and HFO; were insignificant, that is, without a notable impact on the PMPS specteumn
cntrapped in membranes even after the subtraction procedure.

First, Raman spectra of unfilled ALD-coated AAO membranes were used to confirm the
presence of individual oxide layers at the inner surface of the nanochannels (Figs. S9-511). In all
cases, characteristic bands assigned to certain oxides were observed in Raman spectra of
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nanoporous AAQ templates with ALD coatings. Raman spectra of AAO membranes with TiO,
layer, shown in Figure 59, revealed band arrangements typically for the anatase with the prominent
bands al 143, 195 (E)). 396 (B;,). 517 (A,,), 641 e’ (E,).""! The E;, mode here corresponds to
the symmetric stretching vibration of O-Ti-O and allows for the determination of the number and
size of the ttanium layer. In turn, the B, mode 1s derived from the symmetric bending vibration
of O-Ti-O, while the A, mode is from the antisymmetric bending medes of O-Ti-0, Other bands
result from structural defects or the internal stress within the Ti-O network,*® The position and
linewidth of the E, mode indicates a long-range ordering within the titanium oxide structure and
corresponds to 10 nanosheet titanium monolayers with a whole thickness in-between 3.8 - 5.1
nm, > "I Notably, this value agrees very well with the thickness of the anatase nanosheets declared
by the producer.

FAFS 2.5 confinad n 50 nm AAD nancoarnes with 5 na thick ALD caalting (TiO,)
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Figure 59 Raman spectra of PMPS 2.5k confined in AAO nanopores with 5 nm TiO; coating
(upper panel), unfilled AAO membranes with TiO; coating (middle panel), and PMPS 2.5k
entrapped in AAO nanopores with TiO; coating after subtraction of the signal from the empty

membrane (lower panel).

An interpretation of Raman spectra for AAO membranes with S10; and HRO; coatings tumned
out to be much more difficult due to the low signal originating from both oxides. As a result, weak
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bands around 152, 503, 718, 959, 1119, 1179 cm' appear on a spectrum of unfilled AAO
membranes with a 5 nm thick SiO; layer. For HfO; coatings, we distinguish bands at 237 (Ag,),
416 (Byg). 509 (Ay), 629 (By,), 709 (Byem! (Figs S10and S11). The By, mode is derived from
the symmetric bending vibration of O-Hf-0, while the A, mode is assigned to the antisymmetric
bending O-Hf-O modes. The Raman spectrum of nanoporous AAO with Si0; coating st low
frequencies is affected by the O-Si-O and Si-O-Si vibrations within the defected silica structure,
e.g., n-membered silica rings. 5" Y The bands at higher frequencies originate from the so-called
" species, with n = 0-4 indicating a number of the bridging oxygen atoms. " units are also a
measure of the degree of silica network order. Here, intense Raman signal in the high-frequency
region, especially considering bands of the 1100 < |200 cm' region, indicates a relatively low
number of structural defects within the silica network.

PMPS 2 % confiaed in 10 rm AAG ranoporss s § ovm nkck ALD costing 1560,

PMPS 2.5k confined in AAD rescp wh S0, coulng - wmply murnbone sigoal

30 nm AAD reropones s S om ok ALD cowing (50, ) - angey memsiees sogsl

Raman Intensity (a.u.)

00 400 600 BO0 1000 1200 400 1600
Raman shift (cm'")

Figure S10. Raman spectra of PMPS 2.5k confined in AAO nanopores with 5 nm Si0, coating
(upper panel). unfilled AAO membranes with SiO; coating (middle panel). and PMPS 2.5k
entrapped in AAQO nanopores with Si0: coating after subtraction of the signal from the empty
membrane (lower panel),

For AAO membranes with HFO; the position of bands representing By, and A, modes turned
out to be shifted towards higher frequency with increased FWHM. 71 According to literature,
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such an effect might result from the increased oxygen vacancy concentration, internal stress, strain,
or confinement cffects, =

PNPS 2 5 confioma in 20 rry AAD narcpams wit 5 nm fack ALD comtng (W10,

PMPE 2.5 conned in AAD rencporas weh 190, coaring - ervpty merrbrans sorad
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Figure 511, Raman spectra of PMPS 2.5k confined in AAO nanopores with 5 nm HfO, coating
(upper panel), unfilled AAO membranes with HIO; coating (middle pancl), and PMPS 2.5k
entrapped in AAO nanopores with HFO; coating after subtraction of the signal from the empty

membrane (lower panel),

The Raman spectrum of bulk poly{phenylmethylsiloxane) is characterized by numerous more or
less intense bands. We can be divided it into two spectral regions: 1) 2700 - 3300 ¢cm’ and 2) 120
- 1700 em'. The first one with the strong intensity of the bands corresponds to the aromatic CH
groups, asymmetric and symmetnc stretching vibrations of CH, (x = 1.2,3) within methyl,
methylene, methine. In tum, the second region is associated with skeletal fragments of the PMPS
molecule. Hence, it is the main focus here. The Raman spectrum for the bulk polymer in the
considered spectral region is presented in Figure 517 (below),
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Figure 512, Raman spectrum of the reference bulk PMPS 2.3k with two marcked regions assigned
t | 1) siloxane and ( 2y aromatic U= vibrations as recorded at 293 K

Two marked bands around 1567 and 1595 cm! originate from the asymmetric and symmetric
sivetching vibrations of carbon-carbon withim the aromatic ring, while weaker bands omigmate from
the bending modes of CH, within the alkane chain, 8 methyl group vibration (1330 - 1470 '),
and skeletal movements within the C-C chain (1000 - 1350 em'). Very characteristic for PPMS
also s out 1o be a region between 800 - 1 100cm ! with strong bands at 1001 and 1032 ¢!
assigned to the stretching mades of siloxane 5i-0-5i and -08iCH;. The region helow 1000 cm-! s
associaied with deformational modes of silanol 5i-0H that overlap with the arematic out-of-plane
CH (670 - ¥)0cm"), alkane C-C vibrations {5300 - 800 cp?), and deformational CH, modes {500
- 750 cm''), Finally, a vibration of the whole molecular fragments, including lattice modes, s

characteristic of the region below 30H) em!,

When comparing bulk and panopore-confined polymer samples, mwo speciral regions were
considered: 1550 - 1620 cm! {henzene ring region) and 930 - 1060 em! (siloxane backbone)
Motably, other regions {for example, 450 - B0O cm! assigned to complex vibrational alkane modes)
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are much less characteristic because of the combined character of the variable modes, including
different groups within siloxane units. From that, the positions and full width at half maximum
(FWHM) of the individual bands were analyzed to provide information on the impact of
confinement and changes in the surface conditions on the structural alterations within PMPS
molccular fragments,

At first glance, it is very difficult to see changes in the Raman spectrs which were collected.
Therefore, the difference analysis was performed, This is a standard procedure used in the field of
IR and Raman spectroscopic studies to extract more subtle changes induced by various external
perturbation factors (this could be emperature, pressure, or as in our case, geometrical
confinement), eliminating undesired features from the spectrum (for example solvent vibrations),
extracting overlapping bands, tracing the progress of various chemical reactions. In this way,
removing the unaltered part of the spectrum makes it much easier to compare similar spectra
because the bands with the same shape, frequency, and intensities are excluded. By doing so, the
interpretation of IR and Raman results is simplified. 5747

Further Raman analysis will be restricted only to three regions, including 1550 - 1620 cm'!
(benzene ring region), 930 - 1060 cm! (siloxane), and 450 - 800 cm' (alkane). Here, the impact
of oxides on the structural alterations within PMPS 2.5k molecular fragments incorporated into
aluminum oxide membranes mtemally functionalized by Si0,, Ti0O,, HfO; was monitored by
checking the positions and full width at half maximum (FWHM) of individual bands on difference
spectra (Fig. S13). Difference spectra were obtained through the mathematical operation: bulk
PMPS 2.5k - (PMPS 2.5k confined within AAQ nanopores with X0, coating, where X= Si, Ti,
Hf). According to the applied precedure, the Raman spectrum of PMPS 2.5k entrapped inside S10,
coated AAO nanopores revealed two bands around 1567 and 1593 cm* and additional components
around 1570, 1598, and 1586 cm' {112 513). An intcresting observation was the vanable number
and intensity of extra components depending on the kind of oxides covening the AAO internal
walls. Here, the spectrum of PMPS 2.5k entrapped in TiO,-coated nanopores featured two bands
around 1567 and 1595 em™' with two extra components at 1583 and 1598 ¢!, Similar spectral
images were observed for native AAO and aluminum oxides functionalized by propyl phosphonate
units. In turn, only two bands around 1586 and 1594 ¢! revealed the spectrum of PMPS 2.5k in
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HIO; coated AAO templates. Those observations indicate a rotation of the phenyl rings concemning
the initial configuration observed for bulk polymer, probably due to their interaction with hydroxyl
groups. Surprisingly. the relatively low concentration of the hydroxyl moreties as that for ANO
membranes with HfO; layers point to higher structural modification manifested in & more parallel
phenyl ring arrangement. The siloxane band analysis additionally supported such a hypothesis,
Here, Raman spectra of PMPS 2.5k confined in the native, Si0;, and TiO; coated AAO membranes
highlight three bands at 1000, 1006, and 1030 cm, while for HfO, coatings at 995, 1001, 1005,
1030 em-) (Fig S173)
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Figure 513, Raman spectra recorded at room temperature for PMPS 2.5k confined within alumina
nanopores with ALD coatings: SiO; (top panels), TiO; (middle panels), and HIO; (bottom panels)
compared with respect to bulk polymer. Data presented in three regions: 450 - 800 em!, 930 -
1060 ecm', 1550 - 1620 cm’. The pore sizes are the same (50 nm AAO with § nm thick ALD
coating). A difference spectrum was created as a mathematical operation given by the formula
bulk PMPS 2.5k - (PMPS 2.5k confined in AAO nanopores with ALD coating XOa: X = 83, Ti,
Hf).
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Finally, we also show Raman data obtained for the investigated polymer confined in native AAO
membranes and matrices functionalized by various propyl-phosphonate groups, studied in our
recent paper. ' Figure S14 shows the Raman spectra for specific ranges 930-1060 cm' and 1550-
1620 cm* for bulk and confined polymer samples. The difference spectrum analysis of the Raman
spectra recorded at 293 K for bulk PMPS 2.5k and entrapped mside the native and functionalized
AAO pores revealed some interesting observations considering the number of bands, their
positions, or intensities, Here, the Raman spectrum of PMPS entrapped inside native AAO
nanopores shows three siloxane-related bands at 999, 1004, and 1030 cm' and three aromatic-
related bands at 1568, 1591, and 1598 e, The differences in the low-frequency spectral region
corresponding to the siloxane backbone indicate that confined geometry induces slight changes in
the bond length and interbond angles resulting in symmetry breaking. At the same time, changes
in the benzene ring region signify a modification in the benzene rings alignment (e.g., rotation)
with respect to the main chain or each other.

In turn, the difference Raman spectra of PMPS 2.5k inside modified AAO nanopores with one
non-polar spacer per single polar phosphonic acid unit at the surface (N=1) highlighted five
aromatic bands with maxima at 1569, 1579, 1586, 1591, and 1599 cm'' and four siloxanc-related
features located at 994, 999, 1005, 1030 cm'. Such differences in the band arrangement point out
for more significant rotation of benzene rings and higher breaking of the 8i-O-8i chain fragments
compared to that confined in native AAO nanopores. The phenyl ring's rotation and breaking the
siloxane's geometry were also confirmed by analyzing the bands at the low-frequency region.
Unlortunately, the bands have a combinational character with vibrations originating from different
functional groups.

Interestingly, there are no further noticcable differences in the band arrangement when comparing
PMPS embedded within modified alumina nanopores irrespectively of the particular surface
polarity conditions. The spectral images observed for PMPS in modified alumina templates with
a variable number of non-polar spacer per single pelar unit attached to the pore walls (N~ or
cither N=24) are very similar. The analysis of the Raman spectra collected at 293 K suggests that
observed structural modifications come primarily from the confinement effect or its combination
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with mtermolecular interaction between molecular fragments of siloxane and propyl phosphonate
groups.

The low-temperature experiments at 213 K confirm an increase of the symmetry breaking within
the Si-0-Si chain fragment. and higher rotation (more random arrangement) of the aromatic groups
as that observed at room temperature. 1t is manifested by the shift toward a lower frequency and
an increase of the full width at half maximum of the considered siloxane modes. which became
mare pronounced at lower temperatures {more significant bending of the Si-O-Si chain bonds).
For PMPS confined in native and surface modified AAO templates, this trend looks very similar
with the differences in the position and FWHM are within the spectral error. More significant
changes were found analyzing the benzene ring region. Here, the FWHM of the aromatic band
(benzene ring region) decreases for polymer confined within modified AAO templates with N=1
and N=24. However, this alteration tumed out to be more significant in the case of PMPS entrapped
within AAO with a greater number of non-polar spacers (N=24). The narrowing of the bands
assigned to C=C vibration modes in the benzene ring suggests a significant role of silyl moieties
at the surface on the ordening of the benzene rings.
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Froure 514 Raman spectra recorded at room temperature for PMPS 2.5k confined within alumina

nanopores with (a) native and modified surface polarity: (b) one non-polar spacer per single polar
phosphonic acid unit, (¢) twenty-four non-polar spacer per single polar phosphonic acid unit. The
pore sizes are the same. Data were analyzed more carcfully in two very charactenstic for PMPS
polymer spectral regions: 930 - 1060 ¢cm”' (lefl) and 1550 - 1620 cm’ (right). A difference
spectrum was created as mathematical operation given by the following formulas: bulk PMPS -
(AAO + PMPS); bulk PMPS - (AAO@N~=1 + PMPS); bulk PMPS - (AAO@N-24 + PMPS),
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