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I.  WSTEP

Wedlug amerykanskiej Agencji Ochrony Srodowiska (EPA) nanotechnologia
definiowana jest jako "tworzenie i wykorzystywanie struktur, urzqdzen i systemow o nowych
wlasciwosciach i funkcjach z powodu ich niewielkich rozmiarow" w kontekscie zrozumienia i
kontroli materii o wymiarach od okoto 1 do 100 nm*2, Za historyczny poczatek nanotechnologii
uwaza si¢ wygloszenie w latach 50. XX w. przez naukowca i noblist¢ w dziedzinie fizyki
Richarda Feynmana wyktadu pt. ,,There is plenty of room at the bottom” odnoszacego si¢ do
mozliwoséci poznawczych w $§wiecie mikroskopowym, mozliwosci manipulacji i kontroli
poszczegodlnych atoméw i molekut w skali nanometrycznej®“. Ten stynny wyktad zainicjowat
trend miniaturyzacji trwajacy do dnia dzisiejszego.

Dynamiczny rozw6j przemyshu w ostatnich dekadach spowodowat, Ze nanomateriaty
wzbudzily duze zainteresowanie ze wzgledu na wyjatkowe wlasciwosci fizyko-chemiczne oraz
mozliwos$¢ uzyskania unikalnych morfologii rozniacych si¢ od tych otrzymywanych w skali
makroskopowej. Znalazly one szerokie zastosowanie w przemysle m.in. jako nosniki lekow,
nanodruty, implanty, a takze w uktadach elektronicznych, elektrooptycznych czy w ogniwach
fotowoltaicznych®® 78910 To szerokie spektrum zastosowan nanomateriatéw powoduje, ze W
ostatnich latach coraz wigkszego znaczenia nabiera poszukiwanie odpowiedzi na pytanie jak
zmieniajg si¢ dynamiczne wilasciwosci materiatbw w nanoskali, takie jak dyfuzja, czasy
relaksacji, temperatury przejs¢ fazowych, temperatura przejscia szklistego (Tg) substancji

formujacych szklo.



Rys.1 Schematyczne przedstawienie struktur a) krystalicznej i b) amorficznej [11].
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Rys. 2 Wykres zaleznosci objetosci uktadu oraz jego entalpii od temperatury [12].

Temperatura przejscia szklistego (Tg) jest centralnym zagadnieniem w wigkszos$ci
badan substancji formujacych faze szklista w ograniczeniu przestrzennym oraz dla materiatow
litych (ang. bulk). Pomimo dziesigcioleci badan zarowno teoretykow jak i eksperymentatorow,
zmierzajacych do odkrycia mechanizmu prowadzacego do powstawania szkta, zjawisko to jest
nadal nierozwigzanym problemem fizyki materii skondensowanej'®141516  Szkto wykazuje
makroskopijne wiasciwosci ciata statego ale mikroskopijnie zachowuje nieuporzgdkowany

charakter cieczy nie wykazujac dalekozasiegowego uporzadkowania charakterystycznego dla
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struktur krystalicznych (Rys. 1)!'. Podczas wolnego ochtadzania ponizej temperatury topnienia
(Tm) ciecz moze skrystalizowaé badz jezeli tempo schtadzania jest dostatecznie szybkie (T =
dT/dt), moze ulec przechtodzeniu i w konsekwencji przej$é do stanu szklistego (Rys. 1)8.
Ponadto, po ochtodzeniu wielkosci takie jak lepko$¢, wspotczynnik dyfuzji czy czas relaksacji
strukturalnej zmieniajg si¢ (pomigdzy Tm 1 Tg) 0 kilkanascie rzgdow wielkosci, czego skutkiem
jest spowolnienie ruchliwosci (dynamiki) molekularnej (Rys. 2). W obrebie Tg lepkos¢ i czasy
relaksacji osiggaja odpowiednio wartosci 1 = 102 P i 1, = 100 s 121°, Jednak fizyczna natura
tego zjawiska, pomimo wielu doniesien literaturowych, jest nadal nieznana. Dlatego zbadanie
i pelne zrozumienie tego procesu ma istotne znaczenie przyczyniajace si¢ do sformulowania
ogo6lnej, molekularnej teorii przejscia szklistego, ktora w nastepstwie postuzy do lepszego
wykorzystania materiatlow amorficznych w szeroko rozumianym przemysle.

Jedna z podstawowych koncepcji opisujacych zmiany we wiasciwosciach materialow
w poblizu Ty jest teoria dynamicznych heterogenicznosci, zgodnie z ktorg dla cieczy
przechtodzonej tworzg si¢ regiony, w ktorych przegrupowania molekut odbywaja si¢ w sposob
kooperatywny, sktadajace si¢ z wysoce mobilnych i stabo ruchliwych czasteczek. Koncepcje ta
wprowadzit G. Adam i J.H. Gibbs w latach 60-tych ubiegtego wicku?’, w ktorej postulowano,
1z wraz z ochtadzaniem cieczy ro$nie czas relaksacji uktadu ze wzgledu na zwigkszenie
rozmiaru tzw. kooperatywnie reorientujacych domen (z ang. Cooperatively rearranging
regions) CRR. W swoim modelu powigzali oni czas relaksacji, ktory definiuje dynamike uktadu

z entropig konfiguracyjna, ktora jest wielkoscig termodynamiczng (7 =z, exp[C /(TS,)])*.

Opis zaproponowany przez Adama i Gibbsa zainspirowal wielu naukowcow do
ukierunkowania swoich badan i powigzania przejScia szklistego z efektami entropowymi.
Podejscie to jest w peini uzasadnione bioragc pod uwage termodynamiczny opis przejs$é
fazowych. Chociaz jest wiele przestanek eksperymentalnych wskazujacych, iz proces

witryfikacji z powodu zmiany stanu uktadu z metastabilnego rownowagowego na metastabilny



nierownowagowy nie moze by¢ klasyfikowany jako typowe przejécie fazowe w klasycznym
ujeciu Ehrenfesta??. Niemniej jednak koncepcja obszaréw dynamicznie skorelowanych jest
wcigz rozwijana, w tym kontek$cie mozna przywota¢ prace opublikowane w prestizowych
czasopismach m.in w Science?®?*. Niezwykle ciekawym podejsciem do weryfikacji modeli
zakladajacych istnienie dynamicznych heterogenicznosci, ktorych rozmiar ma wplyw na czas
relaksacji strukturalnej czy tez segmentalnej sa eksperymenty prowadzone dla uktadow
ograniczonych przestrzennie w nanoskali. Dotychczas prowadzone badania pokazaly, ze
rozmiar dynamicznych heterogenicznosci jest rzedu kilku nanometrow?2%27, Jest to skala
ograniczenia przestrzennego jakie mozemy wytworzy¢ eksperymentalnie w laboratorium dla
uktadow migkkiej materii. Niestety badania nad uktadami ograniczonymi przestrzennie jasno
pokazaty, ze weryfikacja modeli bazujgcych na koncepcji dynamicznych heterogenicznosci jest
niebywale trudna ze wzgledu na duzy wptyw substratu, ktoéry bardzo cze¢sto mocno oddziatuje
z badang probka i wprowadza gradient gestosci, mobilno$ci, zmieniajacy si¢ w sposob trudny

do przewidzenia wraz z odlegloscia.
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Rys. 3 Uktady ograniczone przestrzennie.

Nalezy nadmienié, iz uktady w geometrycznym ograniczeniu mozna przede wszystkim
otrzyma¢ w postaci nanoczastek, warstw o nanometrycznych grubosciach osadzanych na
twardym podiozu gdzie badana substancja jest ograniczana wzdluz kierunku z (uktady

ograniczone przestrzennie jednowymiarowo, 1D, Rys. 3a), badz tez poprzez ich infiltrowanie



do porowatych membran o nanometrycznych srednicach poréow, gdzie badany materiat jest
ograniczony w dwoch wymiarach x i y (uktady ograniczone przestrzennie dwuwymiarowo, 2D,
Rys. 3b)28293031 Zmiany w dynamice molekularnej i we wlasciwosciach materialu zachodzace
W ograniczeniu przestrzennym, gdzie wymiary sg zredukowane do skali nanometrycznej, sa
intensywnie badane przez naukowcow!* zaréwno teoretykow (symulacje)®23334% jak i
eksperymentatorow31:363738  Szczegblnie wazng kwestig stato sic wykrywanie i monitorowanie
wielko$ci zmian/odchylen w zachowaniu materialu w ograniczeniu przestrzennym w stosunku
do materiahu litego3®4041,

W ciggu ostatnich dziesiecioleci, ze wzgledu na duze znaczenie poznawcze i ogromny
potencjal uzytkowy, podjeto duze wysitki w celu zbadania wplywu nisko- i
wysokoczasteczkowych substancji m.in polimeréw, W warunkach nano-wymiarowego
ograniczenia przestrzennego na przebieg procesu zeszklenia*>*®. Badania te maja na celu
zarowno osiggni¢cie glebszego zrozumienia efektu i wptywu rozmiarowos$ci oraz zbadanie jak
substrat, zakrzywienie $Scianek w uktadach porowatych wplywa na dynamike polimeru w
ograniczeniu przestrzennym?®,

Pionierskie prace nad polimerami w warunkach ograniczenia przestrzennego
koncentrowaty sie poczatkowo gtéwnie na cienkich warstwach31:4144454647.48.49 yyymikato to
w szczegblnosci z odmiennych i nieco kontrowersyjnych wynikow opublikowanych przez
rézne grupy badawcze, wykazujagce duzy rozrzut w wartosci Tg dla takich materiatow w
odniesieniu do warto$ci otrzymywanej dla substancji litej31%6:°0.515253. pijerwsze doniesienia
literaturowe wykazaty silng redukcje Tg w porownaniu do probki litej. Jednakze dalsze
eksperymenty dla polistyrenu (PS) ujawnity ze Ty substancji w jednowymiarowym
ograniczeniu przestrzennym wzrasta, maleje, badz pozostaje state®*>>%57, Osiagniecie spojnej
teorii dla tak zréznicowanych wynikow, zwlaszcza gdy raportowane Ty zmienia si¢ 0 ponad 70

K w poréwnaniu z materiatem litym, okazalo sie duzym wyzwaniem®. Kolejne badania



substancji osadzanych w postaci cienkich warstw pokazaty, ze zmiany w temperaturze
zeszklenia w porownaniu do Tq polimerow W stanie litym zaleza od zastosowanego substratu®®.
Dla poli(metakrylanu metylu) (PMMA) osadzanego na niepolarnych podtozach
zaobserwowano, ze interakcje polimeru z powierzchnig substratu sa stabsze prowadzac do
obnizenia wartoéci Ty, podczas gdy dla polarnych podlozy odnotowano wzrost Tg>®*,
wnioskujac tym samym, ze temperatura zeszklenia dla ultracienkich warstw wzrasta jesli
pomiedzy tancuchami a podtozem (substratem) istnieja silne oddziatywania np. wodorowe*3,
Wyniki te pokazuja, ze zaréwno efekty powierzchniowe jak i miedzyfazowe wydaja si¢ by¢
kluczowymi czynnikami wptywajacymi na wtasciwosci ultracienkich warstw polimerowych®.
Dalsze systematyczne badania wykazaty, ze zmiany w dynamice molekularnej moga by¢
zZwigzane Z mobilnoscig warstwy zewnetrznej bedacej w kontakcie z powietrzem, adsorpcja
tancuchéw

polimerowych na powierzchni substrat-substancja a takze 2z zastosowang technika

614662526364 Wykazano réwniez, ze kierunek i wielko$é przesuniecia Ty,

eksperymentalng
zalezy w duzym stopniu od energii miedzyfazowej (ysL, substancja badana - matryca), gdzie
wzrost ys. prowadzi do zmniejszenia mobilnosci warstwy migdzyfazowej, a tym samym do
wzrostu T¢*%®, Ostatnie badania dowodza, ze zmiany w zachowaniu (m.in. odchylenia od
temperatury zeszklenia pomi¢dzy materiatem litym a ograniczonym przestrzennie (ATg)) moga
tez mocno zaleze¢ od historii termicznej probki. Oznacza to, ze warto$¢ zmian w Tg jest $cisle
zwiazana ze skalg czasowg eksperymentu®®, gdzie wygrzewanie uktadu powyzej Tqw funkcji
czasu, moze prowadzi¢ do odzyskania wtasciwosci podobnych do materiatu litego niezaleznie
od grubosci warstwy®’. Wyniki te zostaly omowione w kategoriach zmian gestosci na styku
substrat-substancja oraz wzrostu liczby nieodwracalnie zaadsorbowanych tancuchéw na
granicy faz podczas osiggania stanu rownowagi w skali czasowej znacznie dtuzszej niz czas

reptacji, bardzo czesto utozsamiany jako czas relaksacji segmentalnej*2,



Odmienny wzorzec zachowan zostal odnotowany w literaturze dla substancji
infiltrowanych do porowatych matryc o nanometrycznych srednicach, gdzie zaobserwowano
obnizenie Tg w poréwnaniu do materiatu litego wraz ze zmniejszaniem rozmiar6w
porow3970.7L72 DJa tych systemow w poblizu Tgq skala czasowa ruchliwosci molekularnej w
danej temperaturze skraca sic Wraz ze zwickszeniem krzywizny $cianki®. W tego typu
uktadach, molekuty sa ograniczone w dwoch wymiarach (Rys. 3), gdzie fluktuacje gestosci
materialu spowodowane zmianami energii migdzyfazowej sg silniejsze w poroéwnaniu do
materialdw 1D. Poréwnanie dynamiki molekularnej na przyktadzie polimeru poli(metylo-
fenylo-siloksanu) (PMPS) w ograniczeniu przestrzennym jedno- i dwu-wymiarowym
wykazato, ze dynamika segmentalna dla cienkich warstw pozostata taka sama jak dla materiatu
litego, podczas gdy wartos¢ Tq polimeréw infiltrowanych do porowatych matryc zmalata”.
Ponadto badania polistyrenu (PS) infiltrowanego do porowatych matryc pokazaty, ze Ty jest
niezmienne w porownaniu do materiatu litego, jezeli rozmiar poréw jest mniejszy niz wymiary
taficucha (2Rg)*"*. Oznacza to, ze dynamika molekularna w dwuwymiarowym ograniczeniu
przestrzennym jest regulowana poprzez interakcje¢ pomiedzy efektami powierzchniowymi a

ograniczeniem rozmiarowosci’>.

W zwigzku z powyzszym stosunkiem powierzchni do
objetosci dla uktadow dwuwymiarowych (2D) - efekt powierzchniowy staje si¢ znacznie
wigkszy niz dla uktadow 1D. Ograniczone przestrzennie molekuly w $rodku porowatych
matryc czesto wykazujg zwigkszong mobilnos¢ w poréwnaniu do materiatu w stanie litym.
Wptyw ograniczenia przestrzennego na Tg zostal dos¢ szeroko oméwiony w literaturze migdzy
innymi w kontekscie (i) wolnej objetosci (ang. free volume)’®’’, (ii) entropii konfiguracyjnej
(liczby réznych sposobow utozenia atomoéw w weztach sieci) zaproponowanej przez Gibbsa i
DiMarzio’® (iii) efektow gestosci®®®’ czy (vi) teorii kooperatywnie reorientujacych domen

CRR (ang. Cooperative Rearrangement Regions), zgodnie z ktorg, wraz z obnizaniem

temperatury liczba czasteczek lub segmentéw polimerowych w obrebie CRR wzrasta,



powodujac gwattowny wzrost lepkosci, spowalnigjac tym samym czas relaksacji w poblizu
T8L82, Zasugerowano rowniez, ze spadek Tgq dla niskoczasteczkowych molekut w mezoporach
moze by¢ potaczony ze zjawiskiem ujemnego ci$nienia398384

Najnowsze badania pokazaly, ze obnizenie Ty jest w duzej mierze spowodowane
wzrostem energii miedzyfazowej (ysi)®. Jednakze przedstawiona korelacja jest sprzeczna z
dotychczas obserwowanym zachowaniem materialdbw ograniczonych przestrzennie
jednowymiarowo, gdzie zgodnie z literatura, wzrost energii miedzyfazowej powoduje wzrost

1. W tym kontekscie wydaje sie zaskakujace,

Ty w wyniku zmniejszonej mobilno$ci moleku
7Ze zmiana geometrii ograniczenia przestrzennego moze spowodowaé az tak dramatyczng
zmiang¢ obserwowanego trendu zachowan. Cho¢ wigkszo$¢ prac dowiodta istnienie silnego
efektu ograniczenia przestrzennego i wptywu na zmiany w Tg, jednak raportowane sprzeczne
obserwacje utrudnity opracowanie spdjnego obrazu dotychczasowych efektoéw obserwowanych
w nanoskali.

W niniejszej rozprawie przeprowadzono badania dynamiki molekularnej substancji
nisko- i wysokoczasteczkowych formujgcych faze szklista w stanie litym oraz w dwu-
wymiarowym ograniczeniu przestrzennym, za pomocg Szerokopasmowej spektroskopii
dielektrycznej (BDS). Uzycie tej techniki pozwala na monitorowanie dynamiki molekularnej,
charakterystycznych czasow relaksacji w szerokim zakresie czestotliwosci 102 - 108 Hz oraz
temperatur (-140 - 400°C). Metoda ta umozliwia $ledzenie odpowiedzi badanej substancji na
przylozone zewngtrze zmienne pole elektryczne mierzac zmiany wypadkowego wektora
polaryzacji, sktadajacego si¢ z wktadu polaryzacji indukowanej (polaryzacji elektronowej i
atomowej) oraz orientacyjnej. Relacja pomiedzy zewng¢trznym polem elektrycznym E a
wektorem polaryzacji P w funkcji czestotliwosci przedstawiona jest jako:

P*(m) =¢* (@) E(w) 1)

gdzie ¢ *( w) oznacza zespolong przenikalno$¢ dielektryczng wyrazong jako:
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e*(w) =¢' (w) —ic" (v) 2)

W powyzszym wzorze &'= C/Co (C- pojemnos¢ kondensatora z dielektrykiem; Co- pojemnos¢
pustego kondensatora) to czgs¢ rzeczywista, natomiast ¢''= I/wRCo reprezentuje cz¢s$¢ urojong
(straty dielektryczne). W eksperymencie prowadzonym z uzyciem spektroskopii dielektryczne;j
wykorzystywane jest sinusoidalne zmienne pole elektryczne. Badany material umieszcza si¢
pomiedzy dwoma oktadkami kondensatora (stala odleglos¢ migdzy okladkami zapewnia
teflonowa wkladka) i instaluje si¢ w glowicy pomiarowej potaczonej z analizatorem
impedancji. Kondensator wypetniony dielektrykiem mozna schematycznie zobrazowac jako
potaczony szeregowo kondensator o pojemnosci C oraz opornik o oporze R. Stosunek napigcia
przytozonego do kondensatora oraz natezenia pradu przeplywajacego przez materiat nosi
nazwe zespolonej impedancji (Z* ()= U*/1*). W konsekwencji z otrzymanej relacji zespolona

przenikalnos$¢ dielektryczna przyjmuje postac:

oz, (@)C, &)

Pojemnos$¢ pustego kondensatora Co = €0 S/d , zalezy od geometrii, gdzie S to pole powierzchni
oktadki, d — odlegto$¢ miedzy oktadkami, natomiast &o - przenikalnos¢ dielektryczna prozni.
Ponadto dla substancji infiltrowanych do porowatych matryc nalezy uwzgledni¢ dwie sktadowe
rownolegltych kondensatorow: e*supstancja | €¥matryca. Zatem catkowita impedancja jest zwigzana
Z poszczegolnymi wartosciami poprzez 1/Z2* = 1/Z*substancja + 1/Z* matryca.

Charakterystyka wtasnosci fizyko-chemicznych badanych uktadéw przedstawiona w
niniejszej rozprawie zostata rozszerzona 0 pomiary przy wykorzystaniu komplementarnych
technik eksperymentalnych, tj. r6znicowej kalorymetrii skaningowej (DSC), spektroskopii w
podczerwieni (FT-IR), katow zwilzania, a takze pionierskich badan za pomoca mikroskopii sit

atomowych (AFM).
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Celem niniejszej pracy doktorskiej pt. ,,Badania dynamiki molekularnej uktadow nisko-

i wysokoczgsteczkowych w ukladach porowatych” byto znalezienie odpowiedzi na

fundamentalne pytanie, jaki czynnik determinuje zachowanie migkkiej materii w ograniczeniu

przestrzennym dwu-wymiarowym, w szczegolnosci:

A.

Okreslenie roli energii miedzyfazowej 1 specyficznych interakcji na zachowanie
poli(glikolu propylenowego) i jego pochodnych w dwuwymiarowym ograniczeniu
przestrzennym oraz wpltywu ograniczenia przestrzennego na dynamike oraz
zachowanie wigzan wodorowych w poli(glikolach propylenowych) o niskiej masie
czasteczkowe;j.

Okreslenie wplywu krzywizny powierzchni na wihasciwosci ukladow w
dwuwymiarowym ograniczeniu przestrzennym na przyktadzie glicerolu.

Przesledzenie wptywu dwu-wymiarowego ograniczenia przestrzennego na specyficzne
oddziatywania wodorowe, a takze na supramolekularne struktury o r6znej architekturze

na przyktadzie wybranych monohydroksy alkoholi.

Rezultaty prowadzonych badan zostaly opublikowane w prestizowych czasopismach

naukowych:

Al. A. Talik, M. Tarnacka, I. Grudzka-Flak, P. Maksym, M. Geppert-Rybczynska, K. Wolnica,

E. Kaminska, K. Kaminski, M. Paluch. The Role of Interfacial Energy and Specific
Interactions on the Behavior of Poly(propylene glycol) Derivatives under 2D
Confinement. Macromolecules, 2018, 51(13), 4840-4852.

A2. A. Talik, M. Tarnacka, M. Geppert-Rybczynska, A. Minecka, E. Kaminska, K. Kaminski,

M. Paluch. Impact of the Interfacial Energy and Density Fluctuations on the Shift of
the Glass-Transition Temperature of Liquids Confined in Pores. Journal of Physical
Chemistry C, 2019, 123(9), 5549-5556.
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A3. A. Talik, M. Tarnacka, M. Wojtyniak, E. Kaminska, K. Kaminski, M. Paluch. The

influence of the nanocurvature on the surface interactions and molecular dynamics

of model liquid confined in cylindrical pores. Journal of Molecular Liquids, 2019,
111973.

A4. A. Talik, M. Tarnacka, M. Geppert-Rybczynska, B. Hachuta, R. Bernat, A. Chrzanowska,

K. Kaminski, M. Paluch. Are hydrogen supramolecular structures being suppressed

upon nanoscale confinement? The case of monohydroxy alcohols. Journal of Colloid
and Interface Science, 2020, 576, 217-229.

A5. A. Talik, M. Tarnacka, M. Geppert-Rybczynska, B. Hachuta, K. Kaminski, M. Paluch.
Impact of Confinement on the Dynamics and H-Bonding Pattern in Low-Molecular
Weight Poly(propylene glycols). Journal of Physical Chemistry C 2020, 124, 17607-
17621.

Tre$§¢ powyzszych publikacji stanowiacych podstawe niniejszej pracy doktorskiej mozna

znalez¢ w Rozdziale 2. Wyniki uzyskane w trakcie mojego doktoratu zostaty zaprezentowane

na konferencjach naukowych:

1.
2.

3.
4.

,XII Copernican International Young Scientists Conference” (2018) Torun, Polska.

,,10th Conference on Broadband Dielectric Spectroscopy and its Applications” (2018)
Bruksela, Belgia.

,,XIII Kopernikanskie Seminarium Doktoranckie” (2019) Torun, Polska.

,InterNanoPoland” (2019) Katowice, Polska.

Ponadto jestem wspotautorem 14 artykuldow naukowych, ktore nie zostaty wiaczone do

rozprawy:

1.

A. Minecka, E. Kaminska, M. Tarnacka, A. Talik, I. Grudzka-Flak, K. Wolnica, M.
Dulski, K. Kaminski, M. Paluch. Conformational changes underlying variation in
the structural dynamics of materials confined at the nanometric scale. Physical
Chemistry Chemical Physics, 2018, 20(48), 30200-30208.

D. Heczko, E. Kaminska, A. Minecka, A. Dzienia, K. Jurkiewicz, M. Tarnacka, A.
Talik, K. Kaminski, M. Paluch. High-pressure dielectric studies on 1,6-anhydro- B -
D-mannopyranose (plastic crystal) and 2,3,4-tri-O-acetyl-1,6-anhydro- p -D-
glucopyranose (canonical glass). Journal of Chemical Physics, 2018, 148(20),
204510.

M. Tarnacka, A. Dzienia, P. Maksym, A. Talik A. Zigba, R. Bielas, K. Kaminski, M.
Paluch. Highly Efficient ROP Polymerization of e-Caprolactone Catalyzed by
Nanoporous Alumina Membranes. How the Confinement Affects the Progress and
Product of ROP Reaction. Macromolecules, 2018, 51(12), 4588-4597.
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M. Tarnacka, M. Dulski, M. Geppert-Rybczynska, A. Talik, E. Kaminska, K. Kaminski,
M. Paluch. Variation in the Molecular Dynamics of DGEBA Confined within AAO
Templates above and below the Glass-Transition Temperature. Journal of Physical
Chemistry C, 2018, 122(49), 28033-28044.
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Derivatives Confined within Alumina Templates. Macromolecules, 2019, 52(9),
3516-3529.

A. Minecka, E. Kaminska, D. Heczko, K. Jurkiewicz, K. Wolnica, M. Dulski, B.
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A. Talik, M. Tarnacka, A. Dzienia, E. Kaminska, K. Kaminski and M. Paluch. High-
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II. OMOWIENIE OTRZYMANYCH WYNIKOW

A. OKkreslenie roli energii miedzyfazowej i specyficznych interakcji na zachowanie
poli(glikolu propylenowego) i jego pochodnych w dwuwymiarowym ograniczeniu
przestrzennym oraz wplywu ograniczenia przestrzennego na dynamike oraz
zachowanie wigzan wodorowych w poli(glikolach propylenowych) o niskiej masie
czasteczkowej

W celu zbadania wptywu ograniczonej geometrii, specyficznych oddziatywan oraz energii
miedzyfazowej (ciato stale-ciecz) na dynamike molekularng a takze temperature przejscia
szklistego w artykule A1 wybrano modelowg substancje glikol polipropylenowy, PPG-OH, i
jego dwie pochodne PPG-NH: oraz PPG-OCHas. Nalezy podkresli¢c ze badane polimery
charakteryzuja si¢ statg dyspersyjnoscig i cigzarem czasteczkowym Mn = 4 000 g/mol oraz
roznymi oddziatywaniami migdzyczasteczkowymi uzyskanymi dzieki modyfikacji terminalnej
grupy funkcyjnej. Badane substancje zostaty infiltrowane do poréw wykonanych z tlenku glinu
(ang. anodic alumium oxide, AAO) o stalej $rednicy porow, d = 18-150 nm. Podstawowe

informacje dotyczace struktury i nazewnictwa zebrano w Tabeli 1.

Glikol polipropylenowy (PPG-OH)
H;C
O
HO OH
n
CH,

Eter bis (2-aminopropylowy) poli (glikolu Eter dimetylowy poli (glikolu
propylenowego) (PPG-NH3) propylenowego) (PPG-OCHs)

CH3 CH3 HSC

0 HiC_ | )\/Eo | CH;
HzN/)\/E \/jLNHz 0 To
n CH;

Tabela 1. Struktura i nazewnictwo badanych substancji.
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Rys. 4. (a) Termogramy DSC uzyskane dla substancji litej PPG-OH, PPG-NH,, PPG-OCH3; (M, =4000 g/mol);
(b) termogramy PPG-NH; infiltrowanego do poréw wykonanych z tlenku glinu o $rednicach d = 150-18 nm; (c)
schemat dwuwarstwowego modelu dla substancji w dwuwymiarowym ograniczeniu przestrzennym.

Uzyskane termogramy DSC dla polimeréw 0 masie My = 4000 g/mol w stanie litym
przedstawione na Rys. 4a wykazaly jeden proces endotermiczny zlokalizowany okoto
temperatury Tq~ 202 K niezaleznie od grupy koncowej badanego PPG. Podczas gdy krzywe
kalorymetryczne uzyskane dla PPGs ograniczonych przestrzennie wykazaty istnienie dwoch
procesow endotermicznych znajdujacych si¢ odpowiednio ponizej i powyzej Tq materiatow
litych, niezaleznie od $rednicy uzytych porow. Zjawisko to potwierdzito istnienie podwojnego
przejscia szklistego dla tych systemow. Zgodnie z modelem dwuwarstwowym
zaproponowanym przez McKenne®® i wspotpracownikow jest ono zwiazane z dwoma frakcjami
molekut o roéznej mobilnosci (Rys. 4c). Pierwsza z nich odnosi si¢ do molekut
,przysciankowych” (Tginterfacial) oddziatujagcych ze $cianami matrycy, 0 zmniejszonej
mobilnosci ze wzgledu na wystepujace oddzialywania miedzy substancja a powierzchnig
porow, charakteryzujace si¢ Tg wyzszym od materiatu litego. Druga frakcja to molekuly
znajdujace si¢ w centrum/rdzeniu poré6w (Tgcore) charakteryzujace si¢ nizsza gestoscia

upakowania, a tym samym wicksza obj¢toscig swobodna, gdzie wartos¢ Tg jest nizsza niz dla
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materiatu litego. Obie wartosci zmieniajg si¢ wraz ze zmniejszaniem $rednicy mezoporow,

gdzie Tgcore maleje, podczas gdy Tginterfacial Wzrasta wraz z rosnagcym ograniczeniem

przestrzennym (Rys. 4b).
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Rys. 5 Widma dielektryczne dla (a) PPH-NH; w stanie litym oraz infiltrowane do matryc o $rednicach (b) d = 150
nmoraz (¢) d = 18 nm.

Dalsze

badania dynamiki

molekularnej

poli(glikoli

propylenowych) za

pomoca

szerokopasmowej spektroskopii dielektrycznej potwierdzity istnienie zjawiska podwojnego

przejscia szklistego. Glikol polipropylenowy (PPG) nalezy do polimerow typu A, dla ktoérych

moment dipolowy catego tancucha jest dany przez sumowanie indywidualnych momentow

dipolowych réwnolegtych do szkieletu tancucha (Rys. 5b), umozliwiajac tym samym

obserwacj¢ dodatkowego procesu relaksacji wektora tgczacego konce tancucha zwanego w

literaturze ,,normal mode” (anm), Rys. 5a. Dzigki czemu informacje o lokalnej (segmentowej)

i globalnej (tancuchowej) dynamice mozna uzyskaé bezposrednio z pomiaréw dielektrycznych.

Jednakze dla glikoli o masie czgsteczkowej Mn > 1000 g/mol relaksacja typu normal mode nie

jest obserwowana, tak jak w przypadku badanych glikoli o Mn =400 g/mol w artykule A5.
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Badane substancje wykazaly obecno$¢ trzech procesow relaksacyjnych: (i)
przewodnictwo statopradowe (dc-conductivity) zwigzane =z transportem tadunkow,
zlokalizowane przy najnizszych czestotliwos$ciach, (ii) relaksacje ,,normal mode”
odzwierciedlajaca procesy zwigzane z globalng dynamika/dyfuzja tancucha i fluktuacjami
wektora taczacego konce tancucha, oraz (iii) relaksacje segmentalng (o) przy najwyzszych
czestotliwosciach, przypisang do kooperatywnych ruchow segmentow, odpowiedzialng za

przejscie z fazy cieklej w szklista (Rys. 5).
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Rys. 6. (a) Porownanie ksztattu relaksacji segmentalnej dla materiatow litych (b) czasy relaksacji wykreslone w
funkcji temperatury dla PPG-OH, PPG-NH; i PPG-OCHG.

Analiza widm dielektrycznych za pomoca modelu Havriliaka-Negami (HN) pozwolita
wyznaczy¢ czasy relaksacji ta i tnmv W funkcji temperatury (Rys. 6). Dla materialow litych
zauwazono, ze modyfikacja koncow PPG nie wplywa na rozktad czasow relaksacji
segmentalnej, a ksztatt procesu a jest identyczny dla wszystkich badanych polimerow (Rys.
6a). Ten sam scenariusz jest rowniez obserwowany W przypadku relaksacji tnv. Uzycie funkcji

Vogela-Fulchera-Tammana (VFT) umozliwito wyznaczenie temperatur przejscia szklistego dla
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T, = 100 s. Dla tych substancji odnotowano jedno przejscie szkliste zgodne z warto$ciami
uzyskanymi z roznicowej kalorymetrii skaningowej, gdzie dla PPG-OCHz warto$¢ Ty
nieznacznie spadta w poréwnaniu do PPG-OH i PPG-NH: (Rys. 6b). Mozna zatem
wnioskowac, ze niewielka modyfikacja chemiczna (zamiana grupy koncowej) ma zauwazalny

wplyw na dynamike molekularng.

(b) PPG-OCH,
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Rys. 7. Temperaturowa zaleznos$¢ czasow relaksacji segmentalnej dla (a) PPG-NH; oraz (b) PPG-OCHs w stanie
litym oraz infiltrowanych do poréw o srednicach d = 150-18 nm.

Zupelie odmienne zachowanie odnotowano dla substancji infiltrowanych do porowatych
matryc. Wyznaczone czasy relaksacji ujawnily temperaturowg zmiane zaleznosci 0d
zachowania eksponencjalnego (opisywanego rownaniem VFT) do bardziej liniowego
(charakterystycznego dla modelu Arrhenius’a) (Rys. 7). Temperatura przejscia szklistego jak i
czasy relaksacji dla PPG infiltrowanego do poréw o réznych srednicach wykazujg zachowanie
przypominajace materiat lity (brak efektu ograniczenia przestrzennego) w wysokich
temperaturach, podczas gdy w pewnej okreslonej temperaturze (0znaczanej jako Tc) obserwuje
si¢ zmian¢ W temperaturowej zaleznosci 1, w porownaniu do materiatu litego niezaleznie od

badanej substancji (Rys. 7a i 7b). Okazuje si¢, ze T¢ silnie zalezy od $rednicy poroéw
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zastosowanych membran, gdzie im mniejsze d, tym wyzsza temperatura w ktorej czasy
relaksacji zaczynajg odbiega¢ od wyznaczonych dla materiatu litego. Poréwnujac uzyskane
warto$ci z obu technik eksperymentalnych mozna stwierdzi¢ dobra zgodno$¢ pomiedzy T
(oszacowang z BDS) i Tg,interfacial (Wyznaczong z DSC). Dlatego tez odchylenie w t4(T) dla PPG
infiltrowanego do porowatych matryc, obserwowane w temperaturze T. jest dobrze
skorelowane z zeszkleniem polimeréw zaadsorbowanych na S$cianach poréw (warstwa
,»przysciankowa”). Jak zaobserwowano, temperatura przejscia szklistego tych molekut zalezy
od badanej substancji i maleje wraz z malejaca zdolnoscia do tworzenia wigzan wodorowych
w nastgpujacej kolejnosci: PPG-OH — PPG-NH, — PPG-OCHs. Mozna wigc przyjac, ze
odchylenia w zalezno$ciach 14(T) i Tc moga by¢ zwigzane ze zmiang oddzialtywan z
powierzchnig (w tym wigzan wodorowych) w wyniku modyfikacji grupy koncowej PPG,
oczekujac tym samym, ze im silniejsze oddzialywanie migdzy materiatem a matryca, tym

wyzsza temperatura przejscia szklistego warstwy polimeru oddziatujacej ze Scianami porow.

b < data from Ref. [65]
(@) * (0) 0+ P | © ppG
301 d =150 nm cerol tH PPG-NH,
¢ Bk, e prooch,
__ 251 PPG-OCH,| PCL
d=18 X
.E. [ | Pr;rg '—c" 10+ VAc
l_o 00, $ © PPGNH, — MMA
< PPG-OCH; <] ,4-polybutadiene
154 MPS
151 QPDMS
N g
20 -
104
16 18 20 22 24 26 0 10 20 30
Ysi [MN M7 v [MN m™]

Rys. 8. (a) Roznice pomigdzy temperaturg przej$cia szklistego molekut przys$ciankowych i materiatu litego,
oznaczang jako AT (gdzie AT = T¢ - Tgpuk), (D) zaleznos¢ ATy dla PPG-OH i jego pochodnych infiltrowanych
do pordéw o $rednicy d = 18 nm w funkcji ysi (T = 298 K). Dodatkowe dane uzyskane dla polimeréw zamknigtych
w porach o r6znej $rednicy (gdzie 25 nm < d < 65 nm) zostaly zaczerpnigte z Ref. [65].

20



Aby zbada¢ role¢ oddzialtywan powierzchniowych wplywajacych na zachowanie
poli(glikoli  propylenowych) ograniczonych dwu-wymiarowo zostaly przeprowadzone
dodatkowe pomiary kata zwilzalnos$ci (0) oraz napiecia powierzchniowego (yL), umozliwiajace
obliczenie energii miedzyfazowej (cialo state-ciecz, ysi). Najmniejsza i najwicksza wartos¢
kata zwilzalno$ci zaobserwowano dla PPG-OH (6 = 8.35°) i PPG-OCHs (6 = 14°). W tym
kontek$cie mozna zatozy¢ obecnos$¢ silnych oddziatywan ciato state-ciecz, ktore zmniejszaja
si¢ w nastepujacej kolejnosci: PPG-OH — PPG-NH> — PPG-OCH3s. Wykazano rowniez
korelacj¢ pomigdzy energia fazows, ysi, a obnizeniem temperatury zeszklenia w uktadach
porowatych w stosunku do materiatu litego, gdzie im wyzsza ysi, tym nizsze Ty molekut

rdzeniowych.

W pracy Al zbadano, jak zmienia si¢ temperatura zeszklenia molekut oddziatujacych
na $cianach poréw, bezposrednio zwigzang z oddziatywaniami mi¢dzyfazowymi, Rys. 8a.
Zgodnie z wykreslong zalezno$cig, Tc zmienia si¢ w zaleznosci od zdolnosci do tworzenia
wigzan wodorowych w nastgpujacej kolejnosci: PPG-OH — PPG-NH2, — PPG-OCHz dla
statego ys.. Korelacja ta wyraznie wskazuje, ze poza energia miedzyfazowa roéwniez
specyficzne oddziatywania, takie jak wigzania wodorowe muszg by¢ brane pod uwage, aby
przewidzie¢ zmiany temperatury zeszklenia nie tylko frakcji znajdujacej si¢ w centrum
mezoporow, ale takze molekul zaadsorbowanych na ich scianach. Zgodnie z Rys. 8b,
otrzymane wyniki dla PPG-OH i jego pochodnych wykreslono wraz z danymi literaturowymi
roznych substancji infiltrowanych do poréw o $rednicach 25 nm < d < 65 nm®®. Zauwazono
dobrg zgodnos¢ z ogdlnym trendem raportowanym wczesniej w literaturze, gdzie im wigksza
energia mi¢dzyfazowa, tym nizsze Ty. Jednakze wiele teoretycznych i dos§wiadczalnych badan
substancji m.in. polimerow w zamknigciu 1D wykazato odwrotne efekty. Zgodnie z tymi

pracami sugeruje si¢, ze silne oddziatywania powierzchniowe, w tym specyficzne
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oddzialywania m.in. wodorowe, zmniejszaja mobilnos¢ warstwy miedzyfazowej, co prowadzi

do zwigkszenia Tg.

Analiza wptywu specyficznych oddzialywan oraz efektéw powierzchniowych zostata
kontynuowana i rozszerzona dla poli(glikoli propylenowych) o masie czasteczkowej My = 400
g/mol, majacych rdézne powinowactwo do tworzenia wigzan wodorowych [A5] w zaleznoS$ci
od materiatu z ktorego wykonana jest matryca. PPG-OH i pochodne zostaty infiltrowane do
dwoch typow membran: (i) wykonanych z tlenku krzemu (d = 4 nm) i (ii) tlenku glinu (d = 18
nm). W badaniach potwierdzono, Ze napigcie mig¢dzyfazowe nie jest wystarczajagcym
parametrem do opisu zmian dynamiki i temperatury zeszklenia uktadow w geometrycznym
ograniczeniu przestrzennym. Dla tych systemoéw rowniez odnotowano istnienie podwdjnego
przejscia szklistego. Wykazano, ze dynamika segmentalna oligomerow PPG odbiega od
dynamiki materiatu litego przy tym samym czasie relaksacji, niezaleznie od zastosowanego
typu matryc, rozmiaru poréw i funkcjonalizacji. Ta obserwacja wskazuje na staby wplyw
charakteru powierzchni  (hydrofobowos$¢, hydrofilowos¢) na dynamike warstwy
mi¢dzyfazowej. Poprzez pomiary z uzyciem spektroskopii w podczerwieni (IR) po raz pierwszy
wykazano, ze sita oddziatywan wigzan wodorowych miedzy materiatem a matryca r6zni si¢ w
zalezno$ci od zastosowanych membran, wskazujac znaczne wzmocnienie wigzan wodorowych

substancji infiltrowanych do porow krzemionkowych [A5].
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PPG-OH within native silica templates of d = 4 nm
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Rys. 9. Widma FTIR dla PPG-OH zamknigtego w natywnych porach krzemionkowych, w regionach O-H i C-H
zarejestrowane w temperaturze T = 183 K w ciggu 30 min.

Ponadto przeprowadzono eksperymenty wygrzewania z wykorzystaniem spektroskopii
FTIR, gdzie monitorowano zmiany w czgstosciach zwigzanych z drganiami rozciggajacymi
grupy hydroksylowej ktore sa odpowiedzialne za wigzania wodorowe. Badania te ujawnity
reorganizacj¢ molekut blisko powierzchni porow ($cian) i utworzenie trzech odrebnych frakcji
molekut: przy$ciankowej (miedzyfazowej), posredniej i rdzeniowej dla PPG infiltrowanego do
porow krzemionkowych (Rys. 9). Tworzenie si¢ trzeciej posredniej warstwy zostato wczesniej
opisane m.in. dla PMMAZ®® i skorelowane ze stabnacymi oddzialywaniami polimer-matryca

wraz ze wzrostem $rednicy porow.

W zwigzku z obserwowanym r6znym wzorcem zachowan, tj. zmiany w Tg w zaleznosci
od energii mi¢dzyfazowej pomig¢dzy uktadami 1D 1 2D, znalezienie rozwigzania a tym samym
odpowiedzi na pytanie, co jest przyczyna obserwowanych roznic, ma ogromne znaczenie dla
znalezienia jednolitego opisu wplywu ograniczenia jedno i dwu-wymiarowego na dynamike
przestrzennie ograniczonych materiatow. W zwigzku z powyzszym w artykule A2 skupitam si¢
na probie opisu i znalezienia spojnych zalezno$ci opisujacych oba uktady. W tym celu zbadano

dwanascie réznych, nisko- i wysokoczasteczkowych substancji tworzacych fazg szklista. W
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pracy wybrano trzy reprezentatywne uktady: glicerol, heksylo-2-[4-(2-metylopropylo)

fenylo]propanian (Hex-1BU) i eter diglicydylowy bisfenolu A (DGEBA) infiltrowane do

matryc wykonanych z tlenku glinu o srednicach poréw d = 18 nm.

Heat Flow [a.u.]
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Rys. 10. Uzyskane termogramy dla trzech reprezentatywnych substancji w stanie litym oraz w ograniczeniu

przestrzennym o srednicy poréw d = 18 nm.
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Rys. 11. Temperaturowa zaleznos$¢ czasow relaksacji strukturalnej dla (a) glicerolu (b) DGEBA oraz (c) Hex-1BU
w stanie litym oraz infiltrowanych do pordéw o $rednicach d = 18 nm.

Termogramy DSC dla dwoch badanych substancji (DGEBA oraz Hex-IBU)

infiltrowanych do poréw o $rednicach d = 18 nm ujawnily istnienie dwoch procesow

endotermicznych ponizej i powyzej Ty materiatu litego, co jest potwierdzeniem istnienia

podwodjnego przejscia szklistego dla tych substancji (Rys. 10). Odmienne zjawisko
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zaobserwowano dla glicerolu infiltrowanego do mezoporow. Dla tej substancji zauwazono
tylko jeden proces odzwierciedlajagcy nagly skok (zmiang) w pojemno$ci cieplnej,
odpowiadajacy jednemu przejsciu szklistemu. To samo zjawisko zostatlo odnotowane na
mapach relaksacyjnych (Rys. 11), gdzie dla glicerolu infiltrowanego do porowatych matryc
czasy relaksacji pozostajg takie same jak dla materiatu litego w catym zakresie temperatur (Rys.
11a). Podczas gdy dla dwoch kolejnych badanych substancji zaobserwowano wyrazng zmiane
dynamiki strukturalnej w pewnej okreslonej temperaturze, T¢ (opisywane réwniez jako
Tg,interfacial) (RyS. 11b i 11c). Brak wyzszej temperatury zeszklenia dla glicerolu infiltrowanego
do poréw nie oznacza, ze warstwa migdzyfazowa nie moze powstawac - W tym przypadku
Mozna przypuszczaé, ze obie frakcje molekut (rdzeniowa i migdzyfazowa) maja podobna
dynamike i temperatury zeszklenia. W celu glebszego zbadania co jest przyczyna
obserwowanych réznic przeprowadzono pomiary napigcia powierzchniowego, katow
zwilzalnosci i energii migdzyfazowej. Wykazano, ze glicerol charakteryzuje si¢ niezwykle
niska energia miedzyfazowa ys. = 1.5 mN'm™, podczas gdy ysL pozostatych zwiazkéw wynosi
odpowiednio 20 mN'm? i 33 mN'm? dla DGEBY i Hex-IBU. Ponadto dla glicerolu
odnotowano duzg wartos¢ kata zwilzalnosci, 6 = 63° i napigcia powierzchniowego, y. = 60
mN'm™. W przypadku pozostatych materiatéw wartosci tych parametréw maleja odpowiednio
dla DGEBY (0 = 35° i yL = 47,41 mN'm™) oraz Hex-IBU (0 = 7° i y. = 26,5 mN'm™), co
pozwala stwierdzi¢, ze w poréwnaniu do innych badanych substancji glicerol stabo zwilza i
oddziatuje ze $cianami matrycy (ciato stale- ciecz). Wydaje si¢ wigc, ze te pomiary byly
kluczowe do wyjasnienia braku podwodjnego przejscia szklistego w tym materiale. Dla
substancji charakteryzujgcych si¢ wyzszym ys (W tym przypadku materialy o matej masie
czasteczkowej), czasy relaksacji strukturalnej wyznaczone dla prébek infiltrowanych do porow
zaczynaja odbiega¢ od tych otrzymanych dla materiatow litych, ze wzgledu na zeszklenie

czasteczek miedzyfazowych w temperaturze Tc¢ (opisywane rowniez jako Tginterfacial). 1M
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silniejsze sa oddzialywania z matrycg, tym warto$¢ T przesuwa si¢ w kierunku wyzszych
temperatur. Zgadza si¢ to z danymi przedstawionymi na Rys. 11, gdzie odchylenie zaleznoS$ci
14(T) od zachowania w stanie litym rowniez zmienia si¢ w ten sam sposob dla DGEBY i Hex-

IBU infiltrowanych do matryc o $rednicach d = 18 nm.

atT =298 K

(a). (c) glycerol
54
54
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x -104 Q Ben-IBU
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Rys. 12. Roéznice pomigdzy temperaturg przejscia szklistego (a) molekut rdzeniowych ATg (gdzie ATy = Ty -
Tgbulk), oraz (b) molekut przy$ciankowych i materiatu litego, oznaczang jako AT (gdzie AT¢ = T¢ - Tgpuik) W
zaleznoéci od ysi; (¢) zalezno$¢ ATg od wspotczynnika cisnieniowego dTg/dp.

W konsekwencji, Tg materiatow w dwu-wymiarowym ograniczeniu przestrzennym
maleje wraz ze wzrostem ysi (Rys. 12a). Efekt ten jest podobny do opisywanego wczesniej w
literaturze®®, gdzie wykazano, ze czasy relaksacji w poblizu temperatury przejscia szklistego sa
znacznie krotsze w poréownaniu do materiatu litego. Jednakze ta regula nie zawsze jest
spelniona, poniewaz tatwo mozna znalez¢ uklady charakteryzujace sie ta sama energia

migdzyfazowa 1 rézng zmiang w temperaturach zeszklenia w warunkach ograniczenia

przestrzennego.

Aby wyjasni¢ to odkrycie eksperymentalne w pracy A2 oOprécz trzech reprezentatywnych

substancji, zbadano rowniez dziewig¢ innych zwigzkoéw tworzacych fazg szklistg. Wszystkie
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substancje zostaly infiltrowane do mezoporéw o najmniejszych srednicach d = 18 nm. W czasie
pomiaréw wszystkie probki charakteryzowaty si¢ ta samg historig termiczng. Z Rys. 12a na
pierwszy rzut oka mozna zauwazy¢ dwie zalezno$ci: pierwsza dla makroczasteczek i druga dla
niskoczasteczkowych substancji formujacych faze szklista (oznaczone odpowiednio na zielono
i fioletowo) w zaleznosci od energii miedzyfazowej. W artykule A2 postanowitam réwniez
rozwazy¢ wrazliwos¢ relaksacji strukturalnej na fluktuacje gestosci, ktore mogg by¢ okreslane
ilo§ciowo przez wspélczynnik ciSnieniowy temperatury zeszklenia, dTg/dp. Na Rys. 12c
pokazano, ze spadek Tg frakcji rdzeniowej, dla substancji w ograniczeniu przestrzennym dobrze
koreluje si¢ ze wzrostem tego wspotczynnika. Dzigki tej korelacji mozna tatwo wythumaczyé
obnizenie Tq dla materiatdw charakteryzujacych si¢ podobng energig mi¢dzyfazows. To daje
stosunkowo tatwg i wiarygodng mozliwo$¢ oszacowania kierunku i wielko$ci zmian
temperatury zeszklenia cieczy infiltrowanych do porowatych matryc. Wyniki uzyskane w pracy
A2 sugeruja jednoznacznie, ze opisywany w literaturze spadek temperatury przejscia szklistego
molekut rdzenia dla substancji o silnych oddzialywaniach jest wynikiem wzrostu Ty czgsteczek
zaadsorbowanych na $cianach zastosowanych porow. Ponadto po raz pierwszy opisano
zalezno$ci pomigdzy energia migdzyfazowg a Tg molekut przySciankowych (Rys. 12b).
Kluczowym jest, ze poprzez wykreslenie zmian Tq w funkcji ys., dla réznych substancji
wykazano, ze badana relacja ma charakter uniwersalny i jest zgodna z danymi literaturowymi

opublikowanymi dla uktadow 1D.

B. Okreslenie wplywu Kkrzywizny powierzchni na wlasciwosci ukladow w
dwuwymiarowym ograniczeniu przestrzennym na przykladzie glicerolu

Wyniki uzyskane w pracy A2 dla substancji ktore charakteryzujg si¢ niskg wartoscia ys., m.in.
dla glicerolu o energii miedzyfazowej ~1.5 mNm™, gdzie efekty ograniczenia przestrzennego
(dla $rednicy d = 18 nm), moga by¢ niezauwazalne sktonity mnie do dalszych badan tej

substancji. W artykule A3 przeprowadzono analiz¢ glicerolu infiltrowanego do membran o
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mniejszej srednicy tj. d = 10 nm, gdzie wykazano znaczng zmiang¢ w temperaturowej zaleznosci

czasOw relaksacji w poréwnaniu do materiatu litego oraz infiltrowanego do membran o

wigkszych $rednicach poréw (d > 18 nm).
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Rys. 13. Temperaturowa zalezno$¢ czasow relaksacji strukturalnej dla glicerolu infiltrowanego do matryc o
$rednicy (a) d =80 nm (b) 18 nm oraz (c) 10 nm.

Na Rys. 13c zaobserwowano zmiang w temperaturowych zalezno$ciach czasoéw

relaksacji dla glicerolu infiltrowanego do matryc AAO o $rednicach poréw d = 10 nm w

poréwnaniu do litego materiatu. Te dane mogly wskazywac na istnienie podwdjnego przejscia

szklistego w przypadku glicerolu infiltrowanego do poréw o matej $rednicy d = 10 nm podczas

gdy dla wigkszego rozmiaru mezoporow efekt ten nie jest obserwowany a czasy relaksacji, Tq,

pozostaja takie same jak dla materialu w stanie litym (Rys. 13a i 13b).

28



{Glycerol

=N (a) bulk
lan] T T T T T T T T T T T
= |
2
S— 1 —
= ] Tg= 189K (b) d = 18nm
D T T T T T T T T T 1 '
xI |

Ty, high= 236 K

Ty, ow= 189 K
(c)d =10 nm
T T T T T T T T T T T
180 195 210 225 240
Temp.[K]

Rys. 14. Termogramy dla glicerolu w stanie litym oraz infiltrowanego do poréw wykonanych z tlenku glinu o
$rednicach d = 18 i 10 nm.

Obserwacje te potwierdzity badania za pomoca réznicowej kalorymetrii skaningowej,
gdzie zjawisko podwdjnego przejscia szklistego, a wiec istnienie dwoch procesow
endotermicznych w danym zakresie temperatur, zostato zaobserwowane dla najmniejszego
zastosowanego ograniczenia przestrzennego, d = 10 nm (Rys. 14). Nalezy nadmieni¢, ze
obserwowane zachowanie jest pierwszym doniesieniem literaturowym pokazujacym istnienie
dwoch przej$¢ szklistych dla tego uktadu. W istocie powyzsze dane wskazuja, ze efekt
krzywizny powierzchni moze by¢ kluczowym parametrem majacym duzy wplyw na
przewidywanie zachowania nanomateriatow. Aby dokladniej sprawdzi¢ to zjawisko,
zdecydowatam si¢ na wykonanie pionierskich pomiaréw sit adhezji za pomocg mikroskopii sit
atomowych (AFM), ktore wykazaly, ze wraz ze wzrostem geometrycznego ograniczenia
przestrzennego sita adhezji igly do materiatu maleje, co prowadzi do wniosku, ze dany materiat
lepiej zwilza powierzchni¢. Pomiary zostaly przeprowadzone wzdhuz przekroju poprzecznego

zardwno pustej membrany, jak i wypetnionej glicerolem.
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Rys. 15. Réznica pomigdzy sita adhezji pomiedzy iglta a glicerolem w porach w stosunku do wartosci
wyznaczonych dla pustych membran (AAQ) wykre$lona w zaleznoéci od uzytych $rednic porow.
Uzupelniajace badania AFM wskazaty, ze zmiana w zachowaniu substancji jest zwigzana
ze znacznym obnizeniem napi¢cia migdzyfazowego substancji w geometrycznym
ograniczeniu. W konsekwencji, w najmniejszych porach (d = 10 nm) spodziewana jest lepsza
zwilzalno$¢ 1 wzmocnienie oddzialywan migdzyfazowych pomiedzy matryca a substancja.
Uzyskane wyniki zostaty skorelowane z modelem Tolmana przewidujacym, ze obnizenie
napigcia powierzchniowego jest $ci§le zwigzane ze wzrostem krzywizny powierzchni, stad
mozna wnioskowa¢, ze w przewidywaniu zachowania substancji nalezy rowniez uwzglednié
stopien zakrzywienia powierzchni (Rys. 15). Warto podkresli¢, ze sg to pierwsze dane
do$wiadczalne udowadniajgce istnienie korelacji miedzy oddzialywaniami na powierzchni a jej
krzywizng. Wyniki przedstawione w pracy A3 pozwalaja na glgbsze zrozumienie zmienno$ci
dynamiki substancji w geometrycznym ograniczeniu przestrzennym i niewatpliwie pokazuja,
ze bardzo trudno jest oddzieli¢ wpltyw efektow skonczonego rozmiaru od efektow

powierzchniowych, poniewaz oba wydaja si¢ by¢ ze sobg $cisle zwigzane.

C. PrzeSledzenie wplywu dwu-wymiarowego ograniczenia przestrzennego na
specyficzne oddzialywania wodorowe a takze na supramolekularne struktury o
roznej architekturze na przykladzie wybranych monohydroksy alkoholi

W dalszej czeSci pracy badawczej postanowitam sprawdzi¢, czy na przewidywanie Kierunku i
zmian w Tg oraz w dynamice molekularnej oprocz krzywizny powierzchni, a takze

rozmiarowosci, moze mie¢ wplyw typ zastosowanej matrycy oraz specyficzne oddzialtywania,
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w szczegllnosci zdolno$¢ do tworzenia supramolekularnych struktur przy podtozu ($cianach
porow). Wykorzystujac komplementarne techniki eksperymentalne tj. BDS i FTIR w pracy A4
zbadatam zachowanie monohydroksy alkoholi o r6znej lokalizacji grup hydroksylowych (-OH)
tj. 2-etylo-1-heksanol (2E1H), 2-etylo-1-butanol (2E1B) i 5-metylo-3-heptanol (5M3H)
infiltrowanych do poréw wykonanych z tlenku glinu (Al203) oraz tlenku krzemu (SiO2):
natywnych (hydrofilowych) oraz silanizowanych (hydrofobowych) o $rednicach poréw d = 4

nm i d =10 nm. Struktury badanych substancji zostaly zaprezentowane w Tabeli 2.

2-etylo-1-butanol (2E1B) 2-etylo-1-heksanol (2E1H) | S-metylo-3-heptanol (SM3H)

Hao/j/\OH HSCK/\(\OH OH

Tabela 2. Struktura badanych monohydroksy alkoholi.

Alkohole monohydroksylowe stanowia unikalng klase cieczy posiadajacych jedna
grupe hydroksylowa, zdolnych do tworzenia struktur supramolekularnych o rdznej
architekturze (tancuchowych, rozgalezionych, pierscieniowych). Najbardziej interesujaca
cechg tych zwiazkow jest wystepowanie dodatkowego procesu Debye'a (D) w widmach strat
dielektrycznych $ci$le zwigzanego z tworzeniem wigzan wodorowych, opisujacy relaksacje
dielektryczng molekut polarnych charakteryzujaca si¢ jednym czasem relaksacji 1p.
Monitorujac wlasciwosci dynamiczne tego procesu, w tym jego amplitude 1 czasy relaksacji
(tp), mozna uzyska¢ posredni wglad w zachowanie wigzan wodorowych oraz morfologi¢
utworzonych asocjatow w rdéznych warunkach termodynamicznych i ograniczenia

przestrzennego.

Analiza czasow relaksacji i sily dielektrycznej procesu migdzyfazowego oraz relaksacji
Debye'a molekut ,,rdzeniowych” pozwolita stwierdzi¢, ze alkohole pierwszorzgdowe o

strukturze tancuchowej tj. 2E1IH 1 2E1B, zachowuja si¢ inaczej w poroOwnaniu do
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drugorzedowego, SM3H o budowie pierscieniowej, zblizonej do miceli. Pomimo zmiany katéw
zwilzania i energii migdzyfazowych stwierdzono, ze zmiana ewolucji temperaturowej czaséw
relaksacji Debye'a dla alkoholi infiltrowanych do hydrofilowych i hydrofobowych porow
wykonanych z tlenku krzemu oraz tlenku glinu zachodzi przy podobnym tp w poréwnaniu do
probek litych [A5]. Zjawisko to moze by¢ zwigzane z podobnymi wartoSciami we
wspotczynniku dTg/dp dla wszystkich mierzonych monohydroksy alkoholi. Jednakze dynamika
molekularna substancji infiltrowanych, pomimo zblizonej wartosci dTg¢/dp, ktory jest istotnym
czynnikiem wptywajacym na zachowanie substancji w nanoskali, zmienia si¢, wskazujac tym
samym duzy wpltyw specyficznych oddziatlywan wodorowych na obserwowane zachowanie.
Ponadto hipoteze ta potwierdzilty badania prowadzone za pomoca spektroskopii w
podczerwieni [A5]. Dodatkowo z zalezno$ci zaproponowanej w Ref. 86 obliczono liczbe

czasteczek biorgcych udzial w tworzeniu supramolekularnych struktur, N.

(a) 2E1B (b) 2E1H (c) 5M3H
bulk
25 1 : n:tive silica, d = 4nm 10 ‘ ® bulk 10 : 2::(\,9 silica, d = 4nm

® native silica, d = 4nm

<> silanized silica, d = 4nm

o- H' H'H' }ﬁﬁ qd . . %%j

24 e® @ i *$
] _ . . 2 §g§ * %o
i LTL ]
5 -1 d . T L o1 0 -1 0 -
T T T T T T T T T T T T T T T T T T T T v T v T v
140 150 160 170 180 165 180 195 210 225 180 190 200 210
Temp. [K] Temp. [K] Temp. [K]

Rys. 16. Liczba czastek N bioracych udziat w tworzeniu supramolekularnych struktur dla materiatow litych oraz
alkoholi infiltrowanych do poréw natywnych i silanizowanych.

Jak pokazano na Rys. 16a i 16b w przypadku 2E1B i 2E1H, N osigga wartosci N ~ 10-
131 N ~ 7-8 dla substancji w stanie litym. Jednakze, co ciekawe, liczba czasteczek z wigzaniami
wodorowymi zmniejsza si¢ znaczaco W geometrycznym ograniczeniu przestrzennym, co
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wskazuje na redukcje dlugosci tancucha supramolekularnych asocjatéw w tych uktadach.
Wykonane eksperymenty sugeruja rowniez, ze uporzadkowana struktura moze by¢ zaktdcana
przez ograniczenie przestrzenne (oddziatywanie ze §cianami poréw), zmieniajace architekture
czasteczek prowadzac do rozpadu form kulistych/miceli dla alkoholu drugorzg¢dowego,
zmieniajgc w pewnym stopniu strukture na liniowa. Utworzone asocjaty tancuchowe w
alkoholach pierwszorzedowych ulegaja czgsciowemu zniszczeniu (liczba czasteczek
zaangazowanych w struktury tancuchowe jest silnie zredukowana), podczas gdy drugorzedowe,
tworzace micele pozostaja tylko w niewielkim stopniu naruszone przez ograniczenie
przestrzenne ulegajac W pewnym stopniu otwarciu i przeksztatceniu w liniowe asocjaty (Rys.
16¢). Ponadto, obserwowana nie-Debye'owska funkcja odpowiedzi procesu migdzyfazowego
dla 5M3H moze by¢ zwigzana z tym, ze substancje te adsorbujg si¢ do porow krzemionki i wolg
tworzy¢ wigzania wodorowe pomigdzy sobg anizeli z powierzchnig. Dlatego, w
przeciwienstwie do alkoholi pierwszorzedowych, wystepuja tu bardzo stabe wigzania
wodorowe o sile porownywalnej do oddzialtywan dyspersyjnych pomigdzy strukturami
supramolekularnymi a $cianami poréw. Mozna wigc stwierdzi¢, ze ograniczenie przestrzenne
ma wickszy wplyw na wigzania wodorowe w przypadku alkoholi pierwszorzgdowych, podczas

gdy w przypadku alkoholi drugorzedowych efekt ten nie jest tak istotny.

Wykonane eksperymenty sugeruja jednoznacznie, ze uporzadkowana struktura moze
by¢ zakldcana przez ograniczenie przestrzenne (oddzialywanie ze S$cianami porow),
zmieniajace architekturg czasteczek. Ponadto wykazano, ze wigzania wodorowe staja si¢
stabsze pod wptywem ograniczenia przestrzennego. Dodatkowo warto zaznaczy¢, iz wptyw
ograniczenia przestrzennego jest silniejszy dla alkoholi pierwszorzgdowych sugerujac tym

samym istotng role struktury badanych zwigzkow.
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ABSTRACT: The effect of the chemical modification of poly(propyens gycol)
(PPG) end groups on the moleculir dmamics under 2D confinement and the
polymer/matric interactions (including interfadal energles) was investigated by a
combination of differential scanning calorimetry (DSC), broadband dielectric
spectroscopy (BDS), surface temsion and contact angle measwrements. The
replicement of —OH groups in native PPG allowed to modify the interactions with
the hydrowyl groups attached to the pore walls of nanoporous aluminum ocde (AAD)
membranes of various pore diameter. Tt was found that the observed reduction in the
glass transition temperature (T,) of the core polymers correlates well with a general
trend ((the higher the solid—liquid interfadal tension, y , the lower T, reported
earlier. Moreover, we demonatrated that although the interfadal solid=liquid energy

seems to be almost the same for each studied herein material, a dear change in the crossover temperature (T.), related to the
vitrification of the polymers adsorbed to the pore walk, is noted Interestingly, the shift in T, with respect to the ghss transition
temperature of the bulk polymer scales wel according to the decreasing ability in the formation of H bonds in the order PPG—
OH —+ PPG—NH, —+ PPG—0CH, for the constant y;. One can add that no such effedt is found for the glass transition of the
core polymers, where a similar shift of the T, was recorded. This finding has been discussed in the context of various sensitivity of
the studied materials to the density fuduations, equilibmtion phenomena occurring below T, ete We believe that our finding
will help in a better understanding of an interplay between interfacial and core molecules and contribute significantly to the

discusdon on the impact of interbidal interactions on the molecular dynamics of polymes under 21 confinement.

B INTRODUCTION

Soft matter under nanoscale confinement often reveals different
behavior with regpect to the bulk materials. Generally, the
enhancement of molecular dymamics and the shift in the phase
transition temperatures,'"* which is usually discussed as a
counterbalance of a few factors (finite sire effects, interface, and
free volume), is observed. Nevertheless, recent studies have
highlighted the important role of the properties of interface on
the overall behavior of the nanomaterdals "5~

As reported for the polymer thin films (1T} confinement),
genenally srong interactions between polymer and substrate,
ie, by hydrogen bonding, seermn to highly restrict the mobility
of confined materals, leading to an increase in T, while the
application of nm:.nr.r.!mve substrates (for eumple gold)
pesults in a decrease of Ty " A drmilar scenario was observed for
the poly( methyl ma.’rucq.r].ne}l (PMMA) deposited on the
polar substrate, where the increase of T, with decreasing film
thickness was reported ' However, this Kind of behavir is not
a rule In this context one can recall polystyrene (PS) films,

< ACS Publications & x02 smadcn Chemic Sodsay

where no such corelation was noted. Interestingly, T, of the
polystyrene thin films decreased with the film thidmess,
independently of the applied subatete !

It is also worth mentoning that the molecular dynamics
dmulitions indicated that the T, of utrathin polymer films
increases with increasing interfadal energy, ¥y, independently
of the chejmstq.r of the polymer film for a constant film
thicdkness ™" That deady indicates that in fact the strength of
interactions plays an important role in the direction and
magnitude of the shift of the glass transition temperature ™
However, herein, one has to aleo refer to the recent studies that
deardy demanstrated that deviation from T phaii 201 hiave 3 finite
lifetirne."****" Az reported for the thin pn}!.rmer films, in some
cases, the prolonged annealing allows recovering bulk proper-
ties. This equilibration at time scale much longer than reptation
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Table 1. Chemical Structures of Examined PPG—0H and Its Derivatives

Poly(propylene glycol) (PPG-OH)

Hl‘:
——
n
CH4

ether) (PPG-NHy)

CH, CH,
O
n

Polyfpropylene glycol) bis(2-antinopropy!

Polyfpropilene plvcolldimertd ether
(PPG-0CH

g0
n
CHy

time (often identified 3 segmental relawation times) leads to
the pertuthation of polymer density at the interface and the
increase in the number of ireversible adsorbed dhains.'™ ™**
Thus, one can mention that the danges in T, might be related
not only to the film thidmess, properties of the substrte, and
strength of interactions, bt akko to the proceses occursng at
the interface

Mlong with the comprebensive gudies on the dynamics of
polymes deposited as thin films there are abo parallel
investigations carried out for the macromolecules incorporated
into porous materals of varying pore dismeter (so-called 2D
confinement). One can add that for this kind of confinement
genemlly a depression of the glass transition temperature with
respect to the bulk sumple is noted. Recently, Alesandris et al.
postulated that in contrast to the polymers deposited on the
substrate an increase of the inerfadal energy leads to a decrease
of T, for the macromolecules incomporated into porous
materials.””

In order to explore maore deeply the idea proposed in ref 29,
we have studied a molecdar dynamics of the dhemically
modified poly(propylene glycol) (PPG) (temninal OH groups
were repliced by NH, and OCH, functiomal groups) of
molecular weight M, = 4000 g/mol incorporated into
nanoporous aluminum odde (AAD) membranes of various
pore diameter, d, varying in the range of 18—150 nm One can
add that a dear advantage of our studies & a fact that all
measurements were carried out on one well-defined polymer,
having the same backbone, dumaerized by the constant M.,
dispersity, and modified intermolecular interactions (achieved
by the modification of terminal functional group) to probe the
impact of interfacial (solid—liquid) energy as well as specific
interactions on the segmental, chain dynamics and drop in the
glass transtion temperature of the investigated materials Our
data were discussed in the view of recent repont by Alesmndris
et al,™ who found a dose rebitionship between ygp and T, in
various kinds of macromaolecules (see Table 1)

One can recall, that poly(propylene glycols), as well as
polyl ci-isoprene) (PI), are the type A polymers charactertred
by a dipole moment aranged parallel to the chain backbone,
which is manifested b{jau addiional relacation process (so-
called normsal mode).™ Thus, infommation abowt segrmental
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(local) and chain (gobal) dynamics can be obtained directdy
from the dielectric measirements. Our recent studies on the
mative PPG mcorporated into AAOQ templites indicated that
segmental and nomal mode processes become faster with the
increasing geometrical constrain resulting in the reduction of
'I'I.'."j On the other hand, in the case of PIincorported into
AND membranes, the spatial restriction did not affect the glss
transiion  temperature, while the chain dynamics under
confinement was found to be retarded when compared to the
bulk sample, dependent on the pore stre.” Therefore, quite
different behavior with respect to the confined PPG was

repomted. Comsequently, from this simple comparison it seems
to be dear that the vartation in the spedfic interactions between
hoat material and both types of polymers must determine thelr
behavior.

B EXPERIMENTAL SECTION

Materials. Poly(propylene glycel) (PPG-OH) and Poly-
[propyiene glycel Ws(2aminopropyl ether ) (PPG—NH, | with purity
th]iﬂﬁm?&%mmpp]!dhpSﬁgnaﬁH:ﬂL losdomethane
(»9%%, Sigma-Aldrich) was used ax received. All other sohents were
applied withow purifiction. The chemical structures are ented in
Table 1. For chrty, PPG of M, = 4000 g/md has a degree of
pﬂ}mm [m) rncru.a] to 68 The AT (U dhmminum oxide
mem used in this study (supplisd from Synker Col) are

of uniaxial channels [open from both sides) with well-

defined pore diameter. Details conce ming ]:-m'nﬂi'p,g-_?ut distribution,
ete, can be found at the Web page of the producer.™

Samples Preparation. Prier to filling AAQ membranes wers
dried in an oven at 423 K under vacuum to remove any volatile
impurities from the nanochannels After cooling, they were placed in
PP Then, the whole sstem wa maintained at T = 343 K in a
vacuum {1077 bar) for 24 h to let both com flow into the
nanocavities. After @mpleting the infikation process, the surface of
AAD membrane was dried, and the excess sample on the surbor was
removed by wse of a paper towel In the experiment, we used
membranes with different pore dameters: 150, 73, 35, and 18 nm_

Methods. Synthesis of PPG—OCH;. The mirure of 10 g (25
mmol} of hydrord-hmctional med PPG and 024 g (6 mmol, 2.4 equiv)
of MaH (#0% in mineral cdl } was stired under an inert gas atmosphere
for 24 hin 2 twoned bottom flask equipped with magnetic stirer and
rubber septum. Then CH,l wes added ise and stiring was
continued for an additimal 24 b Afier that the resction was
terminated by adding 40 ml. of methanol The postreaction mixture

I s S OEEE
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Artiche

wx purified by uhrafitmtion fllowsd by evaporation of the volatile
fractions. The residue was disolved in dichloromethane, and the
organic solition was washed with water (three times) and next dried
over Mg50, PPG—OCH, was received 25 2 pale-yellow oil with 92%
viekl The product of the reaction was confirmed by [R spectra [see
Figure 1}.

CHy
H Q
Ql/\o{\l/ }‘/J\IUH
mn
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Figure 1. IR spectra collected before and after the synthesis of PPG—
OCH,

Fourier Transform Infrared (FTIR) Spectroscopy. FT1R. measure
ments were cartied out using the Agilent Cary 640 FTIR spectrometer
equipped with 3 standard sowce nud DTGS Peltier-cooled detector.
The spedra have been collacted wsing GladiA TR dismon d sccessory in
the 450—4000 cm™! rmnge. All spectt were recorded by accumulation
of 16 scans with a spectral resclution of 4 cm™. Infrared data were
preproesed by baseline correction as well as water vapor and carbon
dioxide removal wing Grams Software

Additionally, FTTR measwements have besn camied o for PPG—
OH and PPG—OCH, samples in onder to identify the presence of
—OH groups in the measwred system. Here, both spectra [see hg_u'-e
1} are dominated by few marker bands descrbed in the teranze™
Therefore, one can detect bands located at ~869, ~1012, and 1085
cm™ which are associated with the stretching vibrtims of #{C—C—
O}, [ C—0), and o COC) muieties, respectively. The other group of
vibrations can be found at ~1298 and ~1377-1459 cm " 2z well s
~21872-2832 and ~2971 cm™ orginating fom the deformation
vilration of —CH— and —CH,— units in polymer backbone as well as
stretching vibration of o{—CH), #(-CH,), and «{—CH,}, groupm,
respectively. In addition, at ~3497 cn™ a2 boad band with low
intensity amigned to the stretching vibnation of O—H growp is ako
seen in PPG—0H In turn, the PPG—0CH, spectrum is characterined
by the similar band amangement with the exception of this cne
observed in the hydmooy region. That means that all hydroo wnits
have been replaced by the —OCH, maiety.

Broadband Dislectric Spectroscopy [B05] sobaric messurements
of the complex dielectric permittivity £¥(a) = £'(w) — 2" (o) were
carried out using the Novocontrol Alpha dislectric spectrometer over
the frequency range from 107 v 10° Hz at ambient pressure. The
'bcmp-u:hu‘e stability controlled by the (Quotre Cryosystem using

gas cryostat was better than 0.1 K Dieleciric measurements
ocl"lrl.i}.F‘PGs were perdformed in 2 parallelplate cell (diameter: 10
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mm; gap 0.1 mm) immed&ately after prepanation of the amorphous
mampe AAQ membrnes filled with PPG's were also phoed in 2
smilar capacitor (dizmeter: 10 mm; membrne thicknes: 0005
mm ¥ Nevertheles, the confined mmples are 2 heterogeneus
dicledric consisting of 2 marix and an investi compound.
Becawe the applied electric field i paralle] to the long pore axes, the
equivalent circuit consists of two capacitors in parallel composed of
bty 31 £% . Thass, the measured total impedmne is relited to
ﬂ!m.&w{ua]m]u.ﬁ'ﬂmﬂl.".ﬂ* =1 pmae + 1Y gy It should
be added that disledric messurements on empty membranes were alss
cammied ot to evaluate the contribution of AAQ, which twmed out to
be negligible. Dielectric messurements were performed in the
ature range 188—243 K for bulk and confined systems.
Differential Scanning Calorimetry (DSCL Calorimetric mezsure-
ments were cartied ouwt wing a2 Mettler- Toledo DSC apparatus
[ Mettler- Toledo Intemational, Inc, Greifenses, Switzerhnd ) equipped
with a liquid nitrogen coding sccessory and an HSS8 ceramic sensor
(heeat flux sensor with 120 thermocouples). Temperature and enthalpy
calibrations were performed by wing indium ad zinc standards
Measurements were carried out on bulk and the crushed membrmnes
filled with PPG. The mmples were contained in sealed crucibles, with 2
heating rate of 1 K;/min over 2 ature rnge fom 160 to 300 K
Surface Tension and Confact Angle Measuremenfs Swrbce
tenzion ¥ (using pendant drop methed with 2 Drop Shape Analysic
Softvare} and contact angle & were messured with the DSA 1008
Eriss tensiometer, GmbH, Gemmny. More detailed descriptions of
instrumental and the experimentd procedures have been described
puuw]}lurhﬂmm'},ﬂusuﬁuunmnd:aumnfpm
dﬂi\n‘ﬁ\ummmﬂmﬁ:tﬂrﬁ:ﬂaﬂemgelm 3382 K,
with a step of 10 K. Because of very high viscosity of examined PPGs
some surbice tensions werse measured from 2982 K At given
temperature the messuring procedure for each substance has been
repeated several times. The temperature messurements uncertanty for
surface tension experiment was +0.1 K, whereas for contact angle it
was aroumd +005 K- The uncertinty of surface tension is on the level
_-Iﬂ.lmNm"' but in our case the standard deviation of the mean
value (from all points) was below this value. The density necesary for
the surbce tension caloulations was messwred with an Anton Paar
Dm‘?lllem:wﬂhmmwmguwﬂm&ml
om .
E'I'.Iumta-ctmgk of eaxch material deposited on the aluminum
oxide was messured in a thermostated chamber at T = 288 K. The
mean value of this paameter was obtained as the average of several
diwen :im{cp-:m[ent measurements. Precision of this mesurements was
017, but estimated uncertainty was betwesn (057 and 1.0°. For the
imvestigated substances s well as for the test liquid the time
for contact angle was registered Fint attempts showed
that after 60 s the drop placed o the solid material has a constnt
shape with a constant contact angle vaue Thus, the contact angles for
PP (s were registered for 2—3 min

B RESULTS AND DISCUSSION

Characterization of Bulk Materials. As a first step of our
investigations, we dumderized the properties of the examined
bulk systems. The DSC thermograms of bulk PPGs are given in
Figure 2a. As illustrated, all DSC curves display one
endothermic proces located appromimately &t T = 202 K,
independently of the PPG end group. Values of T, are added to
the description of Figure 2a and listed in Table 2. Data for
mative PPG (label herein 2 PPG—0H ) were taken fom ref 31,
As presented, no significant difference in calorimetric T,
between studied PPG dedwatives & noted, and the
tamsition temperature reaches T = 201-203 K for all bulk
miterials.

Furthermore, we pedomned BDS messurements and the
representative dieledtric spectm collected for the bulk PPG-
OCH, are presented in Figure 2b. As observed, sl samples
revealed the presence of three relamtion processes: (1) the de
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Figure 1. (a) DSC themograms of bulk PPGs. (b) Dislectric loss spectra measured for bulk PPG—OCH,. (c) Comparison of the shape of the
segmental relaation messured for all bulk smples. (d) Temperature dependence of the rehoation times plotted for all examined bk PPG
materials. Data for PPG—0OH were taken from ref 31

Table 2. Values of T,s and T, Obtained for Bulk and Confined Samples from Calorimetric and Dielectric Measurements™

DEC meamremsis

didectric measorements

amle  Tyz2[E] Tex2[K] ACu[MEE] ACe[/EE] T22E Ty [K]Gchgne=2 AT.[K] AT, [E]
FPG—OH
bulk 0z 067 199 (= 9]
150 rm 1953 pAEE] (K] 0s7? 119 1925 1946 —ag
73 rm, 1504 53 LLEN] LB Iy 13 148 -7
A5 nm. JELB pelik] il [EL] . 1842 194 —1452
18 rm. 1859 519 x5 LLE] il 1744 Als —194
PPG-NH,
bulk 03 067 199 (= 9]
150 rm 195 Pt ] [y i+ ] k] 193 14 —t
75 ram, 150 s sl s P L 185 0 —14
A5 nm. 188 peli] il 049 Ixy 141 14 —-14
18 rm. 186 I3l x5 [LE2] 7 180 8 -9
PRG—OCH,
Bk 01 s 195 [m = 93]
150 rm L] 3 i) a7l M 157 i1 —&
75 ram, jLJ ng il ) [LF.5] 115 184 0 —-11
i nm i T3 054 (e 27 184 13 —-ii
18 rm 185 31 il ] 07 oo 177 16 —14
“Data for PPG—0OH incorporated into AAQ templates were taken from ref 31.
conductivity connected to the charge transport and located at wssigned to the cooperative motions of segments, which is

the lowest frequendes, (ii) the normal mode reflecting the considered to be responsible for the liquid-to-glass transition
process connected to the global chan dynamics and Drata for the PPG=0H were taken from ref 31, Additionally, as
fluctuations of the end-to-end vector of the chain, and (i) expected, the distribution of the relwation times is not affected
the segmental (&) relacation at the highest frequendes, by the terminal modification of PPG, and the shape of the a-
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Figure 3. DSC thermograms of bulk and anfined PPG—NH; (2—e) and PPG—0OCH, (f—). Note that bulk data were added for better dat
presentation and to highlight that confmed Ts are Jocated below and above bulk T, Data for native PPG incorporated into AAQ templates were

-3

taken from ref 31. As an inset in panel (a), the length scale of interficial layer of polymens attached o the surface of alumina nanechannels is plotted

v pore diameter.

process is identical for all samples (see Figure 2c). The same
scenario can be ako observed in the case of the normal mode,
which has similar shape and positon in the experdimental
window.

The obtained los spectra were further analyzed using the
superposition of two Havrilisk—MNegami (HN) functions with
an additional term describing the de conductivity:™*

] (1)

where o and § are the shape parameters representing the
symmetric and asymmetric broadening of given relawation
peaks Af is the dielectric relsation grengh, Gy is the HN
relavation time, £, is the vaum permittivity, and o is an
angular frequency (@ = uf). Then, relaation times of
segmental, 7, and normal mode, Ty, processes were estimated
from Ty using the formula from ref 39, Temperature
dependences of the cloubited relaxation times are shown in
Figure 2d. In order to estimate the values of T, presented data
were fitted to the Vogel—Fulcher—Tamman (VFT) equation:

%U?[ DrTy ]
2)

T,
where r_ is the relamton time at finite temperature, Ty i the
temperature, where T goes to infinity, and Dy is the fragility
parameter. The calculated values of the glas transition

Ag

el [+ g

1
Sic

— 4+ Im £+
EIT ;

%

39

temperature, defined as a temperature, where 7,(T,) = 100 5,
are indicated in Figure 2d and Table 1 Note that the obtained
values of T, are in a very good agreement with those reported
in the literature for PPG—0OH and PPG-NH,** As presented,
no difference in the molecular dynamics between both
polymers can be deteted Thus one can conclude that the
modification of the terminal groups has small impact on the
dymamical properties of both materials On the other hand, in
the case of PPG—=0CH,, some deviation in T, and Ty a5 well
a5 a small reduction of T, can be detected (see blue points in
Figure 2d). Moreover, it should be highlighted that the
difference in T, estimated from BDS and DSC data for PPG—
OCH, & the highest (AT =6 E), although this difference i ail
acceptable Interestingly, the relatively small chemical mod-
ification (the replacement of the end group) has a measurable
impact on the molecular dynamics of examined materials. This
difference can be ako observed in the fragility (or teepness
index, m), which has been alculated accordingly to the
following equation:*

dlog g,
"= AT
LR s

(3)

The estimated values of m were added to Figue 2d As
presented, the highest (m = 99) and the lowest (m = 93) values
of m were obtained for PPG—-0H (as well as FPG-NH,) and
FPG—0DCH,, respectively. One can recall that the m parameter
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Figure 4. Diclectric loss spectra measured for the bulk PPG—OH (2), PPG-NH, (d), and PPG-OCH, (g} and pdymens onfined in AAD
membranes of twe pore sizes 150 nm (b, & h) and 18 nm (g, f, i). Data for PPG—OH were taken from ref 31.

describes the sensitivity of the a-relimtion to the temperature
changes It is worth adding that in the case of polymes this
parameter is affected by the symmetry of the monomer, the
presence of bully pendant groups, tactidty, stereogeometry,
and pacdng density.*' ™ Thus, the observed decrease of the
fragility seems to be due to some variaon in intermolecular
interactions caused by the modificaion of FPG temminal
groups. Mote that the abiity of hydrogen bonding in the
examined polymers seems to decrease in the following manner:
PPG-0OH — PPG-NH, — PPG-OCH, Interestingly, the
elimination of the ability of H bond formmation in the latter
polymer is still manifested a a visible difference in temperature
dependendes of the segmental and chain relacation processes

40

with respect to the former two materials. One can add that the
same fragility was obtained for both PPG—=0H and PPG-NH,
(where m = 99), indicating very dmilar beluvior. Nevertheless,
it should be mentioned that accordingly to the literature, the
fragility of FPG=0H and PPG=NH, strongly depends on M,
due to the decreasing role of the H bonds with increasing dhain
length® As expected, both PPG—0H and PPG-NH, are
characterized by the comparable T, and dmamics of segmental
and chain relaation processes.

Confined Systems. Newt, al exmined PPGs were
mcorporated into AAD membranes of pore sizes varying in
the range d = 16—150 mm (see Experimental Section). The
representative thermograms of confined PPGs obtaned during

[l SEATERIFE I m Tl
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recorded for the bulk and confmed PPG dedvatives (PPG—NH; and PPG—0CH,)

incorporated in two pore siwes d = 18 nm and d = 150 nm. (b, d} Rebxation map for the indicated bulk and confmed systems.

heating are displayed in Figure 3. Tt can be noticed that spatially
restricted systems exhibit two endothermic processes, reflecting
a double glass transitions phenomenon occurdng below and
above the T, of the bulk matedal. One can recall that according
to the nm-hyer model, this double Tz phenomenon i relited
to the two fractions of molecules/polymers of different
dymamics. Consequently, we can distinguish (i) snface fraction
asodated with the polymers attached at the intedface of pore
walls, characterized by the T, higher than the bulk (T, ), and
(i) the core macromolecules located in the center of the
nanoporous channels, characterized by the T, lower than the
bulk (T }.‘6 It shnu]d be mentioned that the presence of
double Ts is widely reported in the literature for the low and

high mao llecu].u welght glass-formers, Jndudh‘g polymers
incorported into manoporous temphtes.‘?'“'“ Values of
both T s together with the heat cpacity jumps for the both
detected endothermic transitions are listed in Table 2. As one

cansee, T, decreases with the reduction of the pore size, while
the T, increases with the incressing confinement. It means that
the difference between both Ts (T|z and 'I'lL} increases with a
decreasing pore diameter. The largest difference can be found
for PPGs incorporated into AAD templites of d = 18 rum,
independently on the FPG terminal mojetes One can add that
the values of both Ts determined from DSC data differ slightly
for the studied PPGa Data for the PPG—0H incorpomted into
AAD temnplates were taken from ref 31

Mest, in order to explore the impact of modification of PPG
termiml groups and to probe interfadal interactions between
host and guest material, the length scale of interfadal layer, £, of

polymers attached to the surfice of aluming nanochannels was
estimated accordingly to the following equation:™

- d 1 —
) +.'1E'
(4)

where d ks the pore divmeter and AC,, and AC, are the
changes of the heat capacity at T, and T regpectively. Note
that the application of eq 4 requires the Enfbmdng assump Hons
(i) the volume of the material in the surface layer is
proportonal to the step change of its heat capacity, (i) the
density of the incorporated material does not change along the
pore radivs, and finally (i) the shape of the pore & cylindrical
Values of the heat capacity jumps for the both detected
endothermic transiions are listed in Table 2, while the pore
diameter dependence of the interfacial biper thidmess is shown
a5 an inset in Figure Ja. Diata for PPG—0H incorporated into
AAD templates were taken from ref 31. As illustrated, the
interfacial layer increases with the decreasing degree of
confinement (the growth of d) and reveals no significant end
group dependence, when we take into acoount error bams in the
estimation of this parameter. One cn add that the caloulated
are comparable to those :epn:ted for PMMA (where  ~ 14
nm ford = 80 nm pnms}l and salol (where { ~ 15 nm ford =
100 nm pores)*” incorporated into AAD templites. At the first
dght, it is well seen that the estimated 's seem to be quite large
with respedt to those determined for the polymers deposited on
flat substrates In these cases, many authors observed the
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formation of the so-called irreversibly adsorbed layer (IAL),
which was around 4-5 nm even in the thick samples.
Therefore, there & a discrepancy between IAL and interfacal
layer determined for the both geometrical corstraimts. To
understand that one can remind that IAL can be estimated
directly with large precision using well established and reliable
methods. On the ather hand, for the polymers incorporated in
pores, the length scle of the adsorbed material can be
caloulated indirectly from the heat capadty jumps at the two
glass tramsition tempertures, Therefore, one can suppose that
except of the polymers strongly attached to the pore walls, also
maore loosely packed macromolecules of slower dynam ics might
contribute to the higher glss transition temperature. Moreover,
there are also additional interactons between adsorbed PPG's
and hydrocy] moleties, which may additionally affect the heat
capadty jumps at the high ghs transition temperature. Fimally,
it should be mentioned that upon calorimetric gudies the
samples were cooled and heated with the rate 10 K/min, which
might successively affect sorption and desorption proceses as
well s exchange between adsorbed and core macromolecules.
Furthermore, the estimated intedfadal layer can be significantly
overestimated with respect to TAL calculated for the polymers
deposited as thin films on flat substrates.

Complementary to the calorimetric studies, we also
performed BDS measurements. Dielectric loss spectm for
various confined PPGs are shown in Figure 4. Again, one can
distinguish three processes: the do conductivity, normal mode,
and segmerntal relaeation. Note that sometimes an additional
process (so-called interfacial) reflecting reorientational motions
of the molecules strongly interacting with pore walls can be also
detected in confined systems *™* Although, it is not a rule and
iz mot the case for the studied herein materials Additionally, a
significant broadening of both proceses (segmental relacation
and normal mode) with increasing confinement for all PPGs
independently on the terminal units (see Figure Sac) was
observed. Accordingly to the literature, this effect can be
discussed in the context of (i) an inceased length scale of
hetemgenek],l;"" (i} a wvasation in the popubtion and the
degree of dmamic coupling of the formed clusgters under
confinement,” and for (i) the strong interactions between the
interfacial and core polymers and AAD membrane It should be
added that a similar broadening of the distribution of the
segmental and duin rebvation tmes with decreadng pore size
was also observed for the native PPG and PI incorporated into
AAD templates. Note that for the latter compound the low-
frequency dope was reported to be lower than unity, indicating
the retardation of the chain d}rmmlﬁ?'“ However, herein, we
have found the pronounced enhancement of the dymamics
(segmental and nomal mode) close to T, for all PPGs,
independently of the end groups. One can add that studies on
Pl depodted on doped silicon substrate showed no impact of
the film thickness on the dynamics of segmental process. On
the other hand, the chain dynamics was observed to be
significantly enhanced with respect to the bulk samples for the
higher molecular weight polymers.™

Further analysis of the los spectra with the use of the
superposition of two HN fundions with the condudivity term
allows to plot reluation tmes of the bulk PPGs and samples
measured under confinement vemsus irveme of temperature
(see Figure 5hd). Data for the bulk systems were added for a
better clarity of the presentation As presented, in the high
temperture mnge there & no difference between bulk and
confined systems. However, further decreasing of temperature
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revealed a pronounced deviation in T, of confined PPGs at
some spedfic temperature (labeled as the crossover temper-
ature, T_), independently of the terminal moieties One can add
that the same scemaro was ako observed in the case of the
native FPG incorporated into AAD templates’ Values of T,
are listed in Table 2. It can be seen that T, strongly depends on
the pore divmeter of the applied membranes. In Fact, the
smaller d, the higher T_. Note that the same behavior was ako
reported in the case of T, By the comparison of the obtalned
data, one can find a good agreement between T, (estimated
from BDIS) and Ty, (determined form DSC ). The discrepandes
can be related to the difference in the cooling rate in DSC and
dielectric measurements, which surely affected sorpton—
desorption  processes and demsity packing at the interface
Therefore, the devation in (T} of the confined PPGs
observed at T, can be related to the vitrfication of the polymers
adsorbed on the pore walls. Moreover, although BDS and DSC
techniques probe different types of molecular motions, one can
see that both of them cn be successfully used to follow and
detect the ghss transtion of the interfadal macromolecules.
Interestingly, a similar deviation at T, ocours also in Tapy of the
examined manosystems; but here, the efied & mudh Jess
pronounced due to a different time scale of both processes.
One can recall that the observed vartation in the relaxation
times due to the vitrification of the polymers adsorbed on the
pore walls is commonly reported for the low and high
molecular weight glass-forming liquids under 2D confine
ment. " Nate that recent studies on the liquids
incorporated into porous templates have indicated that below
T. (corresponding to the freezing out of the adsorbed layer ) the
free volume of the system remans constant (within
experimental uncertainty).”* At those conditions, the system
enters ngi?gh: Ssodensity condiions govemed by the negative
pressure.

In order to determine the values of T, under confinement,
temperature dependences of the segmental relaxation times
were fitted by a combinations of VFT and Arthenius equations.
Mote that at high temperatures {above T_) the examined r,(T)
dependences follow VFT scenario, while below T, a change
from VFT to the Arhenius-like behavior can be seen. Thus, to
describe the obtained data comectly in the wide range of
temperature, we wsed two functions. The Arhenius equation
was wed a5 follows:

L= Twm “]{E]
kT (5)

where ky iz Bolmmann comstant and AE & the actvation
energy. Obtained values of the glass transiion temperature
(where r,(T.,) = 100 5} of the confined PPGs are indicated in
Table 2. As shown, an increasing degree of confinement results
in a significant reduction of T, for all studied PPGs. The lowest
T, was determined for the PPGs confined into the smallest
pores (d = 18 nm), independently of the terminal mojeties (see
Table 2). Again, a good agreement between T, and T,
estimated from the DSC and dielectric data was nbta]ne.!
(see Table 2.

To explore the impact of the intermaolecular interactions on
the molecular dynamics in the emmined PPGs under
confinement, we analyzed the difference between T, and Ty
Libeled as AT, (where AT, = T, = Tjpg). Values of AT,
plotted 2z a functon of the pore diameter are presented in
Figure 6a As illustrated, AT, increases with the pore sire and
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strongly depends on the examined PPG terminal units, where
AT, decrenses in the following order: PPG=0H — FPG=NH,
= FPG=0CH, and seems to comespond quite well to the
ability of H bonds formation (even though we take into
account error bars around 2 KL In this context, one can assume
that the deviation in T,(T) dependences and AT, might be
related to the variation in the interaction with the AAD
templates surface (induding H bonds) due to the modification
of PPG end group. One could expect that the sronger interplay
between materal and pore walls, the higher AT, of the
polymer. On the other hand, no such diredt correlation can be
deduced from the amalysis of the AT, (where AT, = T,
Tyna) ettimated from DSC a5 weif as dielectric data
Figure fa). In this case, AT, varles only shghtly and i
comparable for all studied polymers incorported in pores of
varying diameters.

Interfacial Energy. To get better insight and quantify the
role of the surface interactions on the overall belavior of the
confined PPGs, we carded out addiiomal messirements of
surface tersion, ¥, and contact angle, &. These parameters
emabled us to calculate the interfacial energy (the solid—liguid
interfacdal tension, p5 ) and explore how it duanges with the
terminal modification of PPG. The values of p; and & obtained
for the all examined PPGs are listed in Table 3. As presented,
the lowest and the highest contact angle was observed for
PPG—0H and PPG—0OCH,, respectively. One can see that the

Table 3. Contact Angle at 208 K, Surface Tension of
Samples (PPGs and Test Liquids) at 298 K, and Solid—
Liquid Interfacial Tension of PPGs at 298 K and ;!T‘ (from
Table 2)°

ngle [l [Nt TNme] [
FPG—0OH 835 iz e ] 183
FPG—NH, 10 313 ns 125
PPG—OCH, 140 3148 na 181
water 45 7z
ethylene 401 471
el

“Surface tension for water and ethylene ghrool were taken from ref 37,
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value of & increases in the same mamner 3 it was observed
previously in the case of decreasing AT, which was assigned to
a lowering ability of the formation of H bonds. As one can
recall, contact angle provides a measure of wettability; thus, the
better spearing out of a lquid drop on the examined surface,
the smaller &, In this context, one can assume the presence of
strong solid—liquid imteractions, which decrease in the
following order: PPG—0H — PPG-NH, — PPG-0CH,
Mote that & of water & lower than 20°, indicating hydrophilic
surface. On the other hand, no correlation between 3 and PPG
terminal group can be observed. In B, y is simdlar for the all
examined PPGs.

Accordingly to Young's equation, a contact angle is related to
solid surface energy (or solid—air interfactl tension, y), ¥a
and . in the following way:
Tor 1 cos & (5}
Az above-mentioned, both variables ¥ and @ can be obtained
directly from the mesurements; thus, the only pammeter
required for further caloubtion & pp, which was estimated as
follows Mote that the suface tension of a liguid (as well a any
interfadal tension ) & a sum of di ‘q%mlw, d, and nondispersive
components, nd: y = 3 + P47 wher the nondispersive
contribution indudes all parts of the interfadal tension resulting
from nondispersion intermolecular nteracions present in a
liquid or solid phase, such 2 hydmogen bonds and base—add
interactions. When the work of adhesion is

=%—

Wa=n+hE—t (7
and assurning that:
W, = 2'{1.'|'{}'5?,_J + 3 ) (8)

the solid surface energy can be calculated with digpemsive and
nondispersive components accordingly to the following
relation:

—_—
}’L{l + Cos ﬁ':l _ |'1 |£ I,—u
a =yh LA i

n 1 is)
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For that purpose, some standand liguids, ie, water and ethyens
glycol, charactertred by different distribution in dispersive and
nondispersive contributions to surface tension, mus be used.
As reported in the literature, the dispersive and nondigpersive
parts of the suface tensions for water and ethylene glycol are
follows: Y= 218 X 10 Nm™, ¥ =510 % 107" N m ™" and
o= ow 10N om, 174 % 107 N m~',
respectively. ™' However, ethylene glycol is a much more
dispersive liquid than water, what should give a reliable results
of the surbice a:e:g].rlgpgh:g the procedure proposed by
Fowkes™ and others ™™ Note that the purely digpersive
solvents, such as iLe. bromobersene or dilodomethane, could
not be applied due to completely gpreading out on the alumina
surface. After all, the solid surfice energy of alumina was
estimated a5 y5 = 5897 % 107" N m™" with a predominating
nondispersive part ¥™ = 556 3¢ 107" W m ™", Therefore, having
all the required data, we were able to estimate from Young's
equation the values of the solidliquid interfadal tension at 298
E and at T, which are given in Table 3 Note that for
caloulation of yg at T, the surface tension was extrpolated
using the temperature Aependence of 35 constructed from the
values presented in Table 4, whereas y; and cos & were assurmed

Table 4. Surface Tension of PPG Derivabives Determined in
the Temperature Range 288333 K

¥ [mN m_l]
temp [K] FPG—OH FPG—NH: PPG—0OCH;

A Eri ] AT

F.. ] ke E1E] EIE]
ELE ElE ] AL08 EiEL]
EILE EiE E ko . L]
IER2 a1 A8 57
3532 747

to be constant within a broad temperature range ™
Interestingly, nmo difference in py; between the examined
PPGs can be observed, and despite previous dissimilarities, yp
of PPG—0H and PPG—0CH, reaches comparable value yg ~
27 mMN m~' at 298 K (see Table 3). However, one can recall
that recent work by Alexandris and co-waorkers™ indicated that
there is a correlation between j; and the reduction of the glass

temperature of the confined systems with respect to the bulk. It
was generalized that the higher g, the lower T, zons

Thus in order to examine this reltonship in the case of
modified PPG, we plotted the dependence of AT, and AT,
versus interfachl energy at T pp, for two pore diwmeters: d =
18 nm and d = 150 nm, 3 presented in Figure 7. It should be
mentioned that previously only the dependence of AT, an yg
Iuas been examined. However, herein, we also explored J’ww the
T, the glss transition temperature of the polymers attached to
the interface, which should be directly related to the interfacial
interactions, changes with pg. Note that AT =T_
while AT, = Tpeup = Tpmsgous Although pg seems to be
dmdlar in all examined PPG's, a clear trend in variation af
ATy can be noted (see amows in Figure 7). As dlustrated,
AT, changes according to the decreasing abiity in the
formation of H bonds in the following order: FPG—0H —
PPG-MH, — PPG-0CH, for the constant yg. This simple
relitionship indicates that except of the interfacial energy also
some strong specific interactions, such & H bonds or jonic,
must be also taken into account to predict the variation of the
ghiss trandtion temperature of the adsorbed polymers. On the
other hand, a doser inspection of the data presented in Figure
Tb showed that the T, of the core macromolecules remains
srmilar (within experimental uncertainty) in each studied herein
PPG when plotted versus g, In addition, we alo added our
data to those reported in ref 29 in Figure £ As can be observed,
there is almost perfect ment with the general trend
reported by Alemndris e al ™ Thus, according to the above, it
is msurned that the fronger surface interactions, the lower T,
Mevertheless one has to remember that many theoretical and
experimental studies on the polymers under 1D confinement
reported the opposite effects. Accordingly to those works,
strong surface interactions, induding spedfic interactions
(hydrogen bonding), have been suggested to reduce the
interfadial mobility in moleadar glses and polymers leading to
the higher T, Interestingly, a similar finding, manifested in
the shift of t{e T, to the higher temperatures due to increadng
arength of the spedfic interactions, was repored herein
Therefore, we believe that the observed depresdon of T, should
be imterpreted as a consequence of the enhancement of AT,
caused by the variation in the interfacial energy or fomation of
the specific interactions between host and guest molecules/

T. - Touw

18
Tau [MN 7]

Figure 7. Dependence of AT, and &T‘ vs solid—liquid interfadal tension at

dizmeter: d = 18 nm and 4 = 150 nm.
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Figure . AT, for PPG's incorporated intoe nanochennels of d=18 nm
plotted versus yg at 298K Additiona] data obtained koo polmens
confined in pores in varying dizmeter (where 25 nm < d < 65 nm)
were taken from ref 29,

polymers. Although, as discussed in the literature, also stiffness
and roughness of the interface™ * have an impact on the glass
transition temperature of the core pobymers.

Having all that said one should ako address an important
izmne As it is well presented herein and in other papers the drop
in the glass tramsition temperature of the core polymers is well
correlated to the increase in T, that mises with decexsing pore
size in each studied herein chemically modified PPG.
Thereinre, one could expect that there will be also a simiar
trend, ie, the higher ghss transiion temperature of the
adsorbed polymers, the larger dwp in T, of the core
macromolecules in the investigated materiak, On the other
hand, a5 discussed above, there iz no such clear relationship. To
exphin that one can remind that there are several factors
contributing to the determination of the gass transtion
temnperature of the core polymers. First, it should be reminded
that T __. . was estimated for the experimental data
enrapc:fated tw 7,(T,} = 100 5. Second, as shown by some of
s below the crosover temperature there i always physical
equilibration manifested by the continuous shift of the
segmental process to the lower Fequendes in both low
muolecular weight ghss-immers and nonmodified PPG. Thind,
the change in T,(T) at T, strictly depends on the sensitivity of
the segmental relavation to the density fuctuation ™ Fimally,
also thermal history and cooling rate have tremendous impact
on the vitrification of the core maolecules/polymers. Therefore,
all these factors contribute more or less to the experimental
finding that there & no direct correlation between increase in T,
and drop in T in the investigated PPG's.

B COMCLUSIONS

In this study, we examined the behavior of modified PPG
derivatives, where the terminated groups —0OH were replaced
by the following structures: —NH, and =0 CH,. Such relatively
small chemical modification allowed to modify the interactions
with the —=OH groups attached to the walls of applied AAD
templates and indicated the impact of both surface and specific
interactions on the properties of the confined systems. As

45

observed, the glass transition temperature of the polymers
attached to the pore walls increases with the ability of H bonds
formation in the following order: PPG—0H — PPG-NH, —
PPG—0DCH; In this contest, it should be noted that all these
polymers are chamcterired by very similar interfacil energy
with the alumina On the other hand, no such rebitiorship is
observed in the case of the T, of the core macromolecules.
Moreover, one can note that the reduction in T, of the
investigated PPGs correlates well with an increase in pg as
reported for variows polymers confined in manoporous alumina
templates. Although, we have related the cbserved depression
of T, to the varation in the glas transiton temperature of the
interfacial layer (AT.). However, there are also other factos,
ach a5 time scale of the physical equilibration taking place
below T, thermal history of the sample, sensitivity of the
segmental relamtion to the densty Auctuations, roughness, ad
diffness of the surface that may contribute to the glass
tramsition temperature of the core polymers. We believe that
these data will contribute significantly to the disousdon on the
impact of interfacial interactions on the molecular dynamics of
polymers under 2D confinement.
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ABSTRACT: The behavior of the low- and highmolecdar  {a)] =
welght glass formers confined in nanoporous templates ] s
remains an ursolved puszle despite the intensive long-term

studies in this matter. Spedal effost is taken to understand the X .
enhancement of segmental or structural dynamics and the l_ﬂ'q ]
depression of the glasstransiton temperatures, Ts in < ay

matertals infiltrated in pores of the manometric dze. In this | polymars
paper, we have analyzed dieleatric, calorimetric, and contact nJlow molecular weighi

2

angle data collected for varows systems to determine which 6 a:-'l"".; f'“"g"’i' T ?.gl R
Ll Fo &l

factors are responsble for these effecs. It umed out that with i ] [N ]

increasing interfacial energy, molecules attached to the pore
walls (interfacial layer) wvitrify at higher temperatures.
Maoreover, the dymamics of core molecules starts to deviate from bulk-like behavior. Therefore, a greater depression of the
glass-transition temperature, T, of this Fraction of molecules is noted. Also, it was found that the senstivity of structurl
dynamics to the density Huctuations, quantified by the presure coeffident of the glass-transition temperature, dT,/dp, is
another useful parameter to predict the shift of the glass-transition temperature of the confined ghss formers The results
presented herein emphasze the great importance of surface effects, which play a primary role in a unified description of the
impact of the nanometric spatial restriction on the dynamics of confined materals.

1. INTRODUCTION of the materials deposited s thin films or incorporated into
porous matrices?) are yet to be addressed.

It has been shown that the direction and magnitude of the
shift in T, for the polymer deposited as thin films (defined
herein as nne-dunﬂmm:a] mjﬂnmmng ID) strctly depend

Intensive studies carried omt over the lagt 20 years allowed to
better undemstand the impact of variows kinds of nanometrical
spatial confinement on the molecular dynamics and evolution

of the ghss transition i the high I:pn]].rmm}l_ and low on the intermolecular PﬂtEJ:d:l.!]J' and the intefadal energy,
molecular-weight glass fomers. As J]rf“d? established, the s " between the matedal and the substmte. The increase
behavior of the soft matter under confinement seems to be in both pamameters leads to a rise of the T of the deposited
governed by a few factors, that is, finite size, interfadal macromolecules, independently on the chemistry of the
interactions (together with the processes occurming at the polymer films of the same thickness. Tt is worthwhile to add
interface’), surface properies (including Toughness and those spedfic intermolecular interactions, such as H-bonds,
polarity of the template/substrate), free volume, ™ conforma- laving a strong impact on the lowering mobility of the
tonal ch.mgzs,"? negative pressure effects,™ and time """ interfadal kayer and increase of the glass-tramsition temper-
Mevertheless, although many aspects of the nanometrical ature On the other hand, for macomolecules and low-
spatial restriction are already wel-understood the detailed molecubir-weight glass formers infiltrated into manopores of
molecular picture of this complex problem i still missing, and varying diameters, genemlly, a completely different behavior
many following questions (ie., how to predict more predsely
the direction and magnitude of the shift of the gas-trmnsition Received: [ecember 34, 2018
temperature, the variation in the segmental/structuel Bevised:  February 13, 2019
relaxation process? Or if there & any link between the behavior Published: Febnary 13, 2009
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(depresdon of the T ) & observed *'* One can recall that
many various theories and ideas have been applied to address
this phenomenon more carefully. In this context, one can
mention about the concept of negative presaure in ranocavities
that develops during q:cu:nllng'il or the mole of the dynamical
heterogeneities that do not grow becawse of geometry
restriction posed by the pores, and so forth.® Mevestheless,
recently Alexandris et ol have postulated that the depression
of the T, of the materials confined in the pomus templates is
gawmeq! by the interfacial energy. Surprisingly, in contrast to
polymers deposited a5 thin films they reported thar the
increase of y;; leads to a reducton in 'I'..q" " Therefore, a
different pattern of beluvior in the shift of T, between the
matertals deposited as thin films and infilirated into the porows
matrix with respect to the variation in the interfadal energy
seems to be a puzele. In this contest, one should ask: what is
the reason for that? The answer to this question i of great
importance for finding a unified description of the impadt of
1D and 20 confinement on the dynamics of spatially restricted
matertals.

To fulfill this agnificant gap in our understanding of the
above-mentioned issue, we have examined twelve various low-
and high-molecular-weight glass fomers, from which we have
chosen three sytems: glycerol, heoyl2-[4- (2-methdpropyl)
phenyl |propanoate (Hex-IBU), and hisphenol-A diglyddyl
ether (DGEBA), s representative examples of markedly
different beavior under spatial restriction imposed by ahumina
(AAD ) manoporous templites of pore size d = 18 nm. The
application of dielectric spectroscopy and differential scanning
calorimetry (DSC), together with the surface tersion and
contact angle measuremerts, emabled us to follow the
difference in the moleculr dymamics of all investigated
nanomatertals because of their different macroscopic proper-
ties (especially their interfadal energy, g ). The variation in
the ghss-transition temperatures of all materials plotted versus
their ys; was compared with the literature data, indicating a
fundamental relationship giving an opportunity to predict the
behavior of the sof matter under 21 confinement. In addition,
we have shown that besides the interfacial energy also the
sensitivity of the structural process to the density fuctuations
plays an important role in better understanding the behavior of
the confined liquids. We helieve that the obtained data enable
us to explin many results often considered as contrdictory,
that is no deviation in the temperature dependence of the
structuml rebomtion times and the lack of the two glss-
transition phenomena reported for some materils under 1D
spatial restriction.

2. EXPERIMENTAL SECTION

2.1. Materials. Glycerol, bisphenol-d digycidyl ether
(DGEBA), phenyd salicylate (salol), and triphenyl phosphite
( TPP) with purity higher than 98% were supplied by Sigma-
AMdrich 1,234, 6-penta-O-{trimethylsilyl Fn-glucopyranose (5-
GLU) (the misture of a- and fanomers) was synthesized for
this paper, accordingly to the procedure presented in ref 18
The purity of the sample was greater than 99%. Methyl,
isopropyl, hexyl, and benwyl esters of ibuprofen (Met-IBU,
methyl-2-[ 4 (2-methylpropyl jphenyl| propanoate; Iso-1BU,
propane-2-f 2-[4-(2-methylpropyl ) phenyl] propanoate; Hex-
IBU, hewyl-2-[4 (2-methylpropyl) phenyl|propanoate; and
Ben-1BU, bengyl2-[4-(2-methylpropyl phenyl |propanoate ) of
greater than 9% purities were synthesized according to the
procedure reported in ref 19, The chemical structures of all
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emmined compounds are presented in the Supporing
Information |Figure 51). The manoporous aluminum ocide
membranes used in this study (supplied from Synkera Co and
InRedox) are composed of uwnirdal channels (open from both
ddes) with well-defined pore dixmeter (Figure 51).

22, Sample Preparation. Before filling, AAD membranes
were dried in an oven at T=423 K in a vacuum (107 bar) for
t = 24 h to remove any volatile impurities from the
mnochannel. After cooling they were plced in liquid
samples. Then, the whole system was maintained at T = 298
K in a vacuum (107 bar) for £ = 6 b to let compounds flow
into the nanpcavities. After completing the infiltration process,
the surface of the AAD membrine was dried, and the excess
smmple Fom the surface was removed by the use of 2 metal
blade and paper towel In the experiment, we used the
membranes of pore diameter, d = 18 nm.

23, Methods. 2.3.1. Broadband Dielectic Spectroscopy.
Lobaric measurements of the complex dielectric permirtivity,
w) = g(w) = " (w), were camied owt using the
Novocontrol Alpha dielectric spectmmeter over the frequency
mnge from 107 to 10° Hz at ambient pressure. The
temperature stability controlled by Quatro Crynsystem using
nitrogen gas cryostat was better than 0.0 B Dielectric
mesurements of bulk samples were performed in a pamllel
plate cell (diameter: 10 mm, gap: 0.1 mm) immediately after
the preparation of liquid samples. AAD membranes filled with
investigated materials were also placed in a similir capadtor
(diameter: 10 mm, membrane thickness: 0.05 mm) ™™
MNevertheless, confined samples are heterogeneous dielectrics
composed of 3 matrix and an investigated compound. Because
the applied electric feld is parallel to the long pore axes, the
equivalent circuit consists of two capacitors in parallel
composed of g%, and £f,n. Thus, the measured total
impedance & related to the individual values trough 1/ZF =
LV ZEmpans + UZfio 1t should be added thut dielectsic
mesuements on empty membranes were ako camied out to
evaluate the contribution of AAQ, which turned out to be
negligible to the recorded data Dielectric measurements were
performed in the temperature range T = 171293 K for the
bulk: and confined systems

232 Differentinl Scanning Calonmetry. Calodmetsic
mesurements were carried out ugng 3 MettlerToledo DSC
apparats  (Mettler-Toledo Intemational, Inc, Greifensee,
Switzerlind ) equipped with a liquid nitrogen cooling accessory
and an HSSE ceramic sensor (heat fux sensor with 120
thermocouples). Temperature and enthalpy calibrations were
performed by wing indium and mnc standards. Megsurements
were carried owt on bulk and the crushed membranes filled
with the examined compounds The sumples were contained in
saled crudbles, with a heating rate of 10 K/min, over a
temperature range from 140 to 300 B

233 Surfoce Tension and Contact Angle Measurernents.
The surbice tension of liguids p; (pendant-drop method) and
contact angle & were measured with the DSA 1005 Kriiss
Tensiometer, GmbH Germany. The desciption of the
instrument and procedures has been presented previously. "™
The meamring procedure at 2982 K for all substances has
been repeated dozen or more times. The temperature
measurements uncertainty was #0.1 B, whereas the
uncertainty of surface tension was +0.1 mMNm Densty, g,
required for the surface tension experiment was measured with
an Anton Paar DMA S000M densimeter with the uncentainty

not worse than (L0001 g-cm"".
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Figure 1. Dielectric spectra of bulk and confined systems messured above their glas-transition emperatures. Black and color curves comespond ©
the data taken at different temperatures. As insets, the chemical structures of investigated compounds are presented.
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Figure 2. Temperature dependences of structural relaxation times for indicated smples. Black solid and dashed lines are the best fits using VFT

The contact angle on the lluminum oxide was registered in a
thermostated chamber at T = 298 K as the average of several
independent measurements during minimum 2=3 min (for
drops with constant shape and constant contact angle value ).
The uncertainty of temperature measurements was 0.5 K, the
predsion of contadt angle mesurements was 001° and the
estimated uncertainty was +1.5°

3. RESULTS AND DISCUSSION

Dielectric spectra of three representative bulk and confined
systems collected above T are presented in Figure 1. Note that
the data for DGERA lfbl.ﬂf: and confined ) and Hex-IBU (bulk)
were taken from refs 24 and 19, respectively It should be
mentioned that all dielectric measirements were performed
using the same protocol, where samples were quenched and
measured on heating. As shown, all spectra reveal the presence
of the de conductivity at the lowest frequendes, related to the
charge tramsport, and the stmctural relaation (a-process) at
higher frequendes, reflecting the cooperative motions of the
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whole molecules and respomsible for the liguid-to-glass
transition

To get more detailed information into the dynamics of the
examined bulk and confined samples, collected loss spectra
were .m.\ﬂgrzed with the use of the Havrilisk—MNegami (HN)
function™ with an additional conductivity term
Ag,

oo e i

e(m) o + Ew + o+ {imrm.,}“‘“"]"m )
where @ and § are the shape parameters representing the
symmetric and wsymmetrc broadening of the given relacation
peaks, Ar is the dielectric relaxation strength, Ty is the HN
relacation time, £, is the vacuum permittivity, and o & an
angular frequency (= = 2a). Note that the relaation times of
structural, T, process were estimated from Gy according to
the equation given in ref 26,

The determined dructural relasation imes for the bulk and
confined materials plotted vesus the inverse tempersture are

D M0 e e i M 51
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Figure 3. DSC thermograms chtained for the bulk and confined systems.

shown in Figure 2. As observed, the temperature evolutions of
the structural relootion times differ significantdy from each
other. In the case of confined glycerol, T,(T) dependence
remains bulk-like, whereas for Hex-IBU and DGEBA
incorporated in aumina pores, the structural relacation times
start to deviate from the macroscopic sample at some spedlic
crossover temperatures. For this paper, we label this temper-
ature 2 T Because of this experimental finding, the relaxtion
times obtained for the latter systems were fited by a
combination of the Vogel—Fulcher—Tammann (VFT) and
Arthenius equations. Above T, the VFT equation was applied

_ DTy
=T t‘”u?{T— Tn] @)

where T is the rebueition time at finite temperature, Ty is the
value of ternperature, where T goes to infinity, Dy s the fagility
parameter; whereas below T, the Arthenius equation was used

. B
: tﬁur{tn?} (3)

where kg is the Boltzmann constant and E, & the activation
energy. Mote that in the case of confined systems, the VFT
equation was used only for an accurate determination of a
point (temperature), at which the slope changes; whereass Ts
of confined compounds were estimated from the extrpolition
of the Arrhenius fits

It should be stressed that the bulk-like behavior of confined
glycerol in the whole emmined range of temperature (see
Figure 2a) is consistent with the previous reports showing a
similar behavior of this compound infiltrated into pores made
of different materials and various diameters.”” ™ On the other
hand, the dymmics of confined DGEBA is retarded at high
temperatures (Figure 2b), whemeas confined HewIBU reveals
bulk-like properties well above T, see Figure 2c. Moreover, a5
noted above, there is a change from the VFT to the Arhenius-
like behavior in 1, T)-dependence of DGEBA and Hex-IBU
confined in AAD templites. This change in the structural
dynamics occurs at some specific temperature condition, T,
{see Figure 2h,c). Numerous dielecric and calorimetric studies
reported in the literature indicated that this phenomenon is
strictly related to the wvitrification of the interfacial
].'.rg,rer.’“‘”"'s“'u:l Moreover, this experimental observation is
consistent with a smple model proposed by Park and
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McKenna® and Arndt et al™ (the so-called “two-layer
model”) that describes the heterogeneity of the materials
confined in mnoporous matrices According to this simple
approach, there are two fractions of molecules, characterized
by different mobility and T (i) those attached to the surface
of applied manochannels (interfacial layer), intemcting with the
aurfuce of the walls of alumina pores and characterized by the
higher T, than the bulk sample, and (i) those located at the
center d’ﬁﬁe manochannels ( described as a “core” set) ofthe T,
lower than the macroscale compound. Although, it should be
mentioned that Amdr et al™ suggested that the discrepancy
between 1,(T) dependence of the bulk and confined samples
may be related to the exchange process between interfadal and
core maolecules as well. Consequently, the enhanced dymamics
detected in Hex-IBU and DGEBA might be assigned to the
varation in the paddng dersity at the interface. Interestingly,
in ref 32, authors also provided an explanation of the presence
or absence of the reluation process of the interfidal layer in
loss spectra measired for the confined liquids. They postulated
that it is becase of the interplay between the time scale of the
exchange process and the experiment. If the exchange between
core and interfacal molecules is slow with respect to the time
of experiments, two relaxtion processes can be detected In
the opposite situation, only one dominant structural process is
expected. Mevertheless, it should also be added that in contrast
to our calorimetric data, Arndt et al™ reported only a single
ghs-trndtion temperature for each sample confined in the
alica pores they have measured.

Additionally, one can note that the change from the VFT to
the Arrhenius-like belavior in 1,(T) dependence of DGEBA
and HewIBU confined in AAO templates ocours at different
guctural relaation tmes loge T.(T) = <25 ad log,
T(T.) = =35 for the former and the latter sample,
respectively. Bt means that most likely the ghss-transition
temperature of the interfacial layer increases more in Hex-IBU
with respect to DGEBA

Mext, we determined the values of both: the ghss transition
of the core molecules, T, and the interfacial fraction, "
from the dielectric data Tt should be mentoned that the T,
was identified a5 a tempemture where r.(T) of the confined
liquids starts to deviate from the bulk behavior. On the other
hand, the T, was defined s the termpersture at which 1, = 100
& The obtained values of Tysand T.sare added to Figure 2. As
presented, the T, decreases with confinement or remains bulk-
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like (glycerol), whereas T_ increases with decreasing pore size,
as usually reported for the materiaks incarporated in pores.

Om the basds of the data presented in Figure 2, one can
notice a quite peculisr behavior of the glycerol under
confinement for which r,{T) remans bull-like in the whole
range of ternperstures. Comsequently, the T, of the confined
compound matches perfectly the one determined for the bulk
sample. In one of our previous papers, we claimed that it is due
to the weak sensitivity of the structural dmamics to the density
variaton, which can be easily quantified by the rato of the
activation enthalpy at constant volume and constant pressure
(E.[E, ratio).® Briefly, E/E_ ratio varies in the range of 01,
where both lmiting values imply that the dymamics are
governed by either volume (E/E_ = 0) or temperature (E,/E_
= 1) Huctuations.™ It was shown that the lower E,/E_ratio, the
maore pronounced varkition in 1, (Th-dependence at T_ is
expected® Because the structuml dymamics of glycerol is
characterized by the pretty high E/E 094, no
confinernent effect should be observed under spatial restriction
conditions® Therefore, the urique behavior of glycercl
infiltrated in AAD membranes of d = 18 nm might be related
to the fact that stuctural reluation is predomirantly a
themnally activated process. Altematively, one can hypothesize
that gycerol might be very weakly attached to the pore surface,
forming an interfacial layer of similar dynamics to the core
molecules However, this scenario seems to be controversial if
one takes into account that this polyaleobol has three hyd reocd
units that may form H-bonds with alumina. Anyway, to verfy
this hypothess, we peribrmed comprehensve calodmetry
measurements on the bulk glyceral, and the sample infiltrated
into dumina pores of d = 18 nm

Interestingly, the obtained themmograms revealed that the
confined glycerol, similar to the bulk material displays only
ong glss-transition temperature. On the other hand, for
DGEBA and Hex-1BU incorporated into AAC templates, two
T,s can be detected, see Figure 3. It is worthwhile to add that
there is a quite good correspondence between the low and the
high glass-transition temperature and T, and T, estimated from
dielectric data That simply means that the T, and the T, are,
in fact, related to the vitrification of the interfacial layer and
core molecules, respectively. Some discrepancies between haoth
chamcteristic temperatures are probably because of diferent
cooling rates applied during dielectric and calormetric studies.

Presented herein are the results that seem to be quite
surprising considering the chemical structure of the inves-
tigated compounds. One can note that DGEBA and Hex-TBU
do not have any OH units capable of forming as strong H-
bonds as gycerol (see the insets in Figure 1) Nevertheless,
there is a dear additional high glass-transition tem perature
indicating the vitification of the interfacial layer for the
confined DGEBA and Hex-IB U, Interestingly in the case of the
polyaleobol such a scenario does not occur. The lack of the
second ghss-transition temperature in the confined glycerol
does not mean that the interfacial layer is notformed One may
suppose that in this pardoulyr case, both fractions of the
maolecules (core and interfacial) have similar dynamics and
glass-transition temperatures [ Table 1).

To get a better insight into this issue, we performed further
surface tension, jp, and contact angle &, measurements
allowing the caloubition of the interfadal energy, 5 see the
Supporting Information. These kind of measurements enabled
us to measure the strength of intemactions between the host
(alumim) and confined compounds. One can add that
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Table L. Values of T s and T.s Obtained for the Confined
Samples from Calorimetric and Dielectric Measurements

BDA = DEC =

sam pie T.[E] T‘ mfﬂ'h‘m LA Tp.w [K] T” [¥]
Glceral

balk 157 188

18 nm: 188 189
DGEEBA

ealk 254 288

18 nm ] 57 253 e
Hex-TBL

balk 17z 177

18 nm: 191 154 167 i

generally in literature, amother approach based on the
functiomalization /slanization of the native pores is applied to
elucidate host—guest interactions and its impact on the
molecular dymamics of confined samples. This Bsue has been
explored intendvely by Kremer's group. ™" They found quite
a #rong impact of the pore functiomlity on the behavior of
liquids infitrated into nanochannels On the other hand,
determimation of the interfacial energy allows the strength of
interactions between the porous material and infiltrated liguids
to be quantified more precisely and makes more generl
conclusions. It is ako worthwhile to add that the contact angle,
surfice tension, and interfacial energy were cloulated for the
liquid samples measured at T = 298 K. Apart from glyceral
DGEBRA, and Hex-IBU, we have also examined nine other
materals infiltrated within AAD templates and plotted the
difference between the gas-transition temperture of the bulk
material (Tynp) and T, of the core molecules (T,), where AT,
=T, = T, versus g together with the literature data
easured polymers and sorme low maolecular gas formers
taken from ref 15 (see Figure 4a). Note that for this purpose,
we used only T s determined from the dielectric data for the
materials incorporated into nanopores of the smallest diameter
(d = 18 nm), having the same thermal history (measured on
heating after cooling the samples below T). As presented, all
points follow the general trend repored before for the
materials incorporated into porous temphtes.“ However, at
first sight, two different dependences: the fist for macro-
molecules and the second for the low-molecular welght-gliss
formers, marked by blue and red circles, respectively, can be
observed.

Moreover, we would like to draw the attention of the reader
to one very imporant issue that explans the presence or
absence of the two ghsstransgtion phenomena reported for
many liquids infiltrated into porous templates. As can be
observed, glyceml is characterized by the extremely low
interfadial energy, rg = 1.5 mMm~', whereas y; of the two
other compounds is equal to 20 and 33 mMN-m " for DGEBA™
and Hex-TBU, regpectively. Moreover, one can also note that
ghycerol is chamoterized by the relatively high contact angle, &
= 63°, and surface tendon, 3 = 60 mMNm ", whereas in the
case of other materials, we determined the following values of
these parameters: & = 35% and jp = 4741 mMNam ', a5 well as &
and y; = 265 mNm~" for DGEBA and HexIBL,
respectively (see Table 51) This simple comparison enabled
us to certify that in contrast to the latter systemns, glycerol
weakly wets and interacts with alumina. Therefore, it seems
that the observed behavior might be used further to explain the
absence of the second high ghss-transition temperature for the
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Figure 4. Panels (ab): interfacial energy dependences of AT, (2} and AT, (b) for various low- and high-molecular-weight compounds. Panel (c):
dependence of AT, vs the pressure coefficient of the ?ﬂs-tlusitim temperature (4T, /dp). Blue data were taken from ref 15, whereas those for

PPGs, PGERA,

, and TPP were taken from refs," ~*™* respectively. For details conceming the following steps of the analyis together with

the description of applied techniques, please see the Supporting [nfrmation.

confined polyalenhol Consequently, we might conclude that
good wettability and strong interactions between host and
guest materials are important parmeters that are responsible
for the formation of the stable interfacial layer of reduced
mability.

For a better understanding of the correlation between AT,
and ¥ found in Figure 4a, we also examined the changes in
T., assigned to the vitrfication of the interfacial layer with
respect to the glass-transition temperature of the bulk material
(where AT, = T, - Tynu) 25 a funcion of the interfadal
energy, see Figure 4b. As shown, the experimental points
follow the linear trend We found that the higher the pg, the
higher the AT, which seems to correspond very well with the
data collected for the thin polymer films where the strong
interactions increase the T In this context, one can suppose
that with increasing value of the surface tension between the
liguid and the matric, an additional very effective constraint,
leading to a decrease in configurtional entropy, is imposed on
the molecules attached to the pore wall. This effed is
equivalent to the situation as if 3 smaller volume was available
to the molecules of the liquid. Both of these Bictors contribute
to the rise in the glss-transition temperature of the interfadal
layer.

Maoreover, a direct comparison of the data shown in Figure
4ab enabled us to formulate a more fundamental condusion.
In the case of the samples characterized by the low interfacial
energy, no departure from the VFT behavior and the ldk of
the double glas-transition phenomenon are expected. More-
over, the reported changes in the moleculyr dynamics of the
confined systems (manly polymers) seem to be because of
finite size effects enforcing the changes in the molecular or
chain conformations, density fuduations, and so forth. On the
other hand, for compounds characterized by the higher y5y (in
our case, low-molecular-weight materials), structurl relistion
times determined for the confined samples start to deviate
from the ones obtained for the bulk samples because of the
vitrification of the interficial molecules at T The stronger the
interactions with the matrx the T, generally shifts to higher
ternperatures. That agrees with the data reported in Figure 2,
where the deviation of the (T} dependence from the bulk
behavior ako shifts in the same way for the confined DGEBA
and Hex-IBU. Consequently, the T, of the materials
incorporated into porous templates decreases with increasing
¥a. This effect is in some way similar to that described by
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Stevenson et al,* who showed that dymamics near the surface
of ghsses s much Bster with respect to the bulk sample.

However, 3 shown in Figure 4a, this mle is not abways
stisfied because we can easily find systers characterized by
the same interfacial energy and much different depression of
the gliss-transition temperature under confinernent. To explain
this experimental finding, we also dedded to consider the
sensitivity of the structural process to the densty fuctuations,
which can be quantified by the pressure coeffident of the glas-
trangtion ternperature, dT,/dp (see Supporting Information ).
For that purpose, we either collected the mluesndel fdp fram
the literature or determined this parameter from the high-
pressure messurements performed on the bulk samples; see the
Supporting Information. As shown in Figure 4c, the depression
of the gliss transition of the confined ligquids correlates quite
well with the dT,/dp ratio. In fact, when we take into account
this parameter, one can easily explain various depression of the
T, for materials charcterized by similar interficial energy. This
relationship can be illustrated by comparing two sets of data
(1) collected for 1,234 .6 penta-O-{ triret byl 1l )-o-glucopyr-
anose (S-GLU, y5p = 37 mNan™' ) and kopropyl dedvative of
buprofen (Iso-IBU, 5y = 37 mMNan™") and (2) obtained for
DGEBA (yg = 20 mMam )" pheryl saliciate (salol, ygy =
20 mMNem ), and TPP (r5 = 20 mNem ™). Each group has
comparable/congtant jgp, whereas the dT,/dp ratio differs
dgnificantly. One can see that with the higher pressure
coeffident of the glass-transition temperature (that means the
higher sersitivity of the structural process to the density
Buctuations/density paddng), the greater depression of the T,
for the matedak incorporated into the manoporows matrx is
detected. Therefore, besides the wettability, suface tendon,
and interfacial energy, also dT,/dp must be considered to
understand better the variation of the molecular dmarmics of
the lquids infiltrated into nanoporows templates.

4. CONCLUSIONS

In conclugon, we have ecamined 12 various low- and high-
molecular-weight gas formers chamacterized by difierent
molecular dymamics and behavior under geometrical constraint
condiions using dielectric spectroscopy and Differential
Scanning Calorimetry. These studies were also combined
with the contact angle measurements that enabled us to get
insights into the wettability and strength of interactions
between host and guest matedals. Vadation in the molecular
dynamics of the confined compounds turned out to be directly
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correlated with the interfadal energy. As observed, T, of the
materials incorporated into pores decreases with increasing ys
because of the rise of the glss-transition temperature of the
interfacdal molecules attached to the walls of alumina
Surprisingly, for the materials characterized by very low values
of g (ie, ghceral), no confinement effects nor double glass-
tramsition phenomenon were detected. This indicates that
there might be some threshold value of g, below which the
surface interactions are too weak to induce these effects.
Muoreover, we noted that the degree of depression of the T, of
the confined liguids depends on the dT,/dp mtio calculated
from the high-pressure mesurements of the bulk samples. By
plotting our data together with the literature ones, it was found
that the knowledge about the interfacial energy and the
pressure coeflicient of the T, gives us relatively easy and
reliable opporunity to estimate the direction and magnitude of
the varation in the vitrfication temperature of the liguids
confined in pores. We believe that the presented herein data
are of fundamental interest in the context of a proper
interpretation of many, often discused as contradictory
results and emphasize the impact of surface intermctions and
density uctwations on the behavior of the spatially restricted
materiale.
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Currenthy, a great effon is put onthe wnderstand ng of the effect of the nanometrical constrainton the dynamics
af the soft materlals Recent studies by Alexandris ef al. [Macromalecules, 2016 49, 7400-7414) and some of us
b Phys. Chere ©, 2009, 123, 55495556 | reveal ed that the e nhancement of the molecular mobdlity and depression
i the glass transd thon of varous low and high molecular welght glass formers infiltrated inbo Anodic Alum inem
Oncde [AAD) tem pl ates strongly comrelates with the srengthof the interfacial i nbe ractions betwee nithe mater lals
amd the poros me dium_ However, inthase investiga §ons, ome very |nportant and fumds mental asped rel ated to
the variation in the wettability, the surface tension a5 well a5 the inberfadal energy due to surface curvaturne has
beencompletely overlooked. Herein, we have perormed sysiematic and wndque Atomic Fonce Miaascopy [ AFM)
measurements on the model glass- forming liqud gheeral [GLY L incomsorated into porows AAD mem branes of
varying pore diameter. It was found that with increasing degree of confinement, the adhe gdon force between
GLY and AFM i decreases significantly. It seems that a5 indicated by the Tolman re lation, the interfacial tension
af the confined GLY drops leading toa beter wetting of polyaloshol within the smallest pores nie restinghy, for
this particular system (confined within templates of = 10 mm), a complementary Differential Scanning Calo-
rimetry [DEC) investigations revealed the presence of the two glass transi ton tempera tures wpon he ating
runs This indicated that the enhanceme ni of the interactions be tveen alumina and alcohol leads tothe frma-
o of the interfacial laver that virifies at higher temperange | T, i) than the bulk material. Intere stingly,
the abserved double T.s appeared anly on heating. Moreaver, d.uferert thermal protoals reve aled the varation
af the heat capad ty | ump avme sponding to the gl ass transition te mperatwre of de interfad al Laer upon the an-
mealing experiments, indiating the ongoing desorption process In addition, |t was also found thatthe struchural
dynamics of GLY incor porated within d = 10 nm starts to deviate below T, s, from the behavior of te non-
confined sample. Reported data are the first ex perimental evidence on the corneladon between varia tion of the
surface interactionswith the substrate’s curvatuwre and e nhancement of the dynamics of the confined liquids.
Thies, a beter unde rsanding of the dynamis of confined soft matter, espacially the relation between the finite
size and surface | nberacions can be gained

Kook

o bman length

Gles transiion S=mpeTaume
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o 2019 Published by Ebevier BV

1. Introduction

The liquid-to-glas tansition remains one of the most eplored and
shill unsolved phenomena of condensed soft matter for the last half-
century. Although many theoretical and experimental investigations
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P:edut]ﬂ 41-500, Charzow, Poland.
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s fdolorg A0 106 fmalliq 29111973
E7-TEE2/0 219 Published by Elsevier BV,

focusing on the mle of free volume, entropy, cooperativity, spatial
heterogeneity have beencarried out, no consensus on the nature and
arigin of the glass tansition has been achieved yet [1-3].

An interesting and promising approach allowing to verify current
concepts of the glass transition, especially the ones related to the
dynamical heterogeneities and free volume, is studying the behavior
af supercooled liguids confined at the nanoscale However, due to the
perturbation in density and intermolecular interactions introduced by
substrate or nanoporous template, the understanding of basic physical
properties as well asdynamics of soft matter at such conditions be-
comes a complex and challenging task. Generally, the variation in mo-
bility and glass transiion temperature, Ty, is considered as being
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related to the interplay between several factors, ie., finite size, surface
effects, free wolume, substrate roughness, etc [4,5]. Interestingly, for
some substances under nanometrical confinement, the bifurcation of
the relaxation tmes was observed |5,24, 28 20,35), which was a=igned
to the double glass transition phenomenon related to the vitriication
of the core and interfca molecules, respectively. Moreover, it should
be pointed out that reoent studies have clearly highlighted the impact
of surface interactions on the dynamicsof materals infiltrated in porous
membranes [4,6). Interestingly, an increasing interfacial energy, ysy,
leads to a depression of Ty of confined systems when compared to the
bulk s=amples [4]. However, it should be mentioned that, in fact, the
reduction of the T; results from the increase of the glass trangtion tem-
pertureof the interfacial molecules attached to the pore walls, Te et
ciat, With increasing ya |5/6], what is consistent with the data reported
for the polymers deposited as thin films |78

At this point, one can emphasize that generally, s is evaluated for
the materials deposited on planar surfaces; whilein the case of oylindri-
cal nanocavities, the infltrated liguids wet/interact with surfaces
curved to the nanometric scale. As discussed in the literature, there
are fundamental differences in wetting planar and curved surfaces.
Just to menton that the interface curvature inhibits the first order wet-
ting transition observed for planar surfaces |9] In this context, the
behaviorof soft matter near the curved interface seemsto be somewhat
different, since maost likely the interfacial energy, the surface tension
and density could be affected by the curvature [10]. This issue was
wiell addressed by Gibbs | 11], who has shown that the surface tension,
¥y, Eetsa function of curvature 1/R of the interphase bound ary if the sur-
face of a liguid is curved |11 ]. Furthermore, this ap proach was devel-
oped by Tolman |12-15], leading to the following expression linking
the variation of the surface tension with the interface curvature:

. i .
TR =T;_[:|—TJ (n

where R iz a liquid dmop radius, v (R} and y are the suface tension of
curved and planar surfaces, respectively [15]. The relationship men-
tioned above indicates the presence of an additional parameter called
the Tolman length, & describing a curvature dependence of the surface
tension. This new varable, of the order of & = 03 nm, defines a
distance between equimolar surface, R, and the suface of tension, R,
where i = R~ R, According to Bqg. (1), the surface tension deviates sig-
nificantly from its plamar value, when the droplet radius has a
nanometrical sizeor is of the order of &, However, surprisingly, both the-
oretical and experimental studies have also shown that . stants to de-
viate from its planar value for the curvatures even smaller than
Tolman length, ie., in the case of liguids confined within meso porous
templates [pore size, d = 2-50 nm ) | 15,48,49)] and references therein
Therefore, adecrease in pore diameter, related to the increasing interfa-
cial curvature, could have a strong impact on the interfadal tension
wetting properties of the confined liquids as well as the interfacal
energy |16-19]. Furthermore, the variation in moleoular dynamics of
materials incorporated within pores of nanometric diameters can be di-
rectly related to the change in surface interactions induced by the curva-
tureof the interface. This aspect seems to be important in the context of
the value of w1 [(quantifying the strength of the interfacial interactions)
in oylindrical pores, which could be significantly changed when com-
pared to the ones calculated for a planar surface. One can remind that
the interfacial energy, the surface tension and the contact angle are con-
nected to each other vio the Youngequation [yl = y; —yco0f, whene &
is the contact angle and vy is the surfce energy) |20.21]

In this paper, we have examined the behavior of low-maolecular-
weight glas former, ghycerol [GLY), incorporated into anodic ahiminum
oide [AAD) templates of various pore size, d -~ 10-150 nm, to explore
the combination of the surface interactions and finite size effects on
the behavior of this polyalcohol. One can recall that except one shudy
by Uhl et al. | 22], no difference between the behavior of bulk zample
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and glycero] incorporated within silica | 23] and alumina membranes
|24-25] has been reported so &r. Interestingly, in Ref. | 22], it was
shown that change in dynamics of GLY confined within zeolitic
imidazolate Fameworks (ZIF-8 and ZIF-11 of d - 1.2-1.5 nm} is con-
nected to the reezing cooperativity length scale |4.27 | This interpreta-
Hon was in line with the one proposed by Arndt et al [2E] to explain
deviation in the structural dynamics of model liquid (salol] incorpo-
mted into porous glass, and Fscher et al. |29] for glyceml confined in
MOFs [metal-organic framework) systems.

Herein, we have shown that the approach relying on the connection
between the depression of the glas transtion temperatumes of the lig-
uids incorporated into porous AAD and theirintedfadal energies, surface
tensions, as proposed by Alexandris et al. [4] and further verified by
some of us [5,6] must be modified. Performed AWM measurements indi-
cated that as predicted by Tolman, the wettahility, the surface tension
and the interfacial energy of model liquid gyceml varywith the increas-
ing curvature [decrease of pore diameter ). Therefore, a unique experi-
mental approach to probe the impad of nanocurvature on the basic
properties of the liquids wetting curved surface has appeared. it should
also be pointed out that due to an enhancement in wettability of the
palyaloohol in the smallest AAD pores (d = 10 nm), adouble glass tran-
sition phenomenon was observed. Interestingly, below the high glass
transition temperature, Ty oeay. the structural dynamics of the con-
fined ghycerol started to deviate from the bulk sample

L Experimmtal section
2.1. Materials

Ghycerol [GLY) with the purity greater than 99.9% was supplied by
Sigma-Aldrich and used as received. As a constrain medium, we used
the commerdally available anodic aluminum oxide [AAD ) membranes
[In Redo, USA) composed of uniaxial channels [open from both sides)
parallel to each other of well-defined pore diameter, d. In the experi-
ment, we used membranes of various pore diameters, d = 10, 18, 80
and 150 nm The template’s thickness is 50 pm, whereas the
membrane’s diameter is 13 mm The chemical structure of GLY and
the scheme of applied AAD templates are presented in Fig. 1.

22 Samples prepanztion

Asfirst, the applied AAD templates were dried in anoven at T =
423 K under a vacuumn (10~ bar) for at least £ = 24 h to remove any
volatile impurities from the nanochannels. After cooling, they were
used as a constr@int medium. For that purpose, AAQ templates were
placed in asmall glass flask containing GLY. The whole system was
maintained at T= 298K in a vacuum (10~ bar) fort = 1 h tolet all
compounds flow into the nanocavities. Samples were Anally annealed
at T = 353 K under avaouum [10~% bar) for t = 1 h and weighted
after that. The complete filling was obtained by a series of repeated in-
filtration procedure until the weight of the templates before and after
was constant. After completing the infiltration process, the surface of
the AAD membrane was dried, and the excess sample on the surface
was removed by the use of 2 metal blade and a paper towel. The same
proced ure was applied to all studied pore sizes.

2.3, Methods

2.3, Broadband Dielectric Spectroscopy (BDS )

Isobaric measurements of the complex dielectric permittivity £ (o)
= £'[m]—ie" () were performed using the Novocontrol Alpha digledric
spectrometer over the frequency mnge from 10~ to 10° Hz at ambient
pressure. The temperature stability controlled by Quatro Cryosystem
using nitrogen g@s cyostat was better than 0U1 K. Dielectric measure-
ments of the bulk sample were carried out in a parallel-plate cell [(diam-
eter: 10 mm, gap: 0.1 mm). AAD membranes filled with GLY were
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(a)

OH
HD/—<—DH
glycerol
(b)

Hg 1. The chemia] strocture of ghyeeml | 2) and the applisd AAD temmplates (b

placed in a capactor [diameter; 10 mm, membrane thickness;
05 mm ). Mevertheless, confined samples are heterogeneous dielec-
trics, composed of a matric and an investigated compound. Because
the applied electric feld is parallel to the long pore axes, the equivalent
circuit consists of two capactors in parallel composed of £ s and
£ wan. Thus, the measured total impedance is related to the individual
values thmough 1/2%: = 17" wmpouna + 12" aa0. It should be added
that dieledric measurements on empty membranes wemre also per-
formed to evaluate the contribution of AAD, which turned out to be neg-
ligible to the reconded data. Dielectric measurements wene carfed out
in the temperature mnge T= 253 - 183 K orthe bulk and confined sys-
tems. The measured dielectric spect@a were comected according to the
method presented in Ref. 4]

232 Differential Sconning Calorimetry (DSC)

Calorimetric measuremen tswene carried out using a Metter-Toledo
D5C appamtus [Metter-Toledo International Inc, Greifensee,
Switzerand) equipped with a liquid nitrogen cooling accessory and an
H558 ceramic sensor [heat fux sensor with 120 thermocouples). Tem-
perature and enthalpy calibrations were investigated using indium
and zinc standards, while the heat capacity, G, calibration was per-
formed using a sapphire disc. Measurements of the bulk sample were
periormed for sealed alumina crucible filled with glyceml, which was
measured over a wide temperature range from 170 K to mom temper-
ature with heating rate equals to 10 K/min. In the case of confined sys-
tems, the filled membranes wemr cushed to fix the measurement
alumina crucibles. For annealing experiments, samples were quenched
deep below T, of bulk material (T, = 188 K], heated to the given anneal-
ingtermperature [T .. 4 = 213-236 K) and then measured as a function
of ime Immediately after the annealing, samples were cooled and
scamned with a heating rate of 10 K/min over a temperature range
from 160 K to 300 K.

23.3. Aromic Force Microscopy [AFM )

Surface topography and mechanical pammeters (adhesion) were
measured using Mano\Wizard®3 BioScience [JPK Instruments, Berin,
Germmany] AMM. Images were acguired usng rectangular 5i cantilevers
with stiffness equal to 1.8 N/m and the resonant frequency dose o
75 kHz. After the placing crushed templates in the crudbles, they
weme sealed and measured at the same conditionsas in the caseof mea-
surements of the bulk sample. Each measurement was repeated three
times. The tip radius was less than 1 nm [super sharp Gp with
diamond-like carbon spike from BudgetSensors). Statistical analysis
and mechanical pammeters were estimated using JPK software and

Gwddion paclage |30].
3 Resulbts amd ofis mesion

At the beginming of this i mesSzaton, didectric mex urements of bulk and monfined
CLY were crmying o, and the ohainad dislectric ke spectra ane presemted in Fig. 2.
All investiged materials wene mezmnad upon skow aoling from T= 253 Kto the &m
jperatures bedow Ty of the bulk matenal, T= 183K

As illustrated , all specira revealed the sdstence of thetwo relction proesses, the
structural (i) relmation located at high-frequency rangs, and demnducvity, atlowe
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frequencies. The dc oond uctivity is comnected ta the chasge tomspart of onic impurites,
while the p-relixation i related to the cooperative motions of molsoules and visoows
florw that is aom s dewed tobe res pansible for the liquid -to-ghes transition. it isalsa warsh-
whil eto add that wedid not detert any additional relacasionproce smnneced tothe mo-
tians of the material adsorbed to the pare walls, so-allal imerboial byer, unolly
reparted far the hquids nfiktrated into pares [ 23,28 31 32 This i ansistent with the
data published by Arndt eta [23] for ghyeeml infilrated nio siic porous template. Au-
thars disouzeed the ladk of evidenceof an addiSonal process in tarms of the difference in
thed me scaleof the experiment and the scchangs betwesn more dimerbcalmaleoles.

Thess, at first ghnee, there ax no differences in the calleced specirabetwesn a bulk
sampleand CLY mfikated into AAD pores. Howewves, 2 simple comyparison aof the e-doss
jpeales mensured for each sample, characherized by thesame strudural relacadtion times
[Ta=s const. ), reveala a detectable vaniation in thedr wadth or FWHM (ful lwadth-half-
maxima ) with the pare size of AAQ (see insets to Fig. 2). For the pare dameters of d =
&0 nm and d = 150 nm, the shapeof the c-proess remans bulk-lke, whie the disribu-
S of reloas ontimes broadens, when the pare sz dropshdow d = 18 nmi | see insst to
Fg- 2 (c) )L One can mention that the observad phenomenan, Le, the variaton in the distr-
Inrtion of the structural relaation Smeswith reducng pore diameter & rathera universa
feature o f the hiquids infikrated into porous templates [ 535). kisofen discuseed in emms
af the ineasing length-sca e hetenogensty under confinement that & induced by the
sutriTate | 33 34 Onecan also hypothesize that this effedt can be rdased tothe inoessing
stength afthe imeracions bewesnthe saxd ial pdyakohaland porows marix due o the
variation in the wettahility, the surfee ®nsion and the imerfdal energy induced by in-
exng arfe arvatue in pones of the lowest diamesers [ 35]

Togetadesperinsight ini the dynamics of GLY confined inio AAD emplates, we an-
ahyred millected data with the use of Havriliak-degami [HN) functon with an additonal
mductivity temm [ 3] {see Eg. [ 2]}

efm)} —ras 2

—

where: myy and fgp ane the shape parameters nepressn ting the symmetnic and zymmet-
ric broadening of gisen relacation peoles, Aris the dislecric reaxation strength, £ is the
Varum permEttvity, o i an angubr frequency | @ = 2L and Ty i the HN relaxation
time. Lising 2 well-kmowm proinal, the strociiral nelaxation times, 7, werne s timated
fram Ty [37]. Furthermore, the gl transiion emperaure, T, was estimaied by fitting
the temperaure d spendences aft, using the Viogel-Fukdher-Tamman (VAT equaton | 28]
[seeEq (X))

——

where: Ty is the temperature whens T goes i infinity, 7. i the rdaxation time at finite
emperaiure_ and Dris the fragility parameter. Stmco] reloction times ploted v sdp-
o] Empeature for adh investigated samp ke are presented in Fig- 3

A5 can be seen, the smucural dynamics in the siudied polyalohd inmrporated into
AAD templates ofd = 18=150 nm isbu k-l e in thewhaole studied temperatnes ranges_n-
erestinghe ashighdy different seemamio was detected for the matetial infilirassd inio AAD
jporesaf the smallet diameter, d =10 nm In this partiolr coe, 2 some specific =mper-
atre (Vg wesca) .3 small devizion of 7, (T) from tha mezured for the bulk smplei
nated 1t should be memtionsd thatto eximase Ty from the presemed daty aom-
raiely, the temper aume d spendenoes of the strociral nelocation times wene mahyzed

usinga method propossd by Sgdee] | 29] from the following squaton:

5)

5 {d]qlﬂ'_c:];_u (4

where$ i the Stickelopentar. The smparature depen dance of § i presemterd 2= an inset
in Fig. 3[c) Asshown, thereiza dear changein the slopeof $[T) 2 Tpnmecas == 243 K far
the ghyeeral anfined 2 the dumina pores of the lowest diameter, d = 10 nm; while in
e af the bulk sample nd other confined samples, no similer sceranowas found . One
@n add tha a comparahle situation ha been recently reporied for GLY naorparatsd
into zealitic imidazalite fameworks of very small size (d = 116andd = 146nm)
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Fig- 2 Didectric ko spectra of bul K 2) and aonfined (h.c) ghyeral mezmed above Ty Asinsets, the shape of the struotural relaton pak measured 2T = 193 K{a) and T= 213K (<L
Niote that the meamumed spedtra were shifted vertially o supepiose at the madmum. Data for GLY infilrated within d = 18 nm were taken from Ref [6]

| 22]. This behawiar was related to the freering of dynamicl heterogen sites, that @mat
luild up upon maling due to the peometnical resticton. The disouzeed iterprettion is
inlinewith that proposed by Amndt et al. [23] for salol infil trated into pomus silia. Never:

theless, recently it has heen shown that thedeviation in v T) for the aomfined samples
with respect to the bulkmaterials @n ako be related to the vitrifiation of the interfacial
e ke, pabymers [5,4041] At these aomdi San s, due to the density fluctuation s, dynam

icsaf the core moleonles varies, and the system can be consid ered 2 being under isacharic
comdi tans | 24]. Moreover, it wasalso foundthat the scleof the deviation of 7, measured

for the liquid inorparated it pares with respect to the bulk amples depends an the
semesi tvity of the structural relaxation prooess to the density fluduation, quanti fied by
the @tio of isacharicand isoharic adivaton bamiers [ B/E;) [ 24] or pressure cosfficknt
aof the gles tramnsition temperature (d¥,dp) J6]. Therefore, sinee the smuctural dynamics
af GLY is hard yaffeced by the density variation (high E/E; = (.94 | £2] and low digidp
= 35401 K/GPa [43 44] ), anly a slight change of ther,[T) afthe anfined palyaloohal i
expected, if the vitrifiction of the interfidal iyer underlies this phenomenan [45] In
this comtend, it & warthwhile in siress that we have caloulabed EJE; = 096 from both

(a)_GLY,d = 80 nm (h:l GLY,d =18 nm I:[::I GLY,d =10 nm
Tona= 187K Tonw= 187 K 2 Tpuw= 187 K
1 To.0nm= 187 K 29 T, 0= 18T K 1 Toeo™ 184 K
a4 - 0 TH 'lul'uud: 23K
| Wtk
— - 0 ™y @ d=10nm
w Ej - = l—wvrTis
o] B
e £ 3 " buk
Z | = 8"‘_ e s 10 nm
o o T ] |
D a4 2 . . )
. B bulk -6 - B bulk -8
o & d=80nm ] A d=18nm | J=243K u
] L VFT fits ) L VFT fits . 000 Temp (K1
T T T T - — T T T T T —7T1 1T T T 1
0 a4 4z 52 40 44 48 52 40 44 4B 52 58
1000/T [K] 1000/T K] 1000/T [K]
Fig 1 Srroctural relawation times wersusinverse empearature for bulk and oon fined ghyceral Mote that the data forGLY infiltrated within d =&0and d = 18 nm wer gken from

Reef | 24] and Ref [5]. Red solid liness are the best VT fite As inset in pane] (c), Stdcd [§) plot of -rlocation times for bulk and aonfinesd ghyceral withind = 10 nm
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th Jependences ofthe structml relaxation tmesottaned for the bulk ghyo-
au]udﬁemrplecmﬁdmpmdd—mnmu?m 243 K that wasd ey
mmned from the Sicke] analyss Interestingly, the aloulaed ratio i very doss to that
iven in the literatune | 42], suggesting a dose rdationship betwesn the vitrification of
the interfarial laver and a change in the strocmral dynamics of ghyoerol. However, in werify
this hypathesis further studies with the use of Differential Samning Caormetry (D50
weE L
Kepreentative thermograms obained upon heating of the bulk G1Y and polyalmhbal
amfined min AAD pores of varying diamesters 2w pr=ented in Fig. 4 1f can be obsenved
that there is anlyone endothemmic heat @pacty jump rdated o the vitificton of bulk
and material infikrated into AAD pores of the Lrger diameter d = 18 nm
{==eFig_4 (2.b)) In G, the ghex transition temparatumes of thee ystems 2= ompaTa.
ke On the ather hand, 2 mmpletely different sitasion i noted for CLY infilkrated into
jpares af d = 10 nm In this @se, unesperiedly, an additional endothermic event relased
in the gl tramstion ph 5 abmerved at much higher temperaures. Conse
quently, two gl tramsitions loate] bdow and ahow Toofthebulk glosal (Fig 4 ()
e detected for this system. Acmrd ingly 1o avery simple approach proposed by Park
and McdKenna (so-cllsd “two-layer model") | 6], the obsereed two gliss transtions ane
omnerted to the vitrification of the two diferemnt fractions of malscules: (i) core (placd
in the cemter of nanochannels) and (@i ) interfacial (maoleoles ads arbed an the ponous
wallx ), which witri fiy at different temperature when compared tothe bulk lioquid [46]. How-
ever, it shoulld be mentioned herein that Ty g i genenlly not observed upon cooling of
the pdyamhal (please see Fig 51 in 510 In G, very necemt s tdies by Pd itdis = al [47]
on emtangled o1, 4-palyisoprens confinad within AAQ templates dearly d smanstrased
that the additional glass tramsition is 2 conditional event and despends on the thermal his-
mdﬂrmmd:@mmmmmuﬂrpm walx Inter-

spinod a temperature. However, this conept, alhough quite i meTesting, neguires further
aperimental investigations and confirmations. Nevertheless, it should aka be=mpha-
sizesd that the kower and higher glasstransitiontemperatures, Ty o and T s, detemmined
from [EC heating measurements were Zmignal tothe T sof cor and imerfdal Layer, re-
spectusly. Interestingly, the gl transition s=mperature=o f the inerical Lyer obined
from the calarimetric (T g, == 236 K) data agrees mare less with the empemture T,
e =5 243 K wheme 74 T) startstod eviate from the bulk behavior. Sucha good ammespan-
dence hetwesn both temperatures estimated from the two independ ent mezsuremen s
ind imted that the change in the structural dynamics of glyeerol aonfined within d =
10 mm parss is dired yrelabed to thevitrfiaton of the imerfcal Lyer.

Inaddiion o the somdad DA mezmynemers o sscoribed showe, we havs crmed out
series of amnealing experiments at different temperaunes to chede the impact of the
thermal histary an the behawior of the both gliss transition temperatures deteced
for GLY aonfined in the smallest pores (d = 10 nm). A= shown in the thermogr ams
jpre=ented in Fg. £1 m 51 file a der decreame I the ey of Ty was noted. This
effect is most likely conneced to the desorption proeesses oouming upon Gme
dependemt studies. Maonsover, it s also worthwhile i siress that both vitrification temiper-
e | T e and T g | remained constant, within the experimental inoertanty. k &

G"j’
N =188 K
= (a) bulk
.E. T T T T T T T T T T
o=
E’ {b} d = 1Bnn1
I
Ty g™ 23& K
(c)d =10 nm
T T T T T T T T T T T
180 195 210 225 240

Temp.[K]

Fig- 4 D% thermograms obtained for the bulk (a) nd mnfined ghyceral (ho) upan
heating. Glorimetricdata obtained during the coaling scans for all studied sysems and
aiter the amnealing experiments of GLY within AAQ templates of d = 10 nm ax
pre=emted in Fig 51 mS.Iﬁh
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quite axpecied, sine ther was anly 1 K difference between Ty e and the one mezmunad
for the bulk material

Henee, one can clami that the presen o= or dbsence of thetwo gl transton phename-
enan in GLY incanpomied inio AAD pores of d feren diameters is 25 an unespacied as an
imtiguing finding. Ome can remind that the presence of a single gl transition in the
samyple naorporated o AAD pores of lirger pore dianster (d =18<1 5} nmj has been re-
eently ako mtion dized] considering the pretty low westahiity, # - 63°, high ineerfacial ten-
siam, o - 60 mi m ' and low imterfadalenengy - 15 mN m!, betwesn alumina and
gheaal 6] kwas aonduded, that the surbre interactions betwesn the studisd CLY and
applied AAQ membranes are pobably oo weakto form strongly bonded interfacal Lyer.
Conzequently, the hulk-like dynamics of confined GLY & obmerved . Henes, at this point,
ome shauld xk the question, what i the regson for the paruliar behavior ofexamined am-
hhalinfilkmied ino AAD pores ofthe smallest diameter (d =10 nm ? Why did we detec the
twn s iramsition temiperatures for this sample? Does 2 decrease in poresize (a0 inomse
in the curvaiure of apphed nanochammss) play amy mle i the ds erved ofect?

To get ad esper insight inio this izue, one an reall the squation formulated by
Tolman and mentioned in the imtmoduction. Acording to this approach, the surface
tersian, e, of a hiquid an the oorved surface deor mses with respect to the one deter-
mined for the planar interface (ss= Bq. (1)) Akhough this effect i mare expected for
a aurvature dase to the Tolman length, thatis anound & -~ U3 nm |17 ], there are both
experimental and thearetical warks s howing that some deviztion in surface temsion
@n be already noted for smaller curv aures | 15,48 49). Consequently, some measur-
ahile effects may be expected for ghy ool confined in the pores of much larger diame-
eter than the Talman length Ta verify this hypothesis, we have carmied out final
measurements wi th the use of the AFM technique. Herein, it & worthwhile to paint
out that these nvestigations wene perfarmed alang the cres-section of both the
empty and fil led with the polyaloohol membranes.

The AP techn ique can be directly imppl Ifar the af the adheion
fare: between the sample and the @ntilever tip | 50} Inorder o do that, thetip is brought
intacanct with thesample 2t 3 comstan t welociy umntl the macmam koad isobtamed Af-
terwards, the mowement is reversed, and the sample and thetip are ssparated. Howewer,
due o the imeraction between the tip and the sudace, aerain force has tobe apphied to
sepamte them again This fonee i desoribed 2= the 2dheion fo roe in our experiments and it
can bedefined a= the total fo re that seweried by a hgud (GLY) an the AR tip. This fores
depends on several parameters. However, the mast important oneis alinear fundion of
thes ligqu id surfoe tension . [51]. Thus, by mezuring a mumber of fonos-curees in araser,
one can genetate an adhes ionmap This map @m be further analyzed and compared o the
samp ke wpogEphy. Thetypical reukof AP topography and ad hesion fore map for a
Tepresentative sample of GLY infikrated within membranes ofd = 10 nm is pressnied
in Fg 5 AFM dat caollected for GLY infil rated info higher pare size,d = 120 nm and
20 nm, are presented in Fig. 52 in 81

The further anatys is consisted of gathering dat from several images and ompiling it
intaa hisiogramof adheson fores valhes. Thoss hisograms were fitted and separaded mto
differemt companemts - the adhesion values coming, from the native empty AAQ temp Late
and other comyponen s re abed to the adhesion fores of GLY aonfined in the anochannels.
Thas, o avoid aonsidering other tipesurfos reater] parameters (contact sze Hp maderial
e, we dedded to malyze only the difference between adhesion force of GLY wathin
mamochan nelsand the adh esion foree of the empty AAD templates. The result of this oper-
ation i plotted 2 a2 funchion ofthe pore diamesher, plose seeFig 5(e L Asshown, dthough
there: are qui i Large exmor bars inthe estimati onof the adhesion foree, it deoex e sysem-
atially with the poe diameter That indicées that the s urboe tension of the ghyoeral de-
oreames with the increasing curvature {lowerng pore diazmeter) as prediced by Talman
|12 14] Comsequently, in AAD pores ofd = 10 nm, one can expect better wetahbility

amnd higher inberfacial energy that kmds to the formaton of more strong y attached inter-
facial Layer that witrifies at higher temperatures with respart to the bulk polyalahial Fur-
thermore, at this aonadition, the dynami o of the confined ghyeerol starts to deviate from
the maoosmle hguid

4. Concusions

fs predicted by the Tdman relation, the surface tension, ., ofa lig-
uid on the curved surface decreases with respect to the one determined
for the planarinterface. Although this effect is mare expected for a cur-
vature close to the Tolman length of the order of & - 0.3 nm |17], some
deviation in surface tension can be already noted even for smaller cur-
vatures [154849). To experimentally investigate the above relation,
we have performed unigue APV measurements on the ghycerol incor-
porated into AAD membranes of varying pore sizes, d = 10-150 nm.
These investigations seem to indicate that with decreasing pore diame-
ter, the wettabilityof this alcohol is en hanced. Thus,a new experimental
approach to probe the fundamental properties of the liguids weting
curved surfaces appeared. As ohserved, an increase in the wetahility
and the interfacial energy between host and guest materials in the
smallest AND pores (d = 10nm) lead to the formation of the interfacal
layer attached to the walls. Az a consequence, a double glass transition
phenomenon connected to the vitrification of the core and interfacial
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Fig. 5. AFM tapography { 3) and adhesion farce map (b) obtaned on the coss <sscton of the AAD membrane showingopen pores (d = 10 nm) filled with GLY. One cn natice higher
{ brighter) regions at the adhesion farce maps which carrd e with darker {nanochannels) regions at topography. The profiles in the (c) and (d) image mmesponding © the marked
white line m the ©pography and adhesion farce map, respectively. The difference between adhesion farce of the GLY in nanochannels and the adhesian force of the unaated AXD
templee plotted = 3 function of an AAQ pare st measured by the AFM (e). The dotted lines e anly the guide for an eye. AFM d 22 colleceed for GLY infiltrated into higher pore st

d = 120nm and 20 nm e presmedim Bz S2m 9

molecules was observed in thermograms collected upon heating sam-
ples. Additional annealing experiments have clearly indicated that the
intensity of the higher T, related to the vitrification of the interfacial
layer decreases with time. It may suggest the ongoing desorption pro-
cesses taking place at the interface. In addition, it was found that
below the high glass transition temperature, Ty menqae, the structural
dynamics of the confined polyalcohol started to deviate from the bulk
material The close correlation between all these experimental findings
indicated that for a deeper understanding of the dynamics of the con-
fined liquids and depression of the glass transition temperature, a vari-
ation in the wettability, the surface tension and the interfacial energy
with the surface curvature must be taken into account. Finally, our
dataunguestionably have demonstrated that it is very difficult to sepa-
rate the impact of finite size effects from the surface ones since both
seem to be directly entangled.
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Dielectric specrosampy finding is aclear indicatien t hat unexpectedly dynamics (mability ) of the supramolecular struchures close
Infrared spectroscapy to the hydmphilic and hydophobic surfaces is similar in each system.
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1. Introduction effect was reported for 2E1H confined withinthe surface of the col-

Intra- and intermalecular hydrogen bonds (H-bonds), although
relatively weak (-20 k]/mal), determine physicochemical proper-
ties of many glass-forming liquids | 1-4]. Moreover, they have also
a tremendous influence on the progress of various chemical (e.g..
isomerizations |5]), biological (eg., keeping the structure of pro-
teins) and physical (eg., phase transitions, specific heat capacity)
processes. However, despite intensive studies, there is still a lack
of detailed description of H-bonds, self-association phenomenon,
and behavior of these specific intemctions at various external con-
ditions, i.e., high pressure or spatial geometrical confinement |6,7).

Impaortant insights on the behavior of H-bonds offered a sys-
tematic and comprehensive study on monohydroge alcohols
{monoalcohaols), by means of broadband dielectric spectroscopy
| 1.7-10]. Interestingly, in dielectric loss spectra of these systems,
besides of commonly observed structural process responsible for
the vitrification, also an additional slower Debye (DY) relaxation
related to the mobility of supmmolecular self-assemblies is
detected | 11,12]. As shown, the amplitude of this mode depends
on the position of the hydroxyl group. Briefly, if the —<0H moiety
iz located at the terminal (i.e., 2-ethyl-1-hexanol, 2E1H) or sec-
ondary or tertiary carbon atoms (ie., 5-methyl3-heptanol,
5M3H), D-relaxation is visible either asa process of higher or smal-
ler amplitude, respectively [10,13,23). By monitoring the dielectric
strength, relaxation times of D-mode (1), orits time scale sepama-
tion from the structural relaxation, we can gain indirect insights
into the population and behavior of H-bonds and morphology of
associates. A change in these parameters can be used to explain
the impact of solvent, high electric field and compression on the
population strength of these spedfic interactions as well as the
architecture of the supramolelar structures | 10,14 ] In this con-
text, it is worthwhile to stress that high-pressure studies on
2E1H revealed that at lowe-pressure range (p < 0.53 GPa), the num-
ber of hydmgen bonds remains constant, while further compres-
sion leads to the reduction of the size and number of chaindike
supramolecular structures |23 ] The modification within the H-
bonding pattern was also manifested by the variation within the
scaling exponent, ¥, material constant connected to the repulsive
part of the intermolecular potential |[15], and the isobaric fragility
parameter, mg. As shown, the mg was constant below the threshold
value p-0.53 GPa, whereas it increased at higher pressure due toa
decrease in the H-bonds population. Interestingly, a similar sce-
nario was found for the other hydrogen-bonded materials |1523].

The ather way to effectively influence on the population of the
hydrogen-bonds is the application of the nanometrical spatial
restriction |16,17]. As shown, the pre-peak, strictly related to the
presence of the supramaolecular structures ordered on the medium
range scale, detected in diffractogmams obtained from neuwtron
scattering experiments for the bulk ert-butanal [ 18], is completely
suppressed for the alcohol confined within mesoporows silica. This
simply means that the internal ordering is no longer preferred at
such conditions | 18] Moreover, dielectric data obtained for 2E1H
incorporated into silica porous glass [16] revealed a decrease of
the amplitude of the Debye process under confinement with
respect to the bulk sample. It was interpreted as the change in
the degree of assocaton of the alcohol [19]. In fact, it was shown
that the size of the chaindike associates is almost twice lower with
respect to those formed in the non-restricted materdal. A similar

lagen matrix |19], where the dynamics of both structural and
Debye relaxations were strongly dependent on the alcohol concen-
tration. It was well demonstrated that with an increase in the
degree of dilution, the Debye process gets broader and becomes
nonexponential [ 19). At the same time, the relative strength of
the structural process inreased as a consequence of a breakup of
the supramaolecular structure, eventually reaching the limit of a
non-associated liguid The changein the H-bonding pattem under
confinement affected also kinetics and progress of the physical
processes, The best illustration of that is the crystallizatdon of
water. [n this particular case, the change inthe pore diameter influ-
enced the character of crystallization (homo vs. hetero) as well as
affected the ice structure { from hexagonal to cubic) due to increas-
ing interactions with the pore walls. Interestingly, it was shown
that in a pomus matrix characterized by a pore diameter
d < 26 nm, stable crystals are not created | 16,19,20] Momrover,
for =alol, a weakly H-bonded compound, incorporated into AAQ
pores, two wvarious polymorphic forms differing significantly in
the thermodynamic stability were obtained by a simple change
in the diameter of nanochannels [21].

In this paper, we examined the role of H-bonds on the behavior
of three monoalcohols having the different location of the hy droeyl
group (—0OH): 2-ethyl-1-hexanol (2E1H), 2-ethy}-1-butanol (2E1B)
and S5-methyl-3-heptanol (SM3H, see Fig. 1). The various position
of the hydroxyl gmoup results in a formaton of different
supramolecularstructures, either ring- or chaindike | 1], and affects
the amplitude of the Debye process |6.10.22.2324]. The selected
materials were infiktrated into alumina porous template (of
d=10nm]) aswell as in both hydrophilic {native) and hydrophobic
(silanized) silica pores (of d = 4 nm), and measured using two
experimental techniques: Broadband Dielectric (BDS) and Infrared
(IR) spectroscopies. The main aim of our studies was to elucidate
the impact of the interfacial hydrogen interactions on the behavior
of confined substances, especially the formation of the
supramolecular structure at the interfaces. It should be pointed
out that the former technique gives insights into the maolecular
dynamics of the studied materials, whereas the latter one is dedi-
cated to studying the strength of H-bonds structures, Therfore, a
quite interesting perspective to evaluate the impact of the spatial
restriction on the dynamics of alcohols having tendencies to form
supramolecular structures of different architecture as well as a
change in the H-bonding pattern appeared.

2 Experimental section
2.1. Materials

2-Ethyl-1-butanol (2E1B), 2-ethyl-1-hexanol [ZE1H) and 5-
methyl-3-heptanol {5M3H) having purity higher than 99%, were
supplied by Sigma-Aldrich. Their chemical structures are presented
in Fig. 1. The nanoporous aluminum oxide (AAQ) membranes used
in this study (supplied from InRedox) are composed of uniaxial
channels (open from both sides) with well- defined pore diameter.
The nanoporous silica membranes were prepared by electrochem-
ical etching of silicon wafers and subsequent thermal oxidation. In
the experiment, we used both alumina membranes characterized
by pore diameterd = 10 nm and silica templates (native and sila-

67



A. Talik o al { lournal of Colloid and e Srimor 576 (200) 217-229 9

2-othyl-1-butanol (2E1B) 2-gthyl-1-hexanol (2E1H) S-methyl-3-heptanal (SMIH)
HsC OH HC H OH
HsC CHy

Fig. 1. The chemical stuctune of the three investigated monoaloohaks.

nized) of d =4 nm | 16,25,26]. Details concerning the applied nano-
porous matrices are presented in the Sl file.

22 Samples preparation

Before filling, AAD and silica membranes were dried in an oven
at T=423% Kunder vacuum to remaove any volatile impurities from
the nanochannels. After cooling, they were immersed with alcohaol.
Then, the whole system was maintained in a vacuum { 10% bar),
where the nanopores were filled by capillary wetting. After com-
pleting the infiltration process, the surface of AAD and silica mem-
branes werme dried, and the excess sample on the surface was
removed by use of the paper towel. The complete flling was
obtained by weighing the templates before and after each infiltra-
tion to constant mass. In the expernment, we used membranes of
varous pore diameters, d = 4 nm (silical, and d = 10 nm {aluminal.
The pare diameters of freshly prepared silica templates were con-
firmed by SEM and complementary low-temperature nitmgen
adsomptiondesomtion isotherms measurements (see 511

3. Methods
3.1. Broad band dielectric spectroscopy (BDS)

Isoharic measurements of the complex dielectric permittivity £°
() = {ebie" () were carried out using the Novocontrol Alpha
dielectric spectrometer over the frequency range from 1077 to
10F Hz at ambient pressure. The temperature stability controlled
by Quatro Cryosystem using nitmogen gas cryostat was better than
01 K Dielectric measurements of bulk monohydrogy aloohols
wemre performed in a parallelplate cell (diameter: 10 mm, gap:
0.1 mm} AAD and silica membranes filled with 2E18, 2E1H, and
5M3H weme also placed in a similar capadtor (diameter: 5 mm
and 10 mm) [25.26] Mevertheless, the confined samples are a
hetemgeneous dielectric consisting of a matrix and an investigated
compound. Because the applied electric field is parallel to the long
pore axes, the equivalent circuit consists of two capacitors in par-
allel composed of £ wmpouna aNd £ magis. Thus, the measured total
impedance is related to the individual values through 12 = 1)
I campeund + 1] maein. It should be added that diglectric measure-
ments an empty membranes were also carried out to evaluate
the contribution of AAD, and silim which turned out to be
negligible.

32 IR spectrosopy

FTIR spectra of the bulk and confined samples were recordedon
a Micolet i550 FTIR spectrometer (Thermo Scentific) in the region
of 4000-1300 cm™" by averaging 32 scans with a spectral resolu-
tion of 4 cm~". The bands located below 1300 cm™" are not taken
into account due to the absorption of CaF: windows (below
800 cm™') and the detector saturation in the region of Si—0
stretching vibrations. The specta were measured at room temper-
ature (T = 223 K], at the glass transition temperture of bulk (T,
wanh and interfadal molecules of confined alkohols (T, el
determined from BDS measurements. To record FTIR specdtma at

lowe temperatures, a liquid nitrogen-cooled Linkam THMS 600
stage (the temperature accuracy of #0.1 “C) was adapted to the
Micolet spectmometer.

33. Surfoce tension and contoct angle meosuremens

The surface tension of liquids y; (pendant drop method) and
contact angle # were measured withthe D5A 1005 Kriss Tensiome-
ter, GmbH Germany. The description of the instrument and proce-
dures has been presented previously |27.28]. The measuring
procedure at T = 2082 K for all substances has been repeated
dozen or maore times. The temperature measurements uncertainty
was +0.1 K. The predsion of contact angle measurements was
0.01%, and the estimated uncertainty was +1.5°, whereas the uncer-
tainty of surface tension was 0.1 mN.m~". Density, p, required for
the surface tension experiment was measured with an Anton Paar
OMA 5000 M densimeter with the uncertainty not worse than
00001 g-cm~. For the surface energy estimation of native and sila-
nized silica some of the following liquids were considered: water,
ethylene glycol diiodomethane and glycerol. The dispersive and
non-dispersive part in the surface tension for these substances
were taken from Ref. [48 | The procedure for surface energy calou-
lations has been also previously reported in Ref |44] The calou-
lated surface energy for native silica was 676 m[im* with
dominant non-dispersive part equal 666 m]/m’. For silanized sur-
face respective value was 25.3 m|/m® with as expected dominant,
dispersive component 228 mjim®.

4. Results and discussion

Representative dielectric loss spectra measured for the bulk
monohydroxy  alcohols:  2-ethyl-1-butanol (2E1B), 2-ethyl-1-
hexanaol (2E1H, data wemre taken from Ref. [16]) and 5-methyl-3-
heptanol (5M3H), and samples infiltrated into silica (d = 4 nm)
and alumina pores (d = 10 nm) are shown in Fig. 2, and in Fig. 53
in Supporting Information (5[} file. In each case, one can detect
the following processes: (i) de-condudtivity related with the charge
transpaort, (ii) prominent Debye process strictly connected with the
H-bonds formation and (iii} a weakly separated structural, @ relax-
ation at a higher frequency, related to the glass-transition phe-
nomenon (Fig. 2{a, d)). For the confined acohols, an additional
process located atthe lower frequency side of the Debye relacation
can be noted in the presented data (Fig. 2(b, e]). One can suppose
that this additional mobility might be a MaxwelFWagner relax-
ation that is generally detected in the loss spectra collected for
the heterogeneous composite materials. In fact, a presence of this
particular process might be connected to the sample character that
is composed of solid alumina or silim membranes and liquid,
incomplete pore filling, or eventual crystallization of the aloohols
at the pore walls. However, it should be noted that the majarity
of studies performed up to date revealed that crystallization is
strongly suppressed for the systems infiltrated into pores of diam-
eter close to the critical radius of the nudei (r = 2-3 nm). In this
context, one can recall extensive studies on the water that crystal-
lize in bulk while in pores, this process is being continuously sup-
pressed due to lowering pore diameter [20]. The same situation
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Fig 2. Representative dielectric loss spedra of bulk and cnfined monmalmhals mezsuned upon slow maoling. For 2B 1H, spedra werne represented in Ref [16].

was observed for fenofibrate and salol confined in alumina nano-
porous templates |[30.31]. Moreover, considering literature data
published for the spatially restricted samples, this additional pro-
cess might also be related to the motions of the molecules
adsorbed to the pore walls, so-called interfacial relaxation process
| 32,33 |. To verify both hypotheses, we functionalized) silanized the
surface of the silica templates with the use of methoget rimet hylsi-
lane to make it more hydrophobic |34]. As shown for all com-
pounds, this additional slow process is completely or partially
suppressed after silanization, indicating that it can be assigned to
the dynamics of molecules strongly interacting with the pore walls
indeed (Fig. 2{c)). This effect is well illustrated in Fig. 3, where the
loss spectra measured for the bulk and confined samples character-
ized by the same relaxation times of the Debye prooess, g, were
superposed (representative loss spectra were arbitranly shifted
wertically to superpose at maximum). As shown in Fig. 3, the inter-
facial prmcoess observed for the primary alcohols wanishes

completely, while in the case of the secondary 5M3H, it is still
detectable, although not as a separated peak. Moreower, it was also
found that dependently on the sample, the shape, and intensity of
the interfacial process change. Hemein, it should also be com-
mented that the Maxwell-Wagner relaxation was detected in the
loss spectra measured at a higher tempemture range for the aloo-
hols confined in silica and alumina pores (data not shown ).

Data presented in Fig. 3 also revealed that, surprisingly, there is
no interfacial process connected to the reorientation of the
adsorbed molecules for the alcohols infiltrated into alumina mem-
branes (d = 10 nm}. To explain this experimental observation, one
can suppose that there are different interactions of the confined
alcohols with alumina and silica surface of the pore walls. To
address this issue and gquantify the strength of the surface interac-
tHons, as well as their impact on the presence/absence of the inter-
facial process, additional contact angle, # and surface tension, 7y,
measurement (Table 1) were performed. Mote, that the interfacial
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Fig A Comparisan of the shape of Debye lozs peaks obtined for bulk and mnfined
mascimum of disdednc lows (el
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Table 1
Contact angle (¥), suface ension () and the imerfcial enegy (35 ) of indicte] subsones 2 T= 268 K
samples Ly 7 [mN m~| i [mN m™'] a7 o [ m 7o fmN m™] Ll 7 [mN m™| . [mN m™']
Alumina surfacs Mative =ilica Lillami 7= xilica
2E1B 15 2B0E EER] 25 509 428 45 2508 20
2EH 13 2565 EERE 123 2565 426 258 2565 22
SMIEH 53 2.7 36.4 Q 7 4449 4.7 227 27

energy, 5. was estimated from the surface tension and the contact
angle accordingly to the Young equaton {74 = 75 — Jo0s8, where
s is the surface energy) |3536). It was found that all investig ated
systems are characterzed by the comparable surface tension 7y
and interfacial energies y;; (34-45 m]/m*) independently to the
structure and surface. Moreover, each investigated aloohol wets
alumina and silica very well since the measured contact angles
lie within the range #- 2-10° (see Table 1). Interestingly, the situ-
ation has changed after the silanization of 5i0; surface. In this par-
toular case, the contact angle determined for 2E1B and 2E1H
increased from & - 10° (native) to & - 257 (silanized], while that
measured for 5M3H mmained almost unchanged (8 - 0° ws
# - 5%). What is more, due to the low energy of the silanized sur-
face, we obtained very low interfadal energies (5 - 2) for the con-
sidered systems. This quite peculiar inding indicates that there isa
strong change in the chaacter of interactions between alcohol and
functionalized silica at the interface. Following work by Fowkes
et al. [373E], one can suppose that strong dispersion forces
between host and guest materials dominate in the silanized pores,
see Table 1. As discussed above, the investigated samples wet alu-
mina and silica surfaces wvery well, and the silanization of the silica
surface does not change the wettability of the aloohols as dramat-
ically as one can expec. Contrary, 5M3H wets all studied surfaces
very well (induding the silanized silica). Thus, an evident broaden-
ing of the low-frequency side of a Debye process due to pore
silanizaton might be considered as a manifestation of the hetero-
geneous dynamics of the supramolecular structures at the inter-
face connected to the presence of still melatively strong surface
dispersive interactions. In this context, it is waorthwhile to stress
that in the case of 2E1B and 2E1H, the silanization of templates
resulted in complete suppression of the interfacial process in the
dielectric spectra, which is consistent to the data published for
the other confined liquids |2539]. The peoliar behavior of
5M3H might be connected to its enhanced tendency to form
micelle-like supmmaolecular structures that are more amphiphilic
with mspect to the chaindike assodates created by the primary
alcohols. Therefore, considering the results of contact angle mea-
surements discussed above, one can suppose that an appearance/
ahsence of the interfacal process in the loss specta of aloohaols
incorporated within alumina or silica pores is not related to the
change in wettahility and interfadal energy. t might be connected
to the different packing, layering of the supramalecular structures,
and distribution of the dipole moments at the interface. Alterna-
twvely, this effect might also be assigned to the lowering pore diam-
eter that has an impact on the rate of exchange between comre and
interfacial molecules with respect to the time scale of the experi-
ment, as discussed in Ref. |40 ] Howewver, it should be noted that
for 2E1H incorporated into silica pores of d = 8 nm (comparable
to d = 10 nm of alumina membranes), an interfacal prooess was
dearly observed inthe loss spectra | 16 Therefore to address this
problem in more detail, further studies are required.

Additionally, loss spectra presented in Fig. 3 demonstrated, that
the observed prominent Debye process of the core molecules is
getting broader for each sample with lowering pore diameter when
compared tothe bulk sample while, the structural relaxation is still
wieak and not well-resolved as a separated peakin the loss spectma,
see Fig. 3.
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Taking advantage of the loss specta measured for the confined
materials, we investigated in more detail the molecular dynamics
of the moleculesself-assemblies located in the center of pores
and those attached to the interface. As a first, we studied a ratio
between the relacation imes of the Debye and interfacial process,
T Teer (Fig. <& a)) providing direct information about the difference
in the time scale of the dynamics of supramaolecular nanoassociates
in both locations, Mote that the relaxation times were determined
from the fitting analysis of the obtained dielectric loss spectra with
the use of two or three Havriliak-Megami (HM) fundtion with an
additional de-condudtivity term |41 ]

T = . Ak .
}.[I‘]J_I"—Hn—m+fm§ +.=+m : (1)

where x and £ - the shape pammeters representing the symmetric
and asymmetric broadening of given relaxation peaks, g is the vac-
uum permittivity, As is the dielectric relaxation strength, o is an
angular frequency (=2 mf). As illustrated in Fig. 4{a), thereis a dif-
ference in the ime scale between T and Teer for primary and sec-
ondary aloohols at higher temperatures, In fact, in this egime, 1o/
Tt Tatio is the lowest for 5M3H indicating the largest separation
between relaxation times of the supramolecular structures at the
interface and in the core location. Mevertheless, when appmaching
the glass transition temperature, T, Tg/ Ty reach compamble val-
ues for all substances. Similar deviation in the behavior of sec-
ondary aloohol with respect to the other systems is noted when
we analyze the mtio batween the dielectric relaxation strengths
of Debye and interfacial process, AegAdpy, see Fg &bl Interest-
ingly in contrast to 2E18 and 2E1H, the Asg,|Aspy ratio of confined
5M3H is the lowest, since the amplitude of the interfacial processin
this particular system is even greater than that of Debye mode of
the core molecules. The observed difference between the behavior
of 2E1H and 2E1B with respect to 5M3H infiltrated to the pores
must be connected to the chemical structure of the studied sub-
stances and the architecure of the formed supramaolecular struc-
tures. In this context, it is worthwhile to remind, that in the
primary aloohols chain-like structures are preferred, while in
5M3H maolecules are mostly aranged as qyclic/ring associates hav-
ing amphiphilic character |7]. To understand in more detail these
data, one can recall paper by Ghoufi et al. |42 ] who studied struc-
tural and dynamical behavior of tert-butanol (a system capable of
forming ringjoyclic clusters just like 5M3H) infiltrated within native
and silanized silica pores of the average pore diameter d = 2.4 nm.
Authors have shown that independently of the functionalization,
the mean size of the nanoaggregates (4 molecules) s not affected
by the spatial restriction. Moreower, it was claimed, that along with
the significant increase in the density (about 78%) alzo enhanced
anizotropy in the layering and permittivity of the material in the
proximity of the interface was reported. Taking into account this
finding, one can suppose that large dielectric strength of the inter-
facial process in 5M3H is related to both densifications of the
supramolecular structures or specific layering near the interface
leading to the increase of the pamllel component of the dielectric
permittivity (£,] with respect to the perpendicular one (£, ). Alter-
natively, we can also consider that due to the interactions with
the surface, some oy clic micelle-like structures are being opened
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and transformed into linear associates contributing to an additional
increase of the dielectric strength of the interfacial process. Addi-
tionally, it should be commented that the broad distribution of
the mlaxation times of the interfacial process in 5SM3H might also
be related to the fact that non intuitively, this compound adsorbs
to the native silica pores vio CHz moiety [42). It is due to the fact
that akohol molecules prefer the formation of intermolecular H-
bonds than the ones with the matriz. Therefore, there are very weak
hydmgen bonds of the strength comparable to the dispesive inter-
actons between supramolecular structures of micelle-like geome-
try and silica pore walls |1.43,44].

[Due to the presence of a prominent interfacial process observed
in the loss spectra of alcohols confined in native silica pores, it was
also possible to estimate the approdmate thickness of the
adsorbed layer, £, accordingly to the relation proposed by Kipnusu
et al. [16]:
| Ak — (AR,

oM =RV -\ A | @

where Ry is the average radius of the nanopores;  is the porosity;
£, £g Are contributions of the bulk-like (core) and the adsorbed (in-
terfacial) molecules. The tempemature dependences of estimated £
are presented in Fig. 4 c). As illustrated, the thickness of the inter-
facial layer differs dependenty on the chemical structure of the
studied compound For 2E1B and 2E1H, £ maches a comparable
value (£ - 06-1.2 nm), whereas, in the case of the confined
5M3H, it is a little higher when compared to the other systems
(&~ 06-1.45 nm). One can assume, that a small difference in £
might be again cormelated with a different architecture of the
formed supramolecular self-assemblies, and their different packing
near the pore walls.

Sincein the literature authors reported no, partal, or complete
disruption of the H-bonded clusters in mono-hydroxy alcohols
confined in silica pores of very low diameters (d = 1-4 nm}), we
dedded to address this issue relying on the oollected dielectric
data. For that purpose, we used the relation proposed by Gainam
|45] who applied a model derived for the description of the
dynamics of the type A-polymers characternzed by a dipaole
moment arranged parallel to the chain backbone to calculate the
number of malecules involved in the H-bonded supramolecular
self-assemblies, N. This assumption leads to the following expres-
sion [45]:

2
Asp _ (Bmgiem)
Ak N

= 4N, (3
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where Agg, Ae, are dielectric strength of the Debye and structural
relaxation Process, fed eesa — M and g, is expected to be -2
Dipole moments of the investigated systems were calculated from
DFT computations and are egualed to g - 1.5 D. Temperature
dependences of N are presented in Fig. 5 As shown in the case of
ZE1B and ZE1H, N reaches values of N -~ 10-13 and N - 7-8 for
the bulk samples, which agrees with the literature data |[1645).
However, interestingly, the number of H-bonded molecules
decreases significantly under confinement, indicating the reduction
in the chain length of the supramolecular structures in these sys-
tems. Note, that a comparable decrease of N with a lowering of pore
size was previously reported by Kipnusu et al. | 16] for 2E1H con-
fined into silica pores. On the other, in the case of the secondary
akohaol, 5M3H forming mainly micelledike supramolecular struc-
tures, N pammeter remains constant under confinement (within
experimental uncertainty, see Fig. 5). What is more, N is not affected
by the functionality { native vs. silanized ) of the pores. This result is
consistent with the data reported by Ghufi et al. |42] for ten-
butanol confined within silica pores of d = 2-3 nm. They have
shown that the number of molecules was armund N — 4 indepen-
dently on the studied system (bulk and confined within native
and silanized pores). Therefore, from this simple comparison, it
becomes clear that the spatial confinement affects the number of
H-bonded maolecules organized in a chain- or ring-like supramaolec-
ular structures in a completely different way. It is also worthwhile
to stress that at first sight, data reported herein stay in contrast to
the papers showing that supramolecular structures formed by alco-
hols cannot survive within pores of very low diameter d - 1-4 nm
|17, 1E]. Briefly, one can remind that Jansson et al. |17] discussed
that self-assemblies formed by 2-ethyl-1-hexanol (2E1H), 2-ethyl-
1-butanol (ZE1B), and Z-methyl-1-butanol (ZM1B) are destroyed
in the zamples confined within small (guasi-two-dimensional)
Ma-vermmniculite clay and (quasi-one-dimensional] commercial
zeolite-13X (of pore diameter d = 1 nm). In some way, this assump-
ton was confirmed in a paper by Morineau et al. | 18], who found
that there is no pre-peak in diffraction data obtained for ter-
butanol infiltrated into MCM-41 molecular sieves (d = 24 nm and
d =35 nm). However, a lack of the pre-peak in diffmctograms of
the monohydroxy alcohols infiltrated into pores does not necessar-
ity mean that self-assemblies are destroyed. It indicates that the
medium-range ordering mther than the size of supramolecular
structures are affected in the spatally mestricted samples. On the
other hand it must be emphasized that Ghoufi et al. |42] have
shownthat for the alcohols forming micelle-like aggregates number
of molecules in clusters is constant in cylindrical nanochannels,
having pore diameter even lower than those used herin. Moreover,
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it should be noted we have applied silica or alumina nanopomus
membranes having 50 pm long uniaxial pores of the average diam-
eter d= 4 nm and d = 10nm, respectively. Therefore, there is a lot of
space along the pores to allow effective packing of the supramolec-
ular structures in such systems.

In the next step, we compared the dynamics of the confined
alcohals with respect to the bulk samples. Relaxation times, T, of
all three processes ( Debye, structural, and interfacial) determined
for the bulk and spatially restricted materials plotted wersus
inverse temperature are shown in Fg 6. Note that © was deter-
mined from the measured dielectric loss spectra from the fitting
collected data by the superposition of the two or three Havriliak-
Megami (HM) functions with an additional de-conductivity term
(Eq. (1]). As illustrated, the ©T -dependence of both processes,
Debye and structumral, remains the same, within the experimental
uncertainty, for all examined samples at high temperatures. How-
ever, at the low-tempemture range, 2 pronounced crossover of the
temperature evolution of the relaxation tmes from the VFT to the
Arthenius-like behavior at some tempemRtue Ty msfacs Was
detected independently to the chemical structure of alcohols and
the nanoporous membrane, see Fig. 6. One can recall that according
to the literature data published for various low- and high-
molecular-weight liguids incorporated in pores, this effect is
melated to the vitrification of the interfacial layer [21,32.33.40]
Mote that the performed studies reported to date revealed a good
agreement between dieledtnic Ty smerucan and the high glass tran-
sition of interfacial layer detected by complementary calorimetric
measurements  (where no  crystallization was  observed)
|121,49,50]. Interestingly herein, the crossover in to{T) and t{T)-
dependences ooours at tempetures at which the reaxation times
of the interfacal process reached Tey - 1-10 5. This confirms that
the observed variation in dynamics of the Debye and structural
processes is directly connected to the vitrification of the molecules
attached to the pore walls |21] (Fg. 6{a-c)). One can add that a
similar effect was also reported for a poly| propylene glycol) of
M, = 4000 gimaol, a type-A macromolecule, where polymers
adsorbed at the interface induced variation in the chain and seg-
mental dynamics of the core material. What is more, similarly, as
in the case of alcohol, the vitrification of the interfacial molecules
had a much larger impact on the segmental relaxation than for
the chain dynamics [4647). In addition, we alsowould like to daw
the attention of the reader to the fact, that despite a change in
chemical structure and architecture of the supramolecular strc-
tures in the smdied matedals, the temperature dependences of
the Debye relaxation times of all confined samples deviate from

the bulk-like behavior at approximately the same 1, irmespecively
of the applied porous template, see Fig. 6 and 51 One can mention,
that this phenomenon might be related to the surface effects
between alocohols and porous material which are comparahble for
all studied alcohols (comparable wettability, surface tensions as
well as interfacial energies — Table 1) as discussed previously in
the Following Refs. | 48-50]. Although, unexpectedly, we found that
inthe silanized silica pores, the deviation in the temperature evo-
lution of the Debye relaxation times of the confined alcohaol also
ocours due to vitrification of the interfacial layer. Mote that a
change in the o T) ocours at comparable Debye relaxation time,
as in the case of the materials infiltrated in the non-modified silica
pores despite the significant wvariation in the interfacial energies
between native and silanized template and alkohol, see Fig. 6.
Interestingly, very recently similar pattem of behavior has been
reported by Tu et al. |51 for the ionic liquids incorporated into
porous alumina membmnes. In this particular case, the vitrification
of the interfacial layer ocourred at more less the same temperature
independently on the functionalization (hydmphilic vs. hydropho-
bic) of the pore walls. To explain the extraordinary finding
reported herein, one can refer to the work [42] on the behavior
af tert-butanol confined in silica pores. Authors revealed that the
mobility of the interfacial molecules/self-assemblies interacting
with the native and silanized pore walls are slightly modified.
Although the change in dynamics is not significant, it is due to
the fact that independently on the pores functionalization, alcohol
malecules prefer to form intermolecular H-bonds rather than with
the template. Consequently, even in native pores, supRmalecular
structures adsorh at the interface via —CH; moiety, while in the
silanized ones, there are mainly strong dispersive interactions
between host and guest molecules. Therefore even though there
is a significant change in the interfacia energies, the specific inter-
actions between template and alcohol are not so much different.
Additionally, one can mention that recent studies on the mate-
rials infiltrated into porous templates highlighted that apart from
the surface interaction |[48]; also the sensitivity of the structural
process to the density luctuations, ie., quantified by the pressure
coeffident of the glass transition temperature, dTg/dp |50), con-
tributes to the deviation in dynamics of confined systemns with
respect to the bulk samples. As reported, the higher dTg/dp, the
greater deviation in 2T -dependence of the infiltrated materials
fraom their bulk behavior, as well as the larger depression of Ty is
expected Interestingly, the studied alcohols are characterized by
a comparable pressure coeffident of the glass transition tempera-
ture, dlgjdp = 71 K/GPa, and dTg/dp - 85 K/GFa for 2E1H [23]
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and 5M3H [10], respectively. Therefore, one can suppose that a
comparable deviation in 1y THdependence for the confined alkco-
hols might also be connected with their similar dT/dp, see Fig. 6.

Tosummarize this part, one can also discuss our data in the con-
text of neutron or quasi-elastic neutron scattering (QENS) studies
on the liquids confined in pores |52 ] One of the most interesting
ohjects of these investigations was water that has a strong tendency
to self -association. Interestingly, these experiments, similady to
our dielectric data, revealed that there are two fractions of water
that differ in mohility and density distribution. In the center of
the pore (core molecules), the density is lower, more uniform,
and water maolecules move faster with respect to the ones attached
to the pore walls. Additionally, from the QENS experiments, the
authors caloulated radial and axial components of the mean square
displacement component of M50 (mean-squared displacement)
that were much different | 52 . They found that molecules attached
to the pore walls are much mome mobile along the pores. This find-
ing might be used to explain different shapes {distribution of the
relaxation times) of the interfacal processes of the investigated
alcohols confined in silica pores. One can suppose that in the pri-
mary and secondary alcohaols, there is a difference in the time scale
of the uniaxial and mdial mohility of the supramolecular structures
attached to the surface. However, it is just a assumption since
dielectric spectroscopy probe recrientational motons, while QENS
experiments provided informaton about MSD. Although both
parameters do not have to be necessarily coupled, the latter inves-
tigations have demonstrated that thedegree of decoupling between
translational and rotational dynamics is weakly affected by the pore

diameter. In addition from the analysis of the selfintermediate
saattering function F{QLt), it was obtained there is a systematic
increase in the relaxation times of the molecules attached to the
walls withthe lowering of pore size. One can stress, that these stud-
ies are consistent with the dielectric investigations reported for
many liguids confined in alumina pores |43 .49 5053-55]

Having dynamical properties of the molecules confined within
native and silanized silica pores dismssed, we performed compre-
hensive infrared investigations. Just to mention that this technigue
can be successfully applied to monitor the dynamics of hydrogen-
bonds due to the exceptional sensitivity to the changes in the
geometry of proton-donor and pmoton-acceptor connected with
the formation of these particular directional interactions. Briefly,
one can stress that a correlation between the infrared X—H stretch-
ing frequency and the length of the ¥—H bond iswell-known inthe
literature |5G). The formation of hydrogen-bonded molecular
aggregates in bulk and confined alcohols was pmbed by monitor-
ing the evolution of their —0H band in the FTIR spectra recorded
at room temperature (T = 293 K, at the glass transidon tempera-
ture (T, ) and crossover temperature (T, ggerasa). Where Ty of
the spatially restricted samples starts to deviate from the bulk
behavior. Experimental results of FTIR measurements obtained
for alcohol samples in the spearal mnge of 3800-2400 cm~' are
shown in Fig. 7. However, since we were mainly interested in the
studying dynamics of H-bonds, our attention was fooused on the
analysis of FTIR spectra in the limited frequency range
connected to the stretching vibration of the hydroggl moiety
(3000-3600 cm~'). A summary of the spectral parameters such
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af the spatial ly restricied samples starts to deviate from the bulk behavior (battom) in the frequency range of 800-24900 cm~".

as peak frequendes, the half-bandwidths (the fullawidth-at-half-
maximum, FWHM; Avy;;] and the integral intensities, I, of the
—(0H bands for the bulk and confined alcohols are presented in
Table 2.

The dominating feature of the IR spectra of alcohaol is a broad
hand between 3700 and 3000 cm™' assigned to the hydrogen-
bonded —0H groups, At room temperature, the —0H stretching
vibrational hands of bulk samples are observed at 3331, 3330,
and 3343 cm™' for ZE1B, ZE1H, and 5M3H, respectively. Thus,
the —0H stretching frequencies of 2E18 and 2E1H are close toeach
other; while, 5SM3H has larger the v, frequency value, indicating

Table 2

weaker hydrogen bonds in this sample. Moreover, a very weak
peak located at -3630 cm™’, associated with the free —0H stretch-
ing vibration of alcohol molecules, is also detected in the IR spectra
af all bulk systems. A lowering temperature induces a redshift of
0O—H stretch vibrations to 3236, 3270, and 3256 cm™' at T, for
2E1B, 2E1H. and 5M3H, mespectively. The largest redshift is
observed for 2E1B (95 an~') when compared to 2E1H (60 an™')
and 5M3H (87 cm~'). Thus, the strength of hydrogen-bonded
ageregates in bulk increases with deceasing temperature. [t
should be pointed out that the “non-H-bonded™ aloohol malecules,
characterized by the O—H vibration of frequency above 3600 cm—?,

The spectral parameters aof the vy band of the bulk and samples mnfined in native and silanized silicapares 3t T= 23K, and at Ty nue 3d Ty sorerscis. where 7o of the spatially

resticted samples stats to deviate from the bulk behaviaor.

PHM at 293 K [om™']

PWHM at Tgomeetian [om "] Area at 293 K Jan]  Area at Tymea [201]

Sample  Pek at 293 K[an ']  Peak at Tymerac fom™']

Bulk materiak

2E18 3mn ErE T 2346833 2067919 H3 266 112916
ZEH 3330 Ergi] 2241861 1952512 122333 155 367
SMIH 3343 X256 2037540 1668354 114844 166,330
Canfinad within native cilira templates afd = 4 nm

2E1B 33 Errr) 2553062 207 2aih 176054 190,586
ZEIH 3330 Ery 492337 2157980 134454 155162
SMIH 3344 E i) 2H2A%0 186568 140,738 168815
Confined within silanired silica templates of d = 4 nm

ZE1B EEL] Ery 2520955 205289 216539 243119
2EIH 3an nw 253RI0E 124584 172788 195934
SMIH 334 256 27 A145 1668483 154343 156,454
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donat appear in low-temperature regions, indicating that all mole-
cules form assocates. Moreover, a reduction in the half-bandwidth
ofthe vpx band with both the elongation of the alcohol chain and
adecrease of tempemature is noted. Additionally, the integral inten-
sities of the v, bands of bulk aloohols increase with a reduction of
temperature. These changes in spectral parameters suggest an
increase in the strengths and the number of hydmogen bonds. Inter-
estingly in the vidnity of T, the more homogeneous nature of
these specific interactions in terms of their strength is noted.

The incorporation of primary alcohols to the native and sila-
nized silica pores leads to the change in their H-bond network
properties, which is manifested in the IR spectra as the blue-shift
of the vy peak frequency. Thus, at first sight, one can find that
the strength of the hydrogen bonds in the confined aloohaols is
weaker with respect to the bulk systems |57). The —0H stretching
band of confined akcohaols varies more significantly with resped to
the bulk samples after decreasing temperature. 2E1B shows the
largest blue-shift of the O—H stretching vibmations at temperatures,
where a deviation in dynamics of Debye process is noted (41 cm™"
for native vs. 27 cm™" for silanized pores); while in the case of
2E1H, a weak blue-shift isobserved (6 cm~" and 7 e~ for hydro-
philic and hydmphobic pores ). On the other hand, almost no blue-
shift is ohserved for the OH stretching vibmation of confined SM3H.
That means that the strength of H-bonds in micelledike
supramolecular structures is weakly affected by the silim pores
at this condition. Moreover, the analysis of Table 2 shows that
the ves bandwidth for alcohal increases in the following order:
bulk samples -  alcohols  infiltmted  into silanized
templates — compounds confined within native pores. As shown,
bulk primary aloohols are homogeneous in terms of the size of
assodates, while the confined compounds prefer to form a greater
number of small spedes. In this context, it is worthwhile to stress
that the vy band of confined alcohaols consists of the two compo-
nents of which the intense and broad one of lower frequency
[-3330-3340cm™") isattributed to the fully H-bonded aggreeates,
whereas a shoulder at higher frequency - 3600 cm™' can be
assigned to the non-H-bonded aloohol molecules, respectively
(see Fig. 55 in 51} At lower temperature, the spectral pmofile of
the —0OH stretching band becomes even maore complex, ie., an
additional shoulder at ~3450 cm~' appears. It i attributed to the
weak hydmgen bonding interactions between the surface silanol
(5i—0H) groups of the silica pores and O—H or possibly (H: moi-
eties of alcohol molecules, as dismssed by Ghoufi et al. [42). In
the silanized silica pores, this shoulder is considerably less intense,
although stll detectable because there are mainly dispersive inter-
actions between host and guest materials. A drop in tempemture
has a similar effect on the vy bands of the confined aloohols as
in bulk samples. In both cases, a redshift of the O0—H frequendies,
along with the increase in the integral intensities and a decrease
in the half-bandwidths of the bands connected to the stretching
vibration of this maoiety, is noted. Interestingly, the largest redshift
is observed for the confined 5M3H (81 cm~" and 88 cm™" for the
native and silanized pores, respectively). On the other hand, in
2E1B (62 cm~' ws. 61 cm~' for non-modified and fundtionalized
pores, respectively) and 2E1H (54 cm™' for native and silanized
paores, respectively ), this effect is smaller. Moreover, SM3H shows
the largest percentage change in half-bandwidth and the integral
intensity after decreasing temperature both in bulk and in pores.

Herein it is also worthwhile to compare our results with the
ones obtained from the molecular dynamics (MD) simulations on
water, 2 model associated liquid, confined in the silica pores of
varying pore sizes. These investigations clearly showed that the sil-
ica surface perturhbs the local structure and hydrogen bond dynam-
ics of water |58-67). Rovere and co-workers |[62] found that in
agreement with the QENS experiments discussed earlier; there is
a heterogeneous distribution of the H-bonds throughout the pore.

In the layers lomted in the proccimity of the interface, an orienta-
tional disorder, together with a reduction of the average number
of H-bonds, was noted. On the other hand, in the central part of
the pore (core water), the density and coordination number of
water was the same as bulk sample |G2]. Therefore similarly to
the dielectric and QENS investigations, MD simulations considered
the behavior of water in view of *core-shell™ model, where the
water molecules attached to the surface and those located in the
middle part are chamcterized by distindively different dy namics,
physical properties and H-bonding pattern in silica pores of d =
2-20 nm |67 ). It should also be noted that the confinement effects
on the water were also monitored through changes in the FTIR
spectroscopic response. The analysis of vibrational bands detected
in the vy stretching region (3200-3700 cm~") in terms of their
arigin and the local orientation of the water molecules has led to
two contradictory interpretations. In the first approach, the various
frequencies in the v, band of confined water were assigned todif-
ferent water populations corresponding to water molecules with
the ooordination numbers from 1 to 4 [68-71]. In this case, the
shiftofthe O—H stretching band from the lower to higher frequen-
des was interpreted as due to a decrease in the number of hydm-
gen bonds with surrounding water molecules |68 69). To provide a
quantitative evalmation of the observed changes, the O—H stretch
region was fitted using at least 3 Gaussian curves, representing
unique water populations, described as network water (MW,
intermediate water (W), and multimer water {MW) [68-70] The
fimt type of water molecules, MW, was assigned to strongly H-
bonded water molecules having a coordination number dose to
four {centered around 3310 cm™'). The second type. W {around
3450 cm™"), was ascribed to distorted H-bonded water molecules
that may be located at the interface of the long-distance networks.
The third component located around 3590 cm™ 7, called MW water,
comesponded to molecules that did not feature the kind of super-
maolecular connectivity of MW or W, consisted of free monomers
or as dimers, timers. However, it should be emphasized that the
contribution of silanol units from the matrix was not induded in
these considerations. Thus, in the other approach, Gupta et al.
|71] interpreted FITR spectra taking into account the onentation
of water molemles with respedt to the silanol group of the silica.
They found that the band around -1150 cm™ ' is closely related
to the surface-bound water molecules, which confirmed that the
presence of the polar —0H group on the hydrosxylated silica surface
provides adsorption sites for water with preferred orientations.
Based on our FTIR spectra, we found that after the incorpomation
of alcohols into the silica pores, the band attributed to Si-0OH
groups at 3744 cm~' disappeared and the intensities of the vgy
peak decreased (the absorbance of the vy band in confinement
was not as intense as in bulk sample). Thus, our FTIR results also
confirmed the formation of a hydrogen bond between the hydrocyl
group of alcohols and the silanol groups of the silica pores. Taking
into account the above-mentioned literature data on confined
water, one can suppose, that change in the frequency of the —0H
stretching vibration (shift towards lamger wavenumbers) of aloo-
hols confined in sili@ pores does not only represent weakening
af the strength of H-bonds but may indicate the lower number of
molemles in the nanoassociates as well. just to stress that the
greatest change in the shift of the stretching vibration of —0H moi-
ety was noted for 2E18 for which a strong redudtion in the length
of chain-like structures was determined from the analysis of
dielectric data. Much smaller effects were noted for the other aloo-
holsinfiltrated into silica pores. Finally, it should be noted that our
FTIR spectra also confirmed the strong heterogeneous character of
H-bonds in the confined systems. However, due to strong band
owverlap, it was hard to analyse them and correlate their behavior
to the dynamics of interfadal and core alcohols monitored by
means of dielectric spectmsoopy.
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5 Conclusions

Herein, we explored the behavior of bulk primary 2-ethyl-1-
hexanaol (2E1H) and Z-ethyl-1-butanol (ZE1B) as well as secondary
S-methyl-3-heptanol (5M3H), capable of forming a supramolecular
structure of different architecture and samples infiltrated within
varous nanoporous templates by means of dielectric and infrared
spectros copies, as well as contact angle measurements. Forthe aloo-
hols incorporated into natwe silica pores, we observed a pro-
nounced  interfacial relacation process connected to the
reorentation of molecules absorbed at the interface. The analysis
of the dynamical properties, induding the ratio of relaxation times
and dielectric strength of the interfacial process and Debye relax-
ation of the core molecules allowed to find out, that primary aloo-
hols behave different with respect to the secondary one. The
analysis of the dielectricdata indicated that a number of molecules
in chain-like structures in 2ETH and 2E1B confined in native and
silanized silica pores are significantly reduced; while in 5M3H, it
memains constant Interestingly, despite a variation in the contact
angle and interfadal energies, it was found that change in the tem-
perature evolution of Debye relaxation times for the aloohols infil-
trated into hydrophilic and hydrophobic silica as well as alumina
pores oocurs at similar tp with respect to the bulk samples. To
explain this peculiar inding, we considered two explanations, One
hased on the data published eadier by Ghoufi et al. |42 | who shown
that thereis a small change in dynamics of the molecules interacting
with the native and silanized pores; while the second one relies on
the comparison of the pressure coefficient of the glass transition
temperatures that were fairly the same for the studied alcohols
As a final point, it was shown that H-bonds generally become
weaker under confinement, and there is large heterogeneity in the
distribution of the strength of these particular interactions in pores.
It should be noted that the impact of the spatial restriction is mome
pronounced for the hydrogen-bonds in primary alcohols, while in
the second ary ones, this effect is not as significant. Interestingly, this
result agrees with the outcome of dielectric investigations. Pre-
sented herein data is the first attempt to correlate the impact of
nanospatial confinement on the H-bonding pattemn, dynamics, and
wettahility of the self-assembly samples having tendencies to form
supramolecular clisters of various architecture. Therefore, we
believe that combined studies offer a deeper understanding of the
processes taking place at theinterface and general behavior of asso-
dating liguids in pores of varying diameter and functionality.
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ABSTRACT: Herein, we explored thermal properties, dynamics, wettability, and H-
bonding pattern in vardous poly(propylene glycols) (PPG) of M, = 400 g/mol
confined into two types of nanoporous termplites: silica (d = 4 nm) and alumina (d =
18 nm). Unexpectedly, it was found that the mobility of the interfadial layer and the
depression of the glass transition temperature weakly depend on the pore size, surface
functionalization, and wettability. However, interestingly, we have reponted
strengthening of the hydrogen bonds in samples confined in silica pores. Further,
the unique annealing experiments on PPG-OH with the use of Fourier transform
infrared spectrozcopy revealed the rorganization of oligomers close to the interface
and the formation of three distinct fractions, interfacial, imtermediate, and bulk-like,
in the infiltrated samples. These experiments might shed new light on the variation of
the segmental/structural relucation times due to annealing of matedals of different

[l Metrics & Mare I ) Supportng Information

PEGs infiltraled inta sikca tomplains of @= 4 nm

. Absorbance

e

: N .
Wavenumber [cm™]

molecular weights infiltrated into pores or deposited in the form of a thin layer.

1. INTRODUCTION

The behavior of soft materials under nanoscale spatial
restriction conditions became an attractive field of research
over the past decades.™ A special attention was focused on
understanding in detail the molecular mechanims goveming
the variation in the physicochemical properties of confined
compo unds. Interestingly, as shown by numerous theoretical
and expermental studies these fAuctuwations arise mostly
because of the competition of three maiu: effects: surface
interactions, finite size, and free volume*”

In fact, most investigations carried out to date demonstrated
that the deviation in the molecular dynamics and phase /glass
trandtion temperatures of confined materials is directly
correlated with the size reduction realiced by the decrease in
both thicknesses of thin films and the pore diameter, d, of
porows templates” What is important, the positroniwm
amnihilytion measirements carried out for liquids infitrated
into porous templates revealed that along with the change in
the diameter of the nanocavities, a strong fuchuation in the free
volume is noted "** At this point, it & worth quoting recent
work by White and Lipson, who derived the cooperative free
volume { CFV) model to describe general temperature and free
volume- dependent structural relimtion behavioe'™ ™ of the
bulk and confined materiak. Briefly, one can stress that in this
model, a group of molecules cooperate to obtain enough space
for a rearrangement, and hence, the number of cooperating
particdes is imvemely proportional to the free volumme. This
model was applied by Napolitano ef al"* to explain enhanced
dymamics of poly(4-chlorostyrene) and poly(2-vinylpiridine ),

& 000 o Ol Soday

< ACS Publications

prepared in a forn of thin layers on the substrates differing in
roughness. Moreover, recently, the CFV approach was used to
describe segmental and chain dynamics of amino-terminated
polyl propylene glycol) (PPG-NH,) confined into native and
dlanired silica Pﬂrﬁ.ﬁ In this contest, it is worthwhile to stress
that a weak/negligible vartaion of the free volume below
temperature conmected to the vitrification of the interfacial
molecules served s a base to formubte hypothess that

negative pressure contrmol dynamics of liquids confined in
ans_!?..u-ls

Along with the development of the concepts relying on the
vadation in the finite size and free volume, an increasing
rumber of papers highlighted the impact of the surface effects,
% a dominant factor governing behavior of confined liquids.
Espedally, an increasing attention was paid lately to the
processes occurring at the interfice, ™" sudface interac-
tong "™ and roughness '™ One can recall that there were
auccesful atternpts to predict the direction and the magnitude
of the confinement effect for varous gas formers both
deposited as thin filos™ ™ and infiltrated within alumina
[anodic duminum oxide (AAD )] membranes*™ based on the
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interfacial energy, ;. As shown, the higher Fsy the greater
deviation from the bulk belavior is expected A

Mevertheless, it should be noted that although finite size and
surface effects on the dymamics of nancspatially confined
liquids are very often considered separmtely, recent works
indicated some kind of entanglement between them. In this
context, it is worthwhile to remind recent atomic force
microscopy measurements pedomed for gycerol incorporated
within alumina membranes of d = 10 mn; demonstrating that
surface tersion and most likely interfacial tersion y5 varies
with the surface curvature of applied manochannels ™
Moreover, a close comelation between both effeds is also
well illustrated in the case of the dielectric studies on PPG
infiltrated within controlled porows glasses of varows pore
diameters (d = 25-20 am)™ ™ As shown, the glass
tramsition temperture, T, of infilrated PPG revealed a
nonlinear (parabolic) dependence, where the rise of T, noted
for smaller pore divmeter (d < 3 nm ) was discussed in terms of
the adsorption effects overcoming the confinement one. On
the other hand, in the case of vadous PPG dedvatives within
sl]]cn@ares characterized by a little larger pore sizes (d = 4=8
nm),"* a linear reduction of T, with increasing degree of
confinement wa observed for lbath mative and dlanied
templates. This raight indicate that the impact of the surface
effects should be often discussed together with the finite size
(especially the pore curvatures) which might induce changes in
the surface interactions and alo should be taken into account
to predict the behavior of the confined liguids ™™

In this article, we probe the counterbalince between the
confinement and surface effects on the chemically modified
poly( propylene glycols) (PPG) derivatives of molecular weight
M, =400 g/mol incorporated into silica (native and sillanized)
and alumina (AAD) membranes of various pore diameters (4
=4 nmand d = 18 nm ) measured using dielectric and infrared
(IR} spectroscopy 2 well as differentia] scanning calormetry
(DSC). These investigations allowed to get insight into the
variation in wettability, dynamics, and H-bonded pattern in the
spatially restricted samples infiltrated into both kind of
membranes

2. MATERIALS AND METHODS

2.1, Materials. Poly(propylene glycol) (FPG-OH) and
polyl propylene glycol) bis{ 2-aminopropyl ether) (FPG-NH,)
of M_ = 400 g/mol with purity higher than 98% were supplied
by Sigma-Aldrich The nanoporous aluming oxde membrnes
used in this study (supplied from InFedox) are composed of
uniactal channels (open from both sides) with well-defined
pore diameter, d ~ 18 = 2 nm, thidness ~ 50 = 2 pm, and
porosity ~ 12 # 2%. Details concerning pore density,
distribution, and so forth can be found on the Webpage of
the pmdm:e:'w The preparation of native and functonalized
silica templates are presented in the Supporting Information
file. Fimally, it should be mentoned that density of the
confined materiaks is assumed to be approxmately the same
the bulk material at room temperature (RT )L

2.2, Methods, 221, Broadband Dielectric Spectroscopy
(BO5) Tsobarc measurements of the complex dieectric
permittivity £*(m) = '{w) = i£" (@) were camied out using
the Movocontrol Alpha dielectric spectrometer over the
frequency range from 107" Hz to 10° Hz at ambient pressure.
The temperature uncertainty controlled by Quatro Cryosystem
usng the nitrogen gas cryostat was better than (L1 B Dielectric
measurements of native silica and silanized membranes (of d =

81

4 nm) filled with FPG-OH, PPG-NH,, and PPG-OCH, were
placed between stainless steel plates having 5 mm diameter.
Moreover, dielectric measurements on empty mem branes were
also carried out to evaluate their contribution whidh turned out
to be negligible, to the measured loss spectra (see Figure 51 in
the Supporting Information file).

222 Differential Scanning Cafornmetry. Caormetric
mexsurements were carried out udng a MettlerToledo DSC
apparatus  (Mettler-Toledo Intemational Inc, Greifensee,
Switzerland ) equipped with a liquid nitrogen cooling accessory
and an HS5E ceramic semsor. Temperature and enthalpy
calibrations were investigated using indium and zinc standards,
and the heat capacity, Co calibmtion was performed usdng a
spphire disc. After plidng crushed templates in the aluminum
crudbles, they were sealed and measured over a wide
temperature range with cooling and heating rates equal to 10
B/min. Each experiment was repeated three times. In addition,
mexsurements on empty membranes were carried out (please
see Figure 51 in the Supporting Information file). It was found
that in the range of the gudied temperature, there & no change
in heat flow, indicating no contribution from the silica and
alumim to the heat capacity jumps detected for the
membranes filled with studied PPGs.

223 Fourer Transform Infrared Spectroscopy (FTIR).
The Wicolet 1550 FTIR spectrmeter (Themno Sdentific) was
used to measure the FTIR spectra of the bulk and the confined
PPGs samples. FTTR spectra were recorded in the 40001300
an”' frequency regon with a spectral resolution of 4 an”',
The limited spectral range resulted from the detector
saturation in the region of Si—0 and Al-0 stretching
vibrations Each spectrum was obtained by averaging 32
scars. The measurements were carried at RT (293 K) and glass
tramsition temperature (T} detemnined from the BDS
measuremnents. The low-temperature IR spectra were obtained
by using a liquid nitrogen-cooled Linkar THMS 600 stage
(the temperature accuracy of =01 “C), which was adapted to
the Micolet spectrometer. The measurements were performed
at a cooling rate of 10 °C /min in a nitrogen atmosphere. The
time-dependent IR spectra were measured at equal intervals,
that iz, every 1 min after the temperature stabilization at T =
183 K. The FTIR gpedtra of native, dlanized dlica, and alumina
membranes were measured and are presented in Figure 51
The —OH stretching band decompostion was performed
using the MagicPlot 29,3 software ( MagicPlot Systems, LCC).
The band ocouring between 3050 and 3950 em” was
decomposed with the use of several Gaussiin functions
adjusting the intersity and the width of the fitting curves.
The two wavelength interval at oo 24002500 and 3050-
3050 et (excluding the spectral region of the CH atretching
band) were used for ftting. All spectral parametess were left
free during the fitting procedure. The “best fit* was considered
when the statistical parameter B was the lowest. One can stress
that although the amount of —OH groups on silica surface can
vary with the surface preparation method,™ the pedk position
connected to the vibration of this mojety is located at vg oy
~374% co~'. Interestingly, at this region, we did not observe
any contribution from the PPG infiltrated into pores. Thus,
there & no need to consider the influence of Si-0H groups
from the silica membrane during the deconvolution process. In
the case of aluming templates, the maximum of the OH band is
found at 3640 an~' in the range of weak H-bonded bulk-like
PPG-OH molecules. However, the amalysis of the OH
vibration in this frequency regime does not affect a discussion
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Figure 1. Dielectric loss spectra for various PPG defvatives confined into native (a—c) and sihnized (d—f) slica temphtes of d = 4 nm, measured
above T Hack and cdor curves comespond to the different temperatires. The chemical structures of investigated substances are presented as

insets [a—c).

about extstence of three different layers of FPG-OH infiltrated
in silica and alumina rative pores. The CH band components
were ako exduded from the decomposition of the OH band as
the fitting of a poorly resolved broad OH band with muliple
component is always subjedt to alarge error. Thus, fitting even
maore bands (ie, the CH signak) can only worsen the final
deconvolution result.

224 Surface Tension and Contaa Angle Measurerments.
The surface tension of bquids 3 (pendant drop method) and
contact angle & were measured with the DSA 1005 Kriss
Tensiometer, GmbH Germany. The description of the
instrument and procedures has been presented previpusly, ™
The measuring procedure at T = 2982 K for all substances has
been repeated dozen or more Hmes. The temperature
measurement uncertainty was #0.1 K. The preckion of
contact angle mesurements was 001°, and the estimated
uncertainty was +1.5°% whereas the uncertainty of surface
tension was +0.1 mMN-m~", Density, g, required for the surface
tension experiment was measured with an Anton Paar DIMA
S000M dendmeter with the uncemtainty not worse than 0.0001
gan™, For the surface energy estimation of native and
silanized silica, some of the following lquids were considered:
water, ethyene glyocol dilodomethane, and glycerol The
dispersive and nondispesive part in the surface temsion for
these substances were taken from ref 21. The caloulated surface
energy for mative silica was 676 m_].-rml with the dormdnant
nondisperdve part equaling 666 m_].-rml_ For the slantred
surface, the respective value was 253 m]/m" with the as-
expected domimant and the digpemive component was 218
m_].-rml_

82
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3. RESULTS AND DISCUSSION

Dielectric loss spedra of sudied polyi propyene) ghycols
(PPG) terminated by three different groups, =OH, =NH,, and
=0CH,, incorporated into native and sllanized silica templates
(of d = 4 nm) are shown in Figure 1. Mote that dielectric
gpectra for bulk substances, taken from ref 41, are presented in
the Supporting Information file. In all cases, dielectric data
revealed the presence of the dc condudtivity related to the
charge tramsport and the segmental (@) relaation at higher
frequencies reflecting the cooperative motions of the molecules
and respomsible for the liquid-to-ghss transifon. Herein, one
can stress that because of low molecular weight, M_ < 1000 g/
mol, of studied PPG,"™ the additional mobility related to the
Huctuations of the end-to-end vector of the dhain ends called
usally a5 the nommal mode process cinnot be observed (see
Figure 1).

One can also mention that often for the matedak confined
within silica membranes, the appearance of the interfacial
process, reflecting reorentational motions of the polymers
adsorbed at the surface of the pore walls, are widely reported
Interestingly, this specific rebimtion & not observed in the case
of gudied PPG, independently to the applied porous matrix
and functionalization (see Fgure 1) This finding agrees with
the data published by Amdt ef al,' who studied salol and
ghycerol, differing in the number of hydroxy] units, infiltrated in
dlica pores of d = 4—8 nm They found that while a
rearientation of the adsorbed molecules can be detected for
the former system (salo] with one —<OH group ), it i not visible
for the latter aloobol (glycem] with three —OH mojetes). &t
was proposed to link this experimental observation to the
balince between timescales of the exschange process between
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Figure 1. Segmental a-loss peaks collected at comparable 7, for bulk and confined PPG-OH (a), PPG-NH, (b}, and PPG-OCH, (c). Data for PPG
derivatives confined within AAD membranes of d = 18 nm were taken from n=f 41.
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solid lines are the best fits to the VFT squations (=g 2). Data for PPG derdvatives confined within AAD membranes of d = 18 nm were taken from

ref 41,

core and interfadal molecules and experiments’ MNote that if
the exchange between both fractions is either fast or slow with
respect to the time of the experments, the interfacial process
can be detected or not in the loss spectra respectively.
However, we suppose that this phenomenon might be also
somehow related to the number of hydroeyl units within the
sample. Once the number of this paticular modeties is equal to
unity, the interfadal process is well visible as a separate loss
peak, while in the case of materiaks with two or more <0OH
groups (ig, glycerol or PPG-OH), this mode vanishes. This
pattern of behavior is dmilar to what was previously found in
the case of bulk alcohols, where for monchydrocy aloohols, an
additional Drebye rebation (relaed to the formation of the
hydrogen bonding sipramolecular structure) i observed;
while in polyacohols, there is no trace of this kind of mobility
in the collected dielectric spectra.® Nevertheless to explain if
there is any relationship between the appearance of the Delye
process in monchydrocyalcobol and interfacial process in
liguids confined in pores, further studies are required.

In Figure X, a-loss peaks of the bulk and confined samples
were supemposed at the constant segmental relastion times,
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T, for all investigated compounds. As shown, the shape of the
a-loss peaks dgnificantly broadens with increasing confinerment
because of the increased dynamical heterogeneity induced by
the additional interactions with the pore walls.'*** However, it
should be pointed out that the a-los peak of PPGs within the
functiomalized (dlanired) silica templates i, interestingly,
mamower than the one recorded for PPG infiltrated into native
dlica In general, this might suggest a change in the surface
interactions between hydrophobic (slanized) and hydrophilic
(native) templates. Note that the broader a-loss peaks within
mative templates might also be a result of the dynarmical
perturbation introduced by #ronger interactions between the
aubstrate and adeorbed molecules It is wonth mentioning that
dmilar observations were made for other low and high
moleculsr weight samples infilirated in pores.'™**4*

To explore in more detail the moleculir dyramics of
confined materials and collected dielectric spectra were
analyzed wsing Hawiliak—=Negami (HMN) function with the
conductivity temm ™
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Table 1. Values of the GlassTransition Temperatures, Changes in Heat Capacity, and Thidkness of the Interfacial Layer
Calculated for Bulk and Confined Systems Collected from Calorimetric and Dielectric Measurements®

T [0 Tyueaas [£] AT K] ATyus [K]

Ty Kl TyulK] AG..[VgK] AGL[/gK £ [nm]

PRG-OH

balk 196 199

rative Si0; 183 31 —13 15 185 boT ] (ET s 0y

sillanized S0, 179 30 —17 £ 190 221 Q184 (ELT! s
FRG-HH,

balk 187 193

native Si0; 176 1 —1 £l 178 3 0413 (e 08

silanized S0, 176 217 —11 0 154 27 (EY 0278 oy
PPG-OCH,

balk 169 173

rative Si0: 156 197 —13 b2 159 187 @i 383 085

slanized 20, 154 197 —15 b 163 190 0118 (es 0s7

“ata for bulk PPG derivatives ken from ref 41

By Ae

-E-I::W:l' = o + [1 + ':imm:’ﬂ;m].ﬁ:m I:l:l

where g and fiygyg are the shape parameters representing the
symmetric and asymmetric broadening of gven reluabon
peaks, A is the dielectric reloaton strength, Ty, is the HN
relamtion time, £, & the vamun permittivity, and @ is an
angular frequency (& = 2rf). Mote that 1, was estimated from
Typy accordingly to the equation given in ref 44. Determined
segmental relvstion times were plotted a5 a function of inverse
temperature and shown in Figure 3 As illustrated, the 1,(T)-
dependences of all confined PPG is a bulk-like at a high-
temperature region. However, below the temperatures denoted
45 Tpimmenay, they stat to deviate from the bulk behavior
imespectively of the sample and porous template. As widely
reported, this phenomenon is related to the vitrfication of the
matertals adsorbed to the pore walle, "S54 1y this contest, one
can mention about “two-layer” or “core—shell” models often
used to discuss/interpret results of moleculyr dymamics
simulations or quad-elastic neutron scattering hwatlgatlmm"d
In view of these simplified approaches, liquids infiltrated in
pores are comsidered a5 consisted of the molecules located in
the center of the pores (“core”) and adsorbed to the walls
(“interfadal”). They are characterzed by different densities
and mobilites because of additonal interactons with the solid
substrate.

Analysis of the data presemted in Figure 3 unexpectedly
revealed that the bifurcaion of r(T)-dependences of the
confined PPGs ocours at simiar 1, (log 1. ~ —55)
independently to the terminal groups, applied porous template,
and fnciomalzation (sibnized or native). It & worth adding
that the deviation of T.(T)-dependences of PPGs infiltrated
into aluminag templates also oocurs at comparable T, the same
as in the case of material confined in silica pores (see insets of
Figure Ja b ). Mote that data for PPG dedvatives within AAD
membranes of d = 18 mm were taken from ref 41. In this
context, it should be mentioned that the similar finding has
been recently reported for a primary and secondary
monohydrony alcohols incorporated within aluming and silica
pores. Tt was shown that the temperature dependences of the
Diebye relambon times, T, (reflecting the mobdity of
sup ramolecular selfassemblies™™), deviate from the bulk-
like behavior at approxdmately the same 5, irrespectively of the
porous template, chemical frudure, and architecture of the
supramolecular structures formed in the studied systems®
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Moreover, recently Tu etal™ found the same scenario in jonie
liquids confined in the mative and funcionalized alumina pores.
This indicates that the change in the porous template,
hydrophobicity, or hydmophilidty of the pore surface does
not affect segraental dynamics of the intedfadal layer to much
because the bifurcation of T,(T)-dependences of the core
PPGs ocours at similar 1, (log 7, ~ =5.5). Interestingly, this
agrees with the molecular dynamics simulitions showing that
although functionalization of the pore walk influences on the
dynamics of the interfadal molecules, this effedt is not
dgnificant.”'

To estimate the glass tramsiion temperature, T, obtained,
data presented in Figure 3 were fitted wsing the Vogel—
Fulcher=Tamman (VFT) u:lu.\tlmuu'“

B DT,
1;‘_ﬁ"ﬂ'j{i"—’f-:] (2)

where T is the reluation Hme at finite temperature, Dy is the
fragility parameter, and Ty i the temperature, where T goes to
infinity. It should be mentioned that the two VFT functons
were applied for the confined sysgtems because of the observed
deviation in the slope of ,(T)-dependencies. The firg one
(high temperture VFT) was used only for an accurate
determimtion of a point (temperature), at which the slope
changes (related to the vitrification of the interfacial layer and
denoted a8 Tyueog), while, the gliss transition temperatures
of the confined samples (in this case of the core polymers,
Tlm} were estimated from the second, low-temperature VET
fits. The values of all caloulated glass transition temperatures
are listed in Table 1. Note that T, is defined as a
temperature at which T, = 100 5. As observed, irrespective of
the terminal group and applied template, estimated values of
T, imeia 2re comparable Moreover, the same scemario can

so be observed inthe case of Ty n (within the experimental
uncertainty). This implies that the performed surface
modification (slanization) along with the variation in the
porous matri and pore diameter have for some reason a
msarginal impact on the segmental dymamics of infiltmted PPG
derivatives. This observaon seems to be quite surprising
taking into account that to date, a simple sibingation of silica,
leading to a prominent change of the poladty, specific
interactions (H-bonds), hydrophilidty, and hydrophobidty,
generally induced difference in the behavior of materials
incomporated within native and functionalized templates ™™
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To better understand reported findings, we further measured
contact angles &, and surface tensions y, and caloulated the
interfacial tension, ygp, prior and after surface modification. i556
The estimated values of contact angles and surfice tendons for
all studied materials and surfaces are listed in Table 2. As

Table 2. Contact Angles (), Surface Tension (), and
Interfacial energy (¥, ) Estimated at RT T = 298 K for All
Investigated Systems™

sample # [deg] M [mBm'] ra [mN-m™]
Alomina Sorfce

PRG-OH [ 34 247

PPG-NH, 54 E1E 174

PPG-OCH; @il 218 ELE]
Silica Natve Sorface

PFRG-0OH P ] 34 EEE

PPG-NH, M7 E1E 389

FPG-0OCH, 548 218 45
Silica Silanized Sorface

FPG-OH ok EFE —02

PPG-NH, - 3la —13

FPG-0OCH, 74 218 1

“Dats for the slimina surface were taken from ref 41

observed, the contact angles of investigated samples change
significantly depending on their chemical srcture and type of
matrices. Both PPG-OH and FPG-NH, are chamaerized by
comparable contact angles on native slica surface (& ~ 257),
which indicates good wettability. However, their & increases
because of surface modification even up to & ~ 37° for PPG-
OH on the slanized silica surface. The increase of & suggess,
in fact, the reduction of wettability on the modified interface
with respect to the mative one, more likely because of the
strong change in the intemctions between host and guest
materials, In this context, one can ako add that in the case of
the alumina surface, the contat angle of both PPG-OH and
PPG-NH, is extremely low (8 ~ 6" indicates they wet this
surface perfectly). On the other hand, PPG-OCH, surprisngly
seems to wet all suface in a similar manner as its contact angle
remains comparmble for all surfaces (8 ~ 6-77).

Mext, we eatimated interfacial energy, yop, according to the
Young a:j‘uaﬁ-m: (¥a = ¥s = ¥y cos &, where y; & the surface
energy).” Calculated values of yg are listed in Table 2.
Interestingly, for the slanized matrices, we noted low values of
interfacial energies for all examined compounds. This indicates
a clear change in the interfacia] interactions between materals
and functiomalized silica in the ucu:ngaf the pore walks, where
the dispersive interactions prevail™™*” In this contest, one can
recall studies on the thin films that revealed that the higher
value of yg, the greater deviation fom the bulk behavior
because of the reduced mobility at the interface ™™ This
approach was furﬂae: applied to the porous materals by
Alexandris et al* for several pd].mers infiltrated within AAO
membranes™** As shown, the increase of the difference
between the glass transition temperature, T, of the bulk and
confined samples, AT, enlarges with the sise of the interfadal
tension This rehu-m:sijp was well quantified by the systematic
measurements of the wettability, allowing s to caleulate the
interfacial energy, ¥a. and T, of the spatially restricted
polymers. ' Funther studies indicated that higher yg implies
reduced mobility of the interfadal layers 'I:h.\t consequently
leads to greater depression of T, in pores™
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In Figure 4, we have plotted the estimated values of yg
versis AT ., and AT ey caloulated for PPGs infiltrated

{EI}..;_:_M' slica. 1lm|;|;lg:uH | ':h]
404 : 5 PPE-RH, -
E' w] LW e PPGOCH, 1 % %
] i " % %
2 o]
T kA o
1 =1
= 1':': + LA
EL IR
] =g}
.|'|p |,:| 1::| z:J iu |'|:| B0 -||*:- I:l 1:.| i:u :IEI lll.l 0
vgL [MN ™) Vg [N M

Figure 4. AT, p sy (2) and AT, .o (b) caloulated from dielectric
dxta,p]mdaamﬁﬂummfam]enﬂgpfowmudﬁﬂ{PPh
derivatives in int AAD (of d = 18 nm) and native and
slanized silica (of d = 4 nm) pores. Data for PPGs confined within
AAD membrnes of d = 18 nm were gken from ref 41

into alumina (d = 18 nm) and silica (d = 4 nm) templates,
Mote that AT, __ s the difference between T __ and T, of
bulk (AT, = Tpom — Tl while AT ooy is the
djs-n:repm:;r between T —— ﬁad T, of bulk (AT g =
'I'I.._.____L = T, As shown in Figure 4, both AT, ... and
AT, of .\]] investigated PPG incorpomated in porous
matrces are similar (within experimental uncertainty).
Surprisingly, despite a dear vadation in wettabiity, interfactal
energy and pore ske (d = 18 nm 15 d = 4 nm), no diferences
between studied systems infiltrated within alumina and slica
templates can be observed In this contest, one can remind that
recent studies on various PPG derivatives infiltrated into AAO
membranes revealed that j; weakly depends on both their
terminal groups and molecular weight, M_, whereas AT -y
changes with both these factors.™ The finding djsa:saea .abmre
dearly indicates that although the intedfadal tendon is a very
useful parameter to predict depression of the glss transition
temperature of the polymers infiltmted into porous media, it is
not suffident to understand the complex dymamics of such
heterngeneous systems. Therefore, the contrbution of other
factors, possibly related to the variation in the density paddng
and roughness of the pore walls must be consdered as well
In the next step, we have performed addioml DSC
measurements to support/confimn results of dielearic
investigations., Thermograms recorded for all studied PPG
derivatives incorpomted within silica templates are presented
in Figure 5 As illustrated, all samples exhibit the presence of
the two endothermic processes, related to the vitrification of
the interfadal (denoted a8 Ty} and “core” (labeled as
T, o) molecules located above and below T, of the bulk
material, respectively (so-called the double ghsstransition
phenomenon) " I should be pointed out that even for
PPGs infiltrated into slanized silica templates chamaterized by
the extremely low value of the interfadal energy, (j5 ~ 2 mb-
m'), double ghss trmsition was detected. The walue of
Tyimimtaca a0d T, obtaned from DSC measurements for
confined materials and also T, of the bulk samples were added
to Table L Although, there Ire some discrepandes between
the value of T, determined from clodmetric and dieledric
memurements, which can be due to the diference in the
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Figure 5. [¥5C thermograms together with the estimated length scale of the interfacial Lyer, £ (2q 3), obtained for PPGs i into both
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Figure 6. DSC thermograms obtained for confined systems: (2) thermal history of PPG-OCH, confined into d = 4 nm of silanized slica pores and

emamined for selected tempemtures above T,
native and sibnized slica pores following

at constant heating mte = 10 K/min; (bc) heating traces obtained for PPGOH confined inte
different cooling rates (5—20 K/min).

heating/cooling mte applied in both methods* they are
sirmilar.

Furthermmore, we ako determined the length scale of the
interfacial layer, £ which also can be obtained directly from
DSC measurements

1/2
.m]

d
=1 —
2 lacamm +AC,

Iﬂ":}I.Il:ﬁ.ufl:h'l.l

£

(3}

where d is the pore diameter; AC, . and AC o .y are the
changes of the heat capadity at Ty, and Ty Note that
the application of eq 3 requires the following assumptions: (i)
the volume of the material in the surface liyer & proportonal
to the step change of its heat capacity, (i) the density of the
incorporated material does not change along the pore radius,
and (i) the shape of the pore is cfindrical. The values of the
heat capadty and caloulated thickness of the interficial layer
are listed in Table | and Figure 5. As observed, the estimated £
reaches similar values for all PPGs when infiltrated into native
silica membranes (within experimental uncetainty), which are
comparable to those ones reported eadier for 2EIHY ar for
monochydroxy alcohols,” where the value of & oscllated
around ~1 nm. However, after the dlanization, £ decreases for
PPG-0OH and PPG-NH, becase of change in the interfadal
interaction (ie, suppresion of H-bonds) In contrast, in the

17613
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cse of PPG-OCH,, the length scale of the interfidal layer
increases after the surfice modification, most likely due to
increased suface-dispersive interactions. " One can add that
according to the literature, £ varies dependently to the type
and strength of interctions, induding kydrogen bonds.' Tt is
also worthwhile to add that £ of low-molecubir-weight FPG
incorporated within the alumina templates of d = 18—150 nm
increases with the pore sie but was relatively independent to
the terminal end-groups of studied oligomers. In addition, we
compared and plotted the thidmess of the interfacial layer
estimated for the PPG oligomer infiltrated into pores, made of
dlica and aloming having diferent pore sizes; please see the
inset in Figure 5. Data for PPG infikmted in AAD were taken
from ref 41. This graph cleady illustrates that there i a linear
relationship between thicdknes of the interfadal layer and pore
diameter, d, which indicates some entanglement between both
parameters. Moreover, it is worthwhile to stress that the
interfacial liver estimated from calorimetry for the samples
infiltrated into larger pores barely agree with those caloulated
for the thin films. In this particular case, £ & around ~2=3 nm
and weakly depends on the film thidkness™ Hence, ane can
state that the interfadal layer determined from calorimetry for
the infiltrated systems is related to the lengh scale obeying
molecules/ polymers of much slower dynamics with respect to
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Figure 7. FUIR spectra of bulk (black) and confmed PPG-OH (ab) and PPG-NH, [cd) messured in the vy and the 1.y vibration regions at
BT (ac) and at glss transition temperatre (bd). The spectra were normalized to the C—H absorption peak at aroumd 2970 cm ™",

the core matertal because of the perturbation mtroduced by
interactons with the substrate.

Taking advantage of the fact that both glass transition
temperatures were well visible in the themmograms collected
for the PPG confined in silica and alumina pores, we dedded
to find out whether this material will behave in a similar way a
entangled cis-14-polyisoprene (PI) infiltrated in AAO
membranes ™ Jug to mention that in this paticular case,
Polidis ef al have demonstrated that T, pee gy Is conditional
and can be detected only for the samples cooled down below
T, et this observation allowed them to hypothesize that T__,
is a spinodal temperature. Therefore, a5 a subsequent point of
our studies, we have performed addidonal clorimetric
measurements using severl temperature protocols to imves-
tigate the behavior of low-molecular-weight PPG derivatives
infiltrated into silica templates of d = 4 nm to check how does
various thermal histories influence the existence of the double
glass-transition phenomenon For this purpose, we carred out
three cooling scans followed by heating in accordance to the
following protocols: (1) cooling down to 1684 K (deep below
Ty crals (2} cocling to 174 K (between both detected Tys), and
(3) again cooling down to 184 K. Representative DSC
thermmograms obtained for infiltrated PPG-0CH, are shown in
Figure Ga. Interestingly, in contrast to the data reported in ref
58, a prominent T _ ., appears in all registered thermo-
grams questioning ssignments of the low glass trmmsition
temperature 2z the spinodal temperature. To explain the
discrepancy between results reponted herein and the ones
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presented in ref 58 one should condder (i) different molecular
weights of studied polymers (we focused only on PPG of M, =
400 g/maol), (i) varous porous templates (characterized by
different finite size and surface intemctons), and (i)
dgnificantly different wettabilities and imterfacial tension of
Pl and PPG on the aluming and silica surfaces.

Furthermore, we also carried out a seriss of DSC
mesurements with diferert heating mtes, 5-20 F/min
Selected thermograms recorded for PPG-OH incorporated
within native and dlanted templates of d = 4 nm are presented
in Figure 6be. As expected, both Ts shift toward higher
temperatures with the increasing heating rate. Addifionally, we
also observed that the length scale of the interfadal layer, £,
increases with lowering the heating mte in the case of PPG-0H
infiltrated into native silica templates (Figure 6b); whereas for
PPG-OH within the silanized silica templates, £ seems to
remain condtant independently to the applied heating rate
(Figure 6ic). This simple experiments indicated that although
the dynamics of the interfacial layer & not so much different in
the vidnity of the functionalized pore walls, the length scale of
the molecules adsorbed to the pore walks & affected in a maore
dgnificant way.

As a final point of our investigations, we have carried out
additional FTIR measurements to gain information about the
H-bonded pattem in the samples confined within silica and
aluming manopores. Figure 7 shows the comparison of FTIR
spectra of bulk PPG-0H, PPG-NH,, and samples infiltrated in
aluming and silica (native and functionalieed ) templates at RT
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Figure 8. [ecomposition of the v band of bulk and confined PPG-0H in the fequency mnge of 250 and 3750 cm ™ "in the tempe mtures of 293

E.ader

and Ty, in the spectral reglon comegonding to the stretching
vibration of the X—H and C—H maoieties ( 3800—2600 cm™ ).
It should be noted that the FTIR spectral data, especially
obtained for aluming pores, were difficult to interpret because
ofadditional strong contribution of the stretching vibrations of
the —0OH groups of the pore surface to the measured spectra.

An informative band for the analysis of hydrogen bond
interactions i that connected to the X—H stretching vibrations
of the proton donor groups (the vy, ). This spectral feature
occurs in the range of 37003000 cm " in the FTIR gpedra of
the gudied systems. The band observed between 3000 and
2600 an' s respornsible for the stretching vibrations of the
C=H groups of the carbon skeleton. The position and
frequency of the vy bands for the bulk sanples differ
between PPG-OH and PPG-NH, (see Figure 7). At 293 K
(room temperature, RT) vg gy band of bulk PPG-OH occurs
a5 a single broad peak located at 1453 an™!, whereas the vy g
band of PPG-NH, consists of three peaks at 3369, 3298, and
3201 an~". Thus, the H-bonds in both PPG derivatives are of
medinm grength The different profiles of the py_yy band of
FPG-0OH and FPG-NH, corespond to the various types of H-
bonded aggregates. MNote that it seems that the H-bonded
oligomeric structures dominate in FPG-0OH, while probably a
more comples H-bonding network (the ring- or chain-like
structures) can be formed in PPG-NH,. The spectral
modifications of the X—~H stretching bands of PPG-0OH and
PPG-MNH, accomparnying the temperture drop are consistent
with the trend reported in the literature and discussed in the
Suppaorting Information file.

In the next step, the FTIR approach was applied to
investigate the effects of the nanoconfinement of PPG sumples
after their incorporation into different manopore templates
(sllica and alumima). Representative spectra measured at
different temperatures for the sample infiltrated in porous
matrices are presented in Figures 54 and 55 in the Supporting
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Information file. The interaction of PPGs molecules within
dlica or aluming membmnes camses noticeable changes in their
IR spectra that represent the change in the hydmgen-bonded
pattern in the investigated systems. At BT, the TR spectm of
the confined lguids exhibit a significant redshift of the ty g
peak frequency values, relative to the bulk svmples (Figure 7).
This spectral effect is asodated with the existence of stronger
H-bonds in PPGs under nanoconfinement. Similar results are
observed in IR gpecra measured after the temperature drop. In
detail, the kger redshift of the O—H stretching vibrations for
PPG-OH molecules is observed for the native pores (14 cm™')
compared to the slanied pores (11 an™') or the alumina
ones(12 cm™') at T, In the case of PPG-NH, the maost
interse peak of the 1y gy band at 3359 an”! is shifted by 4
an”! in mative pores and 3 an”! in dlanked pores relative to
the bulk at T, On the other hand, the ry_y peak in alumina
membranes shows the same position as that in the bulk. Thus,
the PPG molecules within dlanized silica pores exhibit the
amallest spectral changes (ie, the redshift of the vy g peak
frequency value) relative to other systems. This & because of
the weaker interactions between the host and guest material It
s aleo observed that the 1y _y bands measured for the confined
mmples are much broader than those measured for the bulk
matedals. This indicates that PPG molecules also exhibit
greater vartability in the size of the H-bonded aggregates in a
confined erwiromment. In order to address this issue more
crefully we pedomned additional amalysis relying on the
decorvolution of the spectra measured in the 3000-3800
an” region for PPG-OH; please see Figures & and S6. This
oligomer was selected and described in detadl because it
interacts the most with the native pores. To evaluate the
contribution of specific components in this complex spectral
regime, data collected for bulk and confined PPG-OH were
fitted to the combimation of several Gauss functons. The
procedure of the fitting of the —OH stretching bands was
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PPG-0H within native silica templates of d = 4 nm
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Figure & Time-dependent FTIR spectra of confmed PPG-0OH within the native silica (2} and alumina membranes (b} in the O—H and C—-H
stretching regions, recorded at 183 K over 30 min. The spectm were normalized to the C—H peak at around 270 em

performed following the scheme repomted for liquid water in
refs ** This approach allows studying the hydrogen bonding
interacions between suface slanol and PPG-OH at the
interface. Tt is worthwhile to point out that H-bonds can be
formed between PPG-OH molecules, silanol groups, and the
host and guest materal a the siloxane bridging coygen group.

The bulk spectrum of PPG-0H in Figure B consists of the
three Gaussian components assigned to vibration of the OH
moiety in the (i) fully H-bonded bulk-likke molecules (FBM,
3393-3250 cm'), (i) intemmediste (pamilly) H-bonded
molecules (IMBM, 3482-3417 an™'), and (ili) weakly H-
bonded molecules (WEM, 36193587 cm ' ). For the sample
confined in pores, an additiomal Gausdan component is
required to describe the FTIR spectra in the 3198<3026 cm~t
region. This additioral band is assgned to the rgy in the
molecules adsorbed (AM) at the interface. The comparison of
the decomvoluted IR spectra in the —OH stretching vibraton
region for bulk and confined PPG-OH at BT and at T is
shown in Figures & and 56 in the Supporting Information he.
Figure 57 illustrates the temperature varistions of the spectral
parameters such a peak position and integrated areas obtained
for each component (fraction of maolecule) from the fitting TR
spectra of bulk and confined PPG-0H to the superpostion of
several Gauss functons. All these parameters are also listed in
Table S1. On the other hand in Table 52, the percentage areas
of the decorvoluted profiles are shown, which give information
on the different populations of H-bonded structural amange-
ments in FPG-0OH. From the amalysis of the resulis obtained at
T, (Table 51}, one finds a redshift of the macimum of the all
fracions of H-bonded oligomers in confined sample with
respect to the bulk material This indicates the enhancement of
the H-bonding interactions under confinement. As shown in
Figure 8, the largest peak area in bulk sample comesponds to
the fully H-bonded PPG-OH molecules. On the other hand,
quite a large varety of adsorption behavior of PPG-OH on the
different pore walk is observed (Figures 8 and 56). In the
native pores, the adsorption process is the most domdnant
becanse the AM component has the largest percentage in the
OH band profile in selected temperatures. The slanized
membranes exhibit dmilar behavior at higher temperatures;
however, below 263 B, partially H-bonded PPG-OH structures
predominate. In the case of alumina templites, the AM
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component also dominates at 293K-233 K, whereas at low
temperatures, the interacions between FEM are the strongest.

Wext, the change in contribution of various Gawssian
components to the overall spectrum upon temperature drops
was monitored. As shown in Table 51, the positions of FBM
and IMBM substructures are shifted to lower wavenumbers
with decreasing temperature, indicating the strengthening of
the interactions between “fully™ and “pantially” H-bonded
PPG-0H molecules. On the contrary, the blueshift of the
WEM components is observed because of the growth of the
degree of assodation of PPG-OH at T Simultanecusly, the
integrated area of the FEM and IMBM components increases
and the WBM area decreases as the temperature i lowered
indicating, the growing argantzation of FPG-0H toward a fully
H-bonded network. However, it should be pointed out that the
FBM contdbution in confined PPG-OH within the silanized
dlica templates exlibits opposte temperature effect, that is, it
decreases with the lowering temperature More detailed
analysis based on the percentage contribution of the Gaussian
component areas shows that in bulk PPG-0OH, the FEM-type
molecules are the domimting populaon, their propotion
steadily increases from 48 to 62% as the temperature decreases
from RT to T, Interestingly, in all-confined PPG-OH, the AM
sulb-band has the largest percentage at RT. As the temperature
is lowered, the adsorption process is mther reduced in favor of
the fully (alumina templates) and partially (silica and alumina
templates) H-bonded interactions. The greatest effect of
temperature on the adsorption process & observed for the
dumina membrane in which the AM comtrdbution decreases
from 51 to 23%, while the FEM and IMBM populations
increases 20—42 and 24=30%, respectively. Thus, the
vadations of the respectve popubiions ilustrate that for
confined matedals, the adsorbed PPG-OH molecules are
dways the dominating population at RT. At T, the interfacil
H-bonded gpedes are prevailing only in the mative silica pores.

Asa final point of our investigations, we have performed the
time-dependent FTIR measurements on the FPG-OH
confined into silica and aluming membranes to verify whether
the amnealing at e will influence on the H-bonding
network. The analysis of these gpectra in the vy band region
dhows both dhanges in the shape of the band profile and its
broadening as a functon of dme (Figure 9). The peak located
around 3400 cm” ', originating from the bulk-lke core
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molecules, essentially shows no vadation over time (the light
blue area in Figure 9). Simultanecusly the strong intersity
growth of the sub-band at the lower wavenumber (approx-
imately 3250 an ') in both kind of pores (indicated a5 a light
yellow area in Figure 9) was dearly detected Interestingly, this
band has been assigned herein to the vibration of the hydrocd
molety in FEM. Moreover, IR spectra recorded during
amnealing also revealed appeamnce of the sub peak at vgy ~
3120 an~'connected to the adsorbed molecules. This band is
probably because of the formation of the arongest H-bonds
between FPG molecules and hydroxyl units attached to the
silica and alumima templates (highlighted as light pink area in
Figure 9). Growing intensity of the band observed at 3250
em " during annealing can be asdgned to the formation of an
intermediate layer of the molecules located between core and
imterfacial ones. However, because of overlapping of this band
with that odginating from the fradion of FBM of the bulk
material, it was not possible to detect it in the FTIR spectra
measured at different temperatures, Moreover, analysis of the
position of the new band at 3120 an™" indicated stronger
interactions between the PPG-OH molecules and the silica
surface with respect to the alumina It is worthy to mention
that this olignmer wets the alumina surface much better with
respect to the silica one Hence, it is a dear indication that
enhanced wettability does not have to necessadly mean
stronger interactions between host and guest material at least
in the case of associating H-bonded liquids. Moreover, varous
strengths of the H-bonds between PPG and hydrocd moieties
attached to the silica and alumina pores suggest different
chemical characters of this functional group that affects their
different tendendes in formation of these specific interactions
in both kinds of materials.

It must be also stressed that above discussed results obtained
for confined PPGs differ from those obtained for water or
alcohols infiltrated in nanoporous templites For primary
alcohols incorpormted to the mative and silinized dlica pores,
we have found that the strength of H-bonds in confined
samples was weaker compared to those in bulk systems which
was muanifested in the IR spectra a the blueshift of the rg g
peak frequency.” In the case of water confined in zeolites, the
0=H bands were slightly redshifted with respect to bulk water,
indicating, that under confinement, molecules are relatively
stronghy hp:]mg-en—bmdaiﬁ‘ Maoreover, the IR spectra of
water confined in controlled pore glsses proved that this fuid
is perturbed on very large scales (more than 10 nm), even in
pores of greater diameter (d = 55 nm ). The postion of the
connectivity band (~150 con™') increased when the pore size
decreased, suggesting stronger H-bonding interactions be-
tween neighboring water molecules Additionally, an important
decrease of the FWHM of the connectivity band was found for
the spatially restricted sample (70%) which was related to a
different orientation dymamics of water (up to 55 nm) a8
compared to bulk liquid®™ Besides, Baum et al™ highlighted
the predomimnt effect of the pore dze, the kosmotropic
properties and the surface ions excess on the dynamics, and the
structure of water molecules in the pore and within the
interfacial liyer. The molecular dyramics simulitions of the TR
spectrum of isotopically dilme HOD in DO in 2.4 nom
hydrophilic, amorphous silica pores”™ showed that —0OH
groups are imvolved in weaker H-bonds to the slica coygen
acceptors than to water, leading to blueshifts in their
frequendes, although this spectral effect was not observed in
the measured IR spectra. This fct was explained by the smaller
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trandtion dipole moments of these —OH groups. Similar
results were reported for HDO in Hy OV in Aerosol-OT reverse
micelles of varying shres ™ Mthough, in this case, the vy
bands exhibited a significant blueshift relative to the bulk
liquid, indicating a weakening of hydrogen bonds between the
oD s because of the presence of the intedface between
the water pool and the surfactant hea-c’gmup&m'm Herein, it is
dlso worth to mention about work by Zanott et al for water
molecules in Vycor (a hydrophilic porous silica glass).™ They
lave found the O-H stretching sub-band at 3230 cm™" that
was interpreted as a result of the existence of a monolayer of
water molecules H-bonded to the silinol (Si—0OH) groups of
the Vycor surface The posiion of this peak revealed that the
H-bonds in this system are significantly stronger than in bulk
liguid water (around 3400 cm™') A further more detailed
understanding of the molecular interactions of water confined
in mesopomus silica was presented by Knight o al”™ The
authors fit the O—H stretch region using three Gaussian
curves, representing unique water populations described as
network water (NW), intermediate water (TW), and multimer
water (MW ). However, these studies also showed a systematic
blueshift in the TR peak locations of MW, TW, and MW in
confined water. The authors suspected that water in pores is
congregating around surface hydrocd groups to form slands of
highly coordinated localized regions Hence, results of Knight
et al are smilar to those reported herein” However, it is
worthwhile to point out that FTIR mesurements on PPG
confined in either silica or alumina membranes clearly revealed
that although there are at least three fractions of molecules
differing in the H-bond pattem in these conditions, the
arength of these specific interactions is much stronger with
respedt to the bulk materials

At the first sight, this experimental finding questions
interpretation of the calorimetric data suggesting that there
are two fractions of molecules differing in mobiity and glss
trandtion temperture disoussed in terms of the “twolayer”
(or “core=shell”) model However, it must be stresed that a
change in the H-bonded pattern does not have to influence
dymamics of confined systems to the extent allowing
registration of the third ghss transition temperature related
to the vitrification of the imtermediate layer. In this contest,
one can recall papers devoted to polymer thin films discusing
the ocourrence of the third [ intermediate ) hyer.u As reported,
T, of ultrathin poly(methy methacrylate) (PMMA) films
depends on the type of applied substrtes, that i, increasing for
dlicon oxde (polar surface) because of the hydrogen bonding
and decreasing for the nonpolar surface, together with
thickness reduction. It was observed that the dynamics and
T, of each layer differ from the coresponding bulk substances.
'Iq'ds indicates that the mature of the nteracton between
maaterials and interface & one of the domdmamt Factors in
determining the ghsstransition temperatures that strongly
depends on the thidmess of the film and the intefadal energy
between the polymer and the substrate. Additionally, the
formation of the third biyer between the adsorbed layer and
core volume was investigated for nanapnreiﬂ Using
calodmetric mexsurements, it was revealed the exstence of
three Tz for PMMA confined into AAD nanopores of d = 300
i, where (i) molecules near interfaces (of T, higher than for
the bulk), (ii) molecules interacting at the center of nanopores
[ Ty lower than for the bulk), and (i) fraction located between
abovementioned (characterized by intermediste T, in a
nonequilibrium state). Interestingly for PMMA restricted
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into d = B0 nm of AAD, only double Ts was noted &
Generally, the formation of the third layer was considered as
being strictly connected with the weakening of the intedfadal
effect between polymer matrices together with increasing pore
diameter ™ Besides, it was indicated that the existence of the
third biyer and also the shift of T, strictly depends on the
thermal history (heating/cooling rate, aging/annealing proce-
dure) of the samples and might be strictly correlated with the
exchange effects between the adsorbed layer, interlayer {two
layers are trapped in a non-equilibrium state), and the core
volume ™ Mote that recently, the presence of the additional
interlayer under confinement was ako repored for poly-
(methyphenyldlozane) infltrated into AAD templates, where
]nteres.‘l:h:g}t;, the third T, was also detected for small pore size,
d =18 nm "

One can also add that the resolving of the intermediate luyer
within the confined PPGs with tme might, in fact, help us to
understand better the reported recent shiff of the segmental /
structuml relamtion process of various incorporated materials
upon the amnnealing experments performed at followin
temperature conditions, Tmetaal ™ Toaea Tllﬂ,:__ﬁl':"“r
Mote that at the studied range of temperatures, the exmined
systermns are highly heterogeneous (the interfadal fraction of
maolecules is vitrified and the core ones are not). Briefly, as the
amnealing experiment proceeds, the shift of the o-relmtion
peak toward lower frequendes was abserved ™ resulting in
completely different 1.(T)-dependences of confined materials
with regpedt to the mexsurements performed prior to annealing
(see Figure 5B in the Supporting Infornation fle). As
assumed, the density paddng of core and interfacial molecules
was out of equilibium, which was recovered upon sample
amnealing. Consequently, the confined system moves from the
one isochoric condition to the other, charaderteed by different
densities and dynamics."**"™ Nevertheless, as indicated by
complementary FTIR measurements, the observed varation of
structumal/segmental dynamics might be alo related to the
variation of the H-bonding pattern or processes ongoing at the
interface. It looks that during the annealing, there is a strong
rearmngement of the interfacial layer leading to the formation
of grong H-bonds between PPG and either silica or alumina
pore wall, Moreover, the enhancement of these spedfic
interactions is accompanied by the formation of the
intermediate layer being in some distance from the pore
walls. "™ Thus, in the annealed samples, we can deady
distinguish into three Factions, namely, interfacial intermedi-
ate, and bulk-like fractions of molecules in the liguids
infiltrated into pores.

4, CONCLUSIONS

In this work, we investigated the behavior of three varous
polyi propylene  glycol) derivatives of M, = 400 g/maol
characterized by different abilities to form H-bonds and
incorporated into aluming (d= 18 nm) and silica (native and
silanized of d = 4 nm) templites. These studies enabled us to
explore the impact of finite size and surface interactions on the
overall behavior of substances in spatially restricted systems.
The observed deviation of segmental relaation times from the
bulk-like behavior indicates that independently on the pore
dismeter and applied templates, they deviate at similar T,
Interestingly, we observed that although previous reports
suggested that the shift in glass transition tempertures
correlates with the intedadal energy and wettahility, such
relationship does not hold for PPGs infiltrated within alurmina
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{d = 18 nm) and native and functonalized silica (d = 4 nm)
templates It indicates that besides the surface interactions and
finite stre (curvature), abo other factors, that &, specific
interactions, and density packing, possibly suface roughness,
should also be taken into account when discussing the behavior
of the confined liguid Addifonally, for the investigated PPGs,
we observed that T, occurs even #f T has not been
reached before, whk’:) indicates that Ty 15 1O 2 spinodal
temperature. Finally, using FTIR spectroscopy, it was ako
revealed that the stremgth of hydmogen bond interactons
between the incorporated material and interface differs
dependently to the applied templites. Moreover, the time
dependent IR spectra recorded during annealing around the
Ty om evenled marrangement in the interfacial layer leading to
the ormation of very strong H-bonds between PPG and
alumina or silim pore wals. Consequently, this simple
experiment allowed us to visualiwe and distinguish an
intermediate layer (rarely reported in literature) between
interfadal and bulk-like fraction of molecules. This completely
new finding might shed new light and allow ws to better
understand the shift of the structural/segmental relacation
upon anneling below T -y B seerns that variation in the
H-bonds and density paddng between molecules attached to
the interface and the intermediate ones is responsible for this
phenomenomn

B ASS0CIATED CONTENT

© Supporting Information

The Supporting Information is avalable free of charge at

https://pubs acs.org/doi /10,1021 facs jpoc Dol 4061,
Preparation of porous silica ternplates, DSC thermo-
grams, dielectric loss, and FTIR spectm of empty slica
templates, nitrogen adsorption/desorption kotherms
mexsured for native slica templates, dieledric loss
spectra of bulk PPGs dielectric loss specra collected
upon annealing of confined mmples, FTIR spectra
measured for bulk and confined PPGs, and their
decomposition as well as temperature evolution (FDF)

B AUTHOR INFORMATION
Corresponding Authors
Agnieszhka Talik — Institute of Physis and Silsian Center of
Eduartion and Fnterdisdplinary Research, University of Silesia s
Katowdie, 41-500 Charzmy, Paland; @ orddorg,/0000-0001-
To40-6967; Emadl: agniesda taldo@smeebiedupl
Magdalena Tamacka — nstitute of Physics and Silsian Cenfer
af Education and Interdizaphnary Researdh, University of Silesia
n Kabwie, 41-500 Chorzow, Poland; © orddorg,/0000-
O002-9444-3114; Email: magdalena tarnackagd
amcebiedu pl
Barbara Hachuta — Institufe of Chenistry, Usiversity of Silesia
i Kabwige, $0-006 Katowice Poland;
Ereadl: barbara bachulyius edupl

Authors

Monika Geppert-Ryboayinska — Futitug of Chemutry,
University of Silesin in Katowices $0-006 Katowice, Poland;
& ﬂrndﬂrg,fﬂmﬂmﬂl-?l 129624

Kamil Kaminskd — Tnstitute of Physis and Silsion Cente of
Edugtion and Inferdisdplnary Research, University of Silesia
Katowice, 41-500 Chorzow, Poland; 3 orddorg/0000-0002-
SET1-0203



The Journal of Physical Chemistry C

puibs_ses org IPCC Article

Marian Paluch — Institufe of Physis and Sifsian Center af
Education and Interdisiplinary Rewarch, Uniersity of Silesa in
Katowice, 41-500 Chorzow, Paland

Complete contact information & available at:
https://pubsacs.org/ 10,1021 facs jpoc 0004062

Motes
The authors dedare no competing financial interest.

B ACKNOWLEDGMENTS

M.T., M.P, and E_E_ is thankful for finandal suppost from the
Polish National Sdence Centre within the OPUS project ( Dec.

no. 2019/33/B/5T3/00500).

B REFEREMNCES

(1} Arndt, M; Sannarus, B; Gorbatschow, W, Eremer, F.
Diglectric investigations of the dynamic glass transition in nanopores.
Phys. Rev. E: Stat, Plys, Plimas, Fhds, Relat Inerdiscip. Tap. 1996,
54, 53775390

[2) Swaki Y, Dwan, H, Steinhart, M.; Butt, H-J; Floudas, G
Suppression of Poly{ ethylene cadde) Crytlization in Diblede
Copolymers of Poly(ethylene oxide }-bpoly(e-caprolactone) Con-
fined to ous Alumina. Magomoleails 2014, 47, 1793— 1800,

(3) Jesiutkowska-Debporte, M; Kmsack W, Kipnusu, W. K;
Sangore, | By Lok, C; Kremer, F. Ghssy dynamics of two
pelylethylene glyool) deriatives in the bulk and in nanometric
confinement as reflected in its inter- and intra-molecular interactions.
I Chene Fhys. 2018, 149, 064501

(4) lacob, C; Sangoro, | By , Py Schubert, T
Naumov, & Vabullin, By Kirger, |; Kremer, F. Charge tansport and
diffudon of jonic liquids in nanop silica meml Fhys. Chem.
Chem. Phys. 2010, 13, 13796—13803.

(5) Kipnusu, W. K; Ekayed, M; Kruse—Rehberg, B; Kremer, F.
Glamy dynamics of polymethylphenybilorane in one- and  two-
dimensional nanometric confinement—A comparison. [ Chem. Phys.
2017, 146, 203302

(8) Kipnusu, W. K_; Elmahdy, M. M.; Ekayed, M_; Kmuse-Rehberg,
B Kremer, F. Counterbalance between Siwrfice and Confinement
Effects As Studied for Amino-Terminated Poly(propyene gheol)
Constraint in $ilica Nanopores. Masramaleules 2019, 53, 1854— 1873,

(7) Huwe, A; Amdt, M; KEremer, F; Haggenmiuller, C; Behrens, P.
Dielectric Investigations of the Molecular Dynamics of Propanediolin
M Silica Materiaks_ |, Chem. Plys. 1997, 107, 9699,

(8) Kipnusm, W. K ; Ebkayed, M; Komack, W, Pawlus 5
Adrjanowicz, K; Tress, M, Mapes, E. U, Krause-Rehberg, B
Kaminski, K; Kremer, E. Confinement for More Space: A Larger Free
Volume and Enhanced Glassy Dymamics of 2-ethyl-1-hexanol in
Manopores. | Phys. Chem Lett 2015, 6, 3708—3711

(9) Wubbenhorst, M_; Lupascu, V. Glass Transition Effects in Ultra-
Thin Polymer Films Studied by Dielectric Spectroscopy - Chain
Confinement vs Finite Sie Effects. 2005, I12th Ingrnafional
S}u‘qm:hlm on Eledres, 2005.

(10} White, B_ P,; Lipson, . E G. Polymer Free Volume and Its
Connection to the Glass Trnsition. Magomaleales 2016, 49, 3987—
A7

(11} White, B P; Lipson, . E G. How Free Volume Does Influence
the Dynamics of Gliss Forming Liquids. ACS Maoo Le# 2017, 6,
529—534.

(12} White, B P; Lipsom, |. E. G. Connecting Pressure- e pendent
Dynamics to Dynamics under Confinement The Cooperative Free
Volume Model Applied to Poly(4-chlorostyrene) Bulk and Thin
Films Macromolcul= 2008, 51, T924—TH 1.

(13} Panagopoulou, A; Rodrgues-Tinoco, C.; White, B P Lipson,
I E. G Mapolitano, 5. Substrate Roughnes Speeds Up Segmental
Dynamics of Thin Polymer Films Phys. Rav Lett 2020, 124, 027802

17619

92

(14) Adrhanowice, K; Kaminski, K; Koperwas, K Paluch, M
Negative Pressure Vitrification of the Isochorically Confined Liquid in
Manopores. Plys Rev, Lett 2018, 115, 265702

(15) Tamacka, M; Kipnusuw W. K; Kaminska, E; Pawhs, 5,
Kaminski, K Paluch, M. The peculiar Behavior of Molecular
Dymamics of Glassforming Liguid Confined in the Native Porous
Materisks - The Role of Negative Pressure. Phys. Chaw Chaw. Phys.
2016, 15, 23MH—23714.

(16) SeMare, G Adrjanowice, K} Tamacka, M_; Pionteck, |; Paluch,
M Confinement-Induced Changes in the Glasy Dynamics and
Crystallimtion Behavior of Supercooled Fenofibrate. | Phys. Chan C
2018, 122, 1384—1395.

(17} Mapolitano, 5. Rotell, C.; Wibbenhomst, M. Can Thicknes
and Interfacial Interactions Univocally Determine the Behavior of
Polymers Confined at the Manoscale? ACS Macmo Leff 20012, I,
1189—1193.

(18) Mapolitane, S Lupagou, V.; Wibbenhorst, M. Temperturs

of the deviation from bulk behaviour in Wtrathin pohmer
films Maoromolerules 2008, 41, 1061—1063.

(19) Rotel, C; Napolitano, 5.; Vandendriesche, &; Valew, V. K
Verbiest, T.; Larkowska, M; Kuchamldi, 5; Wibbenhomt, M
Adsorption Kinetics Of Ultrathin Polymer Films [n The Mel Probed
By Dielectric Spectroscopy And Second-Harmonic Generation.
Langmuir 2011, 27, 13533,

[20) T orres, . Ay Nealey, P. E; de Pablo, |. J. Molecular Simulation
of Ultrathin Polymeric Films near the Glass Transition. Phys. Bev. Latt.
20, £5, 3221 —3224.

(21} Alexandris, 5 Py Sakellariou, Gy Steinhart, M
Butt, H-]; Floudas, G. Interfacial Energy and Ghass Tempemture of
Polymers Confined to Nanoporous Aluming Macromaleul= 2016,
49, TAMD—T414.

(22) Tamacka, M.; Wojtyniak, M_; Breoala, A Talk, A; Hachula,
By Kaminska, E.; Sulla, (o Kaminski K.; Paluch, M. The Unique
Behavior of Poly(propylene ghycok) Confined within Alumina
Templates Having Nanostructured Interface. Nano Left, Publication
Date: June 19, 2020.

[23) Fryer, D0 5 Peters, L [ Eim, E | Tomaseewskd, |. E.; de
Pablo, |. | MNealey, P. E; White, & C_; W, W-L. Dep-ﬂu[m.oe of the
Ghiss Transtion Temperture of Polymer Films on Interfacial Energy
and Thicknes. Magomoleadles 2001, 34, 5627—5634,

(24) Lang, B J; Meding W. L, Smmons, D. 5 Combined

of Nanoconfined Tg on Interfcial Energy and Sofiness
of Confinement ACS Maow Left 2014, 3, T58—762

(25) Talik, A; Tamacka, M. ; Geppert-Ryborynska, M; Minecka, A
Kaminsks, E; Kaminski, K; Paluch, M Impact of the Interfcial
Energy and Density Fluctuations on the Shift of the Glas-Transition
Temperature of Liquids Confined in Pores | Phys Chan O 2019,
123, 55495556

[26) Talik, A; Tarnacka, M; Wojtyniak, M; Kaminska, E;
Kaminski, K.; Paluch, M. The influence of the nanocunature on
the surbice interactions and moleculbr dynamics of model liquid
confined in cflindrical pores. | Mal Lig 2020, 295, 111973

(27) Tolman, B C The Effect of Droplet Size on Surface Tension. |.
Chem. Flys 1949, 17, 333,

(28) Tolman, B C. The Supedicial Density of Matter at a Liquid-
Vapor Boundary. | Chem. Phys. 1949, 17, 118.

(29) Smavilla, D. N Huang, W, Housmans, C.; Sfermasza, M
Mapolitane, & Taming the Stength of Interhcial Intemctions via
Manoconfinement. ACS Cent. Sq_ 2018, 4, T55—759.

(30) Schimhals, A; Goerng, H; Schick, Ch. Segmental and chain
dynamics of polymers: from the bulk to the confined state. J. Non-
Cryst. Salids 2002, 305, 140—14%.

(31) Schinhals, A ; Stauga, B Dielectric Normal Mode Bebxation of
Poly(propylene glyool ) Melts in Confining (eometries. | Non-Cryst.
Solids 1998, 215—237, 450—456.

(32) Schonhak, A, Stawge, B Broadband Dielectric Sudy of
Ancmalous Dithwion in 2 Poly(propylene glycol) Mek Confined o
Manoperes. |. Chan. Plys 1998, 106, 5130-5136.

P e ced, v 0 0T s e a0
4 Plyyd Chemi. © 2E0G, 104, 1607 -1 1



The Journal of Physical Chemistry C

(33) Assen, A Blokhuis, E. M.} Wilhelmsen, . T olman lengths and
rigidity constants of multicompoenent fluids: Fundamental theory and
numerical eamples. |, Chon Phys. 2018, 145, 204702

(34) Gibbs | W. The Collded Works; Longmans Green and
Company: New York, 1928; Vol. L, p 219,

(35) Blokhuis, E M Kuipers, |. Thermodynamic expressions for the
Tobrun length [ Chem Bhys 2006, 124, 074701

(36) Stepanov, & V; Byakow, V. M, Stepanova, O. P. The
Determination of Micros copic Surface Tension nd'-Lclql'l.uJ.i with a
Curved Interphase Boundary by Means of Pesitton Spectrescopy.
Russ. . Phys. Chem. 2000, 74, $65—577.

(37} https: // www.inredor com, acoessed: 10.02.2020.

(38} MNgo, Dy Liw, Hy Chen, 2, Kaya, H; Zimuds, T. J; Gin, §5
Mahadevan, T3 D, | Kim, 5. H. Hydrogen bonding intersctions of
H20 and 5i0H on 2 boroaliminosilicate glss comoded in aqueos
solution. npj Mater. Degrad. 2020, 4, 1-14.

[3) Wandschneider, A Lehmann, |. B Heinte, A Surface Tension
and Density of Pure Lonic Liguids and Some Binary Mixtures with 1-
propanc] and 1-butanol |. Chan. Eng Data 2008, 53, 59%6—599.

{#0) Feder-Kubis, |; Geppert-Ryborymiska, M Musial, M Talik, E;
Guzik, A Exploring the Surface Activity of 2 Homologues Series of
Functionalized lonic Liquids with a3 Matural Chiml Substituent:
(= )-Menthel in 2 Catien. Colloide Surf, 4 2017, 520, 725-732.

(41} Tamacka, M; Talk A,; Kaminska, E.; Geppert-Rybeaynska,
M_; Kamindd, K ; Paluch, M. The Impact of Melecular Weight on the
Behavier of Pdy(propylene glyools) Derivatives Confined within
Alumina Templates Mamomolecules 2019, 52, 3516—3529.

(42) Alexandrs, 5 Sakellarion, (G Steinhart, M; Floudas, G
Dynamics of Unentangled cis-1 4 Polyisoprene Confined to MNano-
porous Ahmmina Macromoleruls 2014, 47, 3895— 3900,

(43} Hawriliak, 5; Negami 5. A Complex Plane Analysis of a-
dispersions in Some Polymer Systems. [, Palym Sci, Part C: Palym.
Symp. 1966, 14, #9117,

{(#4) Bremer, F; Schonhals, A Broadband Diclediric Speciroscopy
Springer: Berlin, 2003.

(45) Arndt, M_; Stannarius, B Groothues, H; Hempel, E; Kremer,
E. Length Scale of Cooperativity in the Dynamic Glass Transition.
Bhys. Bev. Lett 1997, 70, 2077.

[46) Kuon, N Milischuk, & A, Ladanyi, B M, Flenner, E Self-
intermediate scattering function analysis of supercooled water
confined in hydrophilic slica nanopores. | Chon Plys 2017, 146,
214501

(#7) Hamion, F. X; Cole, B H Diclectric Properties of Liquid
Ethancl and 2 Propancl [, Chem Phys. 1955, 23, 1756

(48) Hansen, C; Stickel, F; Berger, T Richert, B; Fischer, E. W.
Dynamics of ghw-forming liquids [l Comparing the diclectric a-
and fochation of 1-promnol and o-terphenyl. | Chem Phys. 1997,
107, 1084,

(#9) Talk, A; Tamacks, M_; Geppert-Bybonynsla, M. Hachula, B
Bemat, By Chranowska, A; Kaminski, K Paluch, M. Are hydrogen
supramol ecular structures being suppresed upm nanoscale confine-
ment? The case of monohydroxy alcohole | Collaid Inferfne Sci
2020, 576, 217229,

[50) Tw, W, Chat, K; Saklare, G Laskowski, L) Graybowslka, K
Paluch, M_; Richert, B} Adrjanowice, K. Dhnamics of Pymolidinium-
Based lomic Liquids under Confinement. [L The Effects of Pore Size,
Inner Surface, and Cationic Alkyl Chain Length | Phys Chan C
2020, 124, 53955408

(51) Eremer, E. Dwamis in (eometrical Confinemendt;
Cham, Switrerland, 2014,

(52} Vogel, H. Tempertura bhangigkeitgesetz der Viskositat von
Flissighsiten. Phys 2. 1921, 77, 645646,

[53) Fulcher, G. 5 Analysis of Hecent Messurements of the
Viscosity of Glasses. L Am. Coram. Soc. 1925, §, 139-355.

(54) Tammann, G.; Hesse, W. Die Abhangigheit der Viscosigit von
der Tempertur bie wn eddihlten Flissigkeiten. 2. Anorg. Allg Chem
1926, 156, 245-257.

(35} Young, T. [[L An essay on the cohesion of fluids. Philos. Trans.
R Soc London 1805, 95, 65—87.

Springer:

17820

93

piabs.aes. og  IPCC
(56} Fowkes, F. M. Attracive forces and interfaces. Ind. Eng. Chem
1964, 56, 4052

(57) Fowkes, B. M. Dictermination of interfcial tensions, contact
angles, and disperson forces in surfaces by amuming additivity of
intermolecular interactions in surfaces. [ Phys. Chene 1962, 66, 382.

(58) Politidis, C; Alexandris, 5 Sakellariou, G Steinhart, M
Floudas, G. Dymamics of Entangled cis-1 4-Polyisoprene Confined o
N.u'l.-u]:-m'u'u.i Alrmina. Macromo rul= 2019, 52 4185—4195.

[59) Talk, A; Tamacka, M; Grudeka-Flak, L; Maksym Py
Geppert-Rybeaynska, M., Wolnica, K. Kaminska, E; Kaminski, K
Paluch, M. The Role of Interficial Energy and Specific Interctions on
Confinement. Macromolraules 2008, 51, 4840—4852.

[60) Park, |.-¥; McKenna, G. B. Size and Confinement Effects on
the Glss Trnsition Behavior of Polystyrene/o-T erpheny] Polmer
Solutions. Phys. Rev. B: Condens. Matter Mater. Plys. 2000, 61, 6567,

(61) Li, Ly Zhou, [ Huang, D Xue, (. Double Ghss Transition
Temperatures of Polyimethyl methacrybte) Confined in Alumina
Manotube Tﬂ'rl])].‘i‘bﬂ. Magomoleauls 2013, 47, 297-303.

[62) Tamacka, M. Madejeyk, O Kaminski K; Paluch, M. Time
and Tempemture as Key Pammetes Controlling Dynamics and
Properties of Spatially Restricted Polymers. Masomoleailks 2017, 50,
5188—-5193.

(63) Brubach, |.-B.; Mermet, A Filabori, A Gemschel A Rowy, P.
Signatures of the Hydrogen Bonding in the Infrared Bands of Water. J.
Chem. Plhys 2005, 127, 194509,

{64} Crupi, V; Longe, F; Majelino, [}; Venuti, V. Dependence of
Vibmtional Dynamics of Water in [mb:lﬂlmgvnd Leolites A: A
Detailed Fourier Transform Infrared Attenuated Tow] Reflection
Study. | Cheme. Plys 2005, 123, 154702,

(65) Le Caér, 5 Pin, 5 Esouf, §; Raffy, (U Renault, | P,
Hruboch, |-By Creff G; Hoy, I A Trapped Water Network in

Material: The Rele of Interfaces. Phys Chon Chem
Phys. 2011, 13, 17658,

(68) Baum, M Risutord, F; Jwanyi, F.; Rey, C; Rebiscoul, [
Dynamical and Structural Properties of Water in Silica Nanoconfine-
ment: Impact of Pore Size, lon Nature, and Electrolyte Concen-
tration. Langmuir 2019, 15, 10780,

(67} Bumis, P. C; Laage, [}; Thompson, W. H. Simulations of the
mﬁwnd'.,ﬂmm,m.dw[& echo specta of water in
nanoscale silica pores. | Chan. Phys. 2016, 144, 1947049

(68} Moilanen, [}, E; Fenn, E. E;; Wong, D) Fayer, M. D. Water
dynamics in lrge and small reverse micelles: From two ensembles o
collective behavier | Chene Phys 2000, 131, 014704,

{69} Thompson, W. H. Perspective: [Dhynamics of confined liquids. |,
Chem. Bhys. 2018, 149, 170501

[70) Eanotti, |.M. Judsinstein, P, Dalla-Bernardina, 5. Creff, Gy
Bruluch, |-B; Roy, P; Bonetti M; Olivier, |; Sakelarou, Iy
Bellissent-Funel, M- Competing cosxdsting phases in 20 water. 54.
Bep. 2016, 5, 259738,

(71) Knight, & W, Kalugin, N. G, Coker, E; llgen, & G. Water

ies wnder nano-scale confinement. S4. Rep. 2019, 9, 8246,

{72} Li, L; Chen, 1; Deng, W.; Zhang, C.; Sha, ¥; Cheng, Z; Xue,
G Zhou, D Glss Trnsitions of Polylmethy methacrdate)
Confined in MNanopores: Conversion of Three- and Twwo-Layer
Modals | Bhyps Chem B 2018, 119, 5047—5064.

[73) Adranowice, K.; Winkler, F; Chat, K ; Duarte, 3. M} Tu, W
Unni, A B, Paluch, M.; Ngi, K L. Study of Increasing Pressure and
Manopoe Confinement Effect on the Segmental, Chain, and
Secondary Dynamics of Poly(methy phenylsloxane). Magomalsadls
2019, 52, 3763—37T4.

(74} Tarnacka, M, Kaminski, K; Mapesa, E. U; Kaminska, E;
Paluch, M. Studies on the Temperture and Time Induced Variation
in the Segmenta] and Chain Dynamics in Poly(propylene glyool)
Confined at the Manoscale. Macromoluls 2016, 49, 667T8—6686.

(75) Shi, G; Guan, ¥ Liu, G; Muller, A |; Wang, D. Segmental
ynamics Govern the Cold Crstallization of Poly(lactic acid) in
N.u'l.-u]:-m'u'u.i Alrmineg. Macroneo larule 2019, 52 &0904—6912.

e el sl v (B DY e e (B0
£ Py Cheom, © 2000, 134, 100 1 P21



The Journal of Physical Chemistry C pubs.acs.ong JPCC Article
(7] Addanowice, K. Pauch, M. Disd'lﬂge of the Manopore

Confinement Effect o the Glas Transiion Dynamics via Visoms

Flow. Phys. Bev. Latt. 2019, 122, 176101.

17621 B el el PO 0, U e e
£ My Chen. C 2020 104, 1 MO -1 2

94



OSWIADCZENIA WSPOLAUTOROW

Dr hab. Magdalena Tamacka, prof. US Chorzéw, 5.05.2021 r.
Instytut Fizyki

Wydzial Nauk Scistych i Technicznych,

Uniwersytet Slaski w Katowicach

UL. 75 Pulku Picchoty 1A

41-500 Chorzow

OSWIADCZENIE
Oswiadczam. 2e w poni2szych pracach méj wklad byl nastgpujacy:

Al. A. Talik: M. Tamacka: 1. Grudzka-Flak: P. Maksym: M. Geppert-Rybczynska:
K. Wolnica: E. Kaminska: K. Kaminski: M. Paluch. The Role of Interfacial Energy
and Specific Intcractions on the Behavior of Poly(propylene glycol) Derivatives
under 2D Confinement. Macromolecules, 2018, 51,13, 4840-4852

Moj whkiad polegal na opracowaniu koncepcji badan, wykonaniu pomiardow kalorymetrycznych.
analizie danych. interpretacji wynikéw oraz pomocy przy przygotowaniu manuskryplu
doktorantce, kiérej jestem promotorem pomocniczym.

A2. A. Talik. M. Tamacka. M. Geppert-Rybezynska. A. Minccka. E. Kaminska,
K. Kaminski. M. Paluch. Impact of the Interfacial Energy and Density Fluctuations
on the Shift of the Glass-Transition Temperature of Liquids Confined in Pores.
Journal of Physical Chemistry C, 2019, 123, 9, 5549-5556

Modj wklad polegal opracowaniu koncepcji badan. wykonaniu pomiaréw kalorymeirycznych,
analizie danych. interpretacji wynikow oraz pomocy przy przygotowaniu manuskryplu
doktoranice, kiorej jestem promotorem pomocniczym.
A3. A. Talik. M. Tarmmacka, M. Wojtyniak. E. Kaminska, K. Kaminski. M. Paluch. The
influence of the nanocurvature on the surface interactions and molecular dynamics
of model liquid confined in cylindrical pores. Journal of Molecular Liquids, 2019,
111973.
Moj wklad polegal na wykonaniu pomiardw przy pomocy skaningowej kalorymetrii réznicowej,
analizie otrzymanych wynikow kalorymetrycznych i ich dyskusji oraz pomocy przy
przygotowaniu manuskryptu doktoranice, kiorej jestem promotorem pomocniczym.
A4. A. Talik; M. Tamacka; M. Geppent-Rybczynska: B. Hachula: R. Bernat;
A. Chrzanowska: K. Kaminski: M. Paluch. Are hydrogen supramolecular structures
being suppressed upon nanoscale confinement? The case of monohydroxy alcohols.
Journal of Colloid and Interface Science, 576, 2020, 217-229.

Moj wklad polegal na dyskusji otrzymanych wynikéw. pomocy przy przygotowaniu
manuskryptu doktorantce, kiorej jestem promotorem pomocniczym.

95



AS.A. Talik; M. Tamacka: M. Geppert-Rybczynska; B. Hachula; K. Kaminski; M. Paluch.
Impact of Confinement on the Dynamics and H-Bonding Pattern in Low-
Molecular Weight Poly(propylene glycols). Journal of Physical Chemistry C, 2020,
124, 17607-17621

Moj wklad polegal na nadzorowaniu przeprowadzonych pomiarow i analiz oraz pomocy przy
przygolowaniu manuskryptu doktorantce, kidrej jestem promotorem pomocniczym.

i

96



dr Twona Grudzka-Flak Chorzow, 5.05.2021 r.

OSWIADCZENIE
Oéwiadczam, ze w pracy :

Al. A. Talik; M. Tarnacka; I. Grudzka-Flak; P. Maksym; M. Geppert-Rybczynska; K.

Wolnica; E. Kaminska; K. Kaminski; M. Paluch. The Role of Interfacial Energy and
Specific Interactions on the Behavior of Poly(propylene glycol) Derivatives under

2D Confinement. Macromolecules, 2018, 51,13, 4840-4852

Moj whkiad polegal na wykonaniu syntezy pochodnych glikolu polipropylenowego

Su&@_\,q, s — ?(JICJ(—/

97



Drinz. Paulina Maksym

Wydzial Nauk Scistych i Technicznych
Instytut Fizyki

Uniwersytet Slaski w Katowicach

UL 75 Pulku Piechoty 1A

41-500 Chorzéw

Chorzéw, 5.05.2021 r

OSWIADCZENIE
Os$wiadczam, ze w pracy :
Al. A, Talik; M. Tamacka: I. Grudzka-Flak; P. Maksym; M. Geppert-Rybczynska: K.
Wolnica; E. Kaminska: K. Kaminski; M. Paluch. The Role of Interfacial Energy and

Specific Interactions on the Behavior of Poly(propylene glycol) Derivatives under
2D Confinement. Macromolecules, 2018, 51,13, 4840-4852

Méj wklad polegal na wykonaniu syntezy pochodnych glikolu polipropylenowego oraz
charakterystyce uzyskanych produkiow metodg NMR
Qo«h pe

98



Dr hab. Monika Geppert-Rybczytiska, prof, U$ Katowice, 5.05.2021 r.
Wydziat Nauk Scistych i Technicznych

Instytut Chemii

Uniwersytet Slaski w Katowicach

ul. Szkolna 9

40-006 Katowice

OSWIADCZENIE
Oswiadczam, 2e w ponizszych pracach :

Al. A. Talik; M. Tarnacka; I. Grudzka-Flak; P. Maksym; M. Geppert-Rybczynska;
K. Wolnica; E. Kaminska; K. Kaminski; M. Paluch. The Role of Interfacial Energy
and Specific Interactions on the Behavior of Poly(propylene glycol) Derivatives
under 2D Confinement. Macromolecules, 2018, 51,13, 4840-4852

Méj whkiad polegat na wykonaniu pomiaréw kgta zwiltalnosci, napigcia powierzchniowego
oraz obliczenia energii migdzyfazowej substancji i ich analizie oraz dyskusji otrzymanych

wynikow.
A2. A. Talik, M. Tarnacka, M. Geppert-Rybczynska, A. Minecka, E. Kaminska, K.
Kaminski, M. Paluch. Impact of the Interfacial Energy and Density Fluctuations

on the Shift of the Glass-Transition Temperature of Liquids Confined in Pores.
Journal of Physical Chemistry C, 2019, 123, 9, 5549-5556.

Méj wkiad polegat na wykonaniu pomiaréw kata zwilzalnosci, napigcia powierzchniowego
oraz obliczenia energii migdzyfazowej substancji i ich analizie oraz dyskusji otrzymanych
wynikow. '
A4. A. Talik; M. Tarnacka; M. Geppert-Rybczynska; B. Hachula; R. Bernat; A. -
Chrzanowska; K. Kaminski; M. Paluch. Are hydrogen supramolecular structures
being suppressed upon nanoscale confinement? The case of monohydroxy
alcohols. Journal of Colloid and Interface Science, 576, 2020, 217-229.

Méj wkiad polegat na wykonaniu pomiaréw kqta zwilzalnosei, napigcia powierzchniowego
oraz obliczenia energii migdzyfazowej substancji i ich analizie oraz dyskusji otrzymanych
wynikow. '
AS. A. Talik; M. Tarmacka; M. Geppert-Rybczynska; B. Hachula; K. Kaminski; M.
Paluch. Impact of Confinement on the Dynamics and H-Bonding Pattern in Low-
Molecular Weight Poly(propylene glycols). Journal of Physical Chemistry C 2020,
124, 1760717621

Méj wkiad polegatl na wykonaniu pomiaréw kqgta zwiltalno$ci, napigcia powierzchniowego
oraz obliczenia energii migdzyfazowej substancji i ich analizie oraz dyskusji otrzymanych

e %,,/- %ﬁﬂfa

99



Dr Kamila Wolnica Katowice, 5.05.2021 r.

OSWIADCZENIE
O$wiadezam, ze w pracy :

A. Talik; M. Tarnacka; I. Grudzka-Flak; P, Maksym; M. Geppert-Rybczynska; K.
Wolnica; E. Kaminska; K. Kaminski; M. Paluch. The Role of Interfacial Energy and
Specific Interactions on the Behavior of Poly(propylene glycol) Derivatives under
2D Confinement. Macromolecules, 2018, 51,13, 4840-4852

Moj wkiad polegal na wykonaniu pomiaréw substancji litych za pomoca spektroskopii w
podezerwieni (IR) ich analizie i opisie.

onle Wotu

100



mgr Aldona Minecka Sosnowiec, 5.05.2021 r.
Katedra 1 Zaktad Farmakognozji i Fitochemii
ul. Jagiellonska 4

41-200 Sosnowiec

OSWIADCZENIE
Oswiadczam, ze w pracy :

A2. A. Talik, M. Tarnacka, M. Geppert-Rybczynska, A. Minecka, E. Kaminska, K.
Kaminski, M. Paluch. Impact of the Interfacial Energy and Density Fluctuations
on the Shift of the Glass-Transition Temperature of Liquids Confined in Pores.
Journal of Physical Chemistry C, 2019, 123, 9, 5549-5556.

Moj wktad polegal na pomiarach dielektrycznych Hex-IBU oraz analizie wynikow.
| 1
.' (,! :,)(:/.(.:Ktx

‘*-I'u“)ﬂ )

7

101



mgr inz. Roksana Bernat
Wydziat Nauk Scistych i Technicznych
Instytut Chemii
Uniwersytet Slaski w Katowicach
" Ul Szkolna 9
40-006 Katowice

Katowice, 5.05.2021 r.

OSWIADCZENIE
Oswiadczam, ze w pracy :

A4. A. Talik; M. Tamacka; M. Geppert-Rybczynska; B, Hachuta; R. Bernat; A.
Chrzanowska; K. Kaminski; M. Paluch. Are hydrogen supramolecular structures
being suppressed upon nanoscale confinement? The case of monohydroxy

alcohols. Journal of Colloid and Interface Science, 576, 2020, 217-229.

Moj wkiad polegal na uczestnictwie w pomiarach za pomocq spektroskopii w podczerwieni (IR)

oraz wykonaniu czgsci rysunkéw.
Qorsane  Betnad

102



Dr Marcin Wojtyniak Chorzéw, 5.05.2021 1.
Wrydzial Nank Scistych i Techniczaych,

Uniwersytet Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE
Oswiadczam, Ze w pracy :

A3 A Talik, M. Tamnacka, M. Wojtyniak, E. Kaminska, K. Kaminsld M. Paluch. The
influence of the nanocurvature on the surface interactions and molecular
dynamics of model liguid confined in cylindrical pores. Jowmnal of Molacular
Liguids 2019, 111973,

Mgj wllad polegal na wykonaniu pomiarow substancji przy pomocy mikroskopii sil
atemowyeh (AFM), wykonaniu rysunkow oraz analizie ofrzymanych wynikow.

103



mgr Agnieszka Chrzanowska Lublin, 5.05.2021 r.
Katedra Chemii Fizycznej
Uniwersytet Marii Curie-Skiodowskie]

Pl. Marii Curie-Skiodowskiej 3/222
20-031 Lublin

OSWIADCZENIE
Oéwiadczam, Ze w pracy :

A. Talik;_M. Tarnacka; M. Geppert-Rybczynska: B. Hachuta; R. Bernat; A.
Chrzanowska; K. Kaminski; M. Paluch. Are hydrogen supramolecular structures
being suppressed upon nanoscale confinement? The case of monohydroxy alcohols Journal
of Colloid and Interface Science, 576, 2020, 217-229.

Méj wklad polegal na wykonaniu analizy i charakterystyki porow krzemowych,

Jo‘,m

Curomonsaq,

104



Dr hab. n. farm. Ewa Kamifiska prof. §UM
Katedra i Zakiad Farmakognozji i Fitochemij
ul. Jagielloriska 4

Sosnowiec, 5.05.2021 r.

41-200 Sosnowiec

OSWIADCZENIE

Oswiadczam, ze w nast¢pujacych pracach :
Al. A. Talik; M. Tamnacka; 1. Grudzka-Flak; P. Maksym: M. Geppert-Rybczynska; K.
Wolnica; E. Kaminska: K. Kaminski; M. Paluch. The Role of Interfacial Energy and

Specific Interactions on the Behavior of Poly(propylene glycol) Derivatives under
2D Confinement. Macromolecules, 2018, 51,13, 4840-4852

MG} wklad polegat na uczestnictwie w tworzeniu i korekcji manuskryptu.

A2. A. Talik, M. Tarnacka, M. Geppert-Rybczynska, A. Minecka, E. Kaminska, K.
Kaminski, M. Paluch. Impact of the Interfacial Energy and Density Fluctuations
on the Shift of the Glass-Transition Temperature of Liquids Confined in Pores.
Journal of Physical Chemistry C, 2019, 123, 9, 5549-5556.

Méj wkiad polegal na uczestnictwie w tworzeniu i korekcji manuskryptu.

A3. A. Talik, M. Tarnacka, M. Wojtyniak, E. Kaminska, K. Kaminski, M. Paluch. The
influence of the nanocurvature on the surface interactions and molecular
dynamics of model liquid confined in cylindrical pores. Journal of Molecular
Liquids 2019, 111973.

Modj wkiad polegal na uczestnictwie w tworzeniu i korekcji manuskryptu.

&)O_ al( r\.\&u‘Ka ARS /CQ,

105



Prof. dr hab. Kamil Kaminski Chorzéw, 5.05.2021

Wydziat Nauk Scistych i Technicznych,
Instytut Fizyki

Uniwersytet Slaski w Katowicach

Ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE
Os$wiadczam, 2e w naste¢pujacych pracach :

Al. A Talik; M. Tarnacka; I. Grudzka-Flak; P. Maksym; M. Geppert-Rybczynska; K.
Wolnica; E. Kaminska; K. Kaminski; M. Paluch. The Role of Interfacial Energy and

Specific Interactions on the Behavior of Poly(propylene glycol) Derivatives under 2D
Confinement. Macromolecules, 2018, 51,13, 4840-4852

Méj wkiad polegal na nadzorowaniu przeprowadzonych analiz, dyskusji otrzymanych wynikéw
oraz tworzeniu i korekcji manuskryptu jak i wspéltworzeniu odpowiedzi do recenzentow.

A2. A. Talik, M. Tamacka, M. Geppert-Rybczynska, A. Minecka, E. Kaminska, K. Kaminski,
M. Paluch. Impact of the Interfacial Energy and Density Fluctuations on the Shift of the

Glass-Transition Temperature of Liquids Confined in Pores. Journal of Physical
Chemistry C, 2019, 123, 9, 5549-5556.

MGj wkiad polegat na nadzorowaniu przeprowadzonych analiz, dyskusji otrzymanych wynikow
oraz tworzeniu i korekcji manuskryptu jak i wspoltworzeniu odpowiedzi do recenzentow.

A3. A. Talik, M. Tarnacka, M. Wojtyniak, E. Kaminska, K. Kaminski, M. Paluch. The
influence of the nanocurvature on the surface interactions and molecular dynamics of
model liquid confined in cylindrical pores. Journal of Molecular Liquids 2019. 111973,

Moj wkiad polegal na nadzorowaniu przeprowadzonych analiz, dyskusji otrzymanych wynikow
oraz tworzeniu i korekcji manuskryptu jak i wspoltworzeniu odpowiedzi do recenzentow.

A4. A. Talik; M. Tarnacka; M. Geppert-Rybczynska; B. Hachuta; R. Bernat; A. Chrzanowska:
K. Kaminski; M. Paluch. Are hydrogen supramolecular structures being suppressed upon

nanoscale confinement? The case of monohydroxy alcohols. Journal of Colloid and
Interface Science, 576, 2020, 217-229.

Méj wkiad polegal na nadzorowaniu przeprowadzonych analiz, dyskusji otrzymanych wynikow
oraz tworzeniu i korekcji manuskryptu jak i wspoltworzeniu odpowiedzi do recenzentow.

AS. A. Talik; M. Tarnacka; M. Geppert-Rybczynska; B. Hachuta; K. Kaminski; M. Paluch.
Impact of Confinement on the Dynamics and H-Bonding Pattern in Low-Molecular
Weight Poly(propylene glycols). Journal of Physical Chemistry C 2020, 124, 17607-17621

Méj wkiad polegal na nadzorowaniu przeprowadzonych analiz, dyskusji otrzymanych wynikow
oraz tworzeniu i korekcji manuskryptu jak i wspoltworzeniu odpowiedzi do recenzentow.

Yol ol

106



Prof. dr hab. Marian Paluch Chorzow, 5.05.2021 r.
Wydziat Nauk Scistyeh i Technicznych,

Instytut Fizyki

Uniwersytet Slaski w Katowicach

UL 75 Pulku Piechoty 1A

41-500 Chorzow

OSWIADCZENIE
Oswiadczam, ze w ponizszych pracach: »

Al A. Talik; M. Tarnacka: 1. Grudzka-Flak; P. Maksym; M. Geppert-Rybczynska; K.
Wolnica; E. Kaminska; K. Kaminski; M. Paluch. The Role of Interfacial Energy and
Specific Interactions on the Behavior of Poly(propylene glycol) Derivatives under
2D Confinement. Macromolecules, 2018, 51,13, 48404852

Moj wkiad polegal na udziale w dyskusji otrzymanych wynikow oraz korekcfi manuskrypiu

A2. A. Talik, M. Tarnacka, M. Geppert-Rybezynska, A. Minecka, E. Kaminska, K.
Kaminski, M. Paluch. Impact of the Interfacial Energy and Density Fluctuations
on the Shift of the Glass-Transition Temperature of Liquids Confined in Pores.
Jowrnal of Physical Chemisiry C, 2019, 123, 9, 5549-5536.

Méj wiiad polegal no udziale w dyskusji otrzymanych wynikow oraz korekeji manuskryptu

A3. A, Talik, M. Tarnacka, M. Wojtynizak, E. Kaminska, K. Kaminski, M. Paluch. The
influence of the nanocurvature on the surface interactions and molecular
dynamics of model liguid confined in eylindrical pores. Jowrnal of Moleculur
Liguids 2019, 111973,

Maj wilad polegal ne udziale w dyskusji otrzymanych wynikiw oraz korekcji manuskrypiu

A4, A, Talik; M. Tarnacka; M. Geppert-Rybezynska; B. Hachula; R. Bemnat; A.
Chrzanowska; K. Kaminski; M. Paluch, Are hydrogen supramolecular structures

being suppressed upon nanoscale confinement? The case of monohydroxy
aleohols. Jowrnal of Cofloid and Interface Science, 576, 2020, 217-229.

Moj wilad polegal na udziale w dyskusji otrzymanych wynikéw oraz korekeji manuskryptu

A5. A, Talik; M. Tarnacka: M. Geppert-Rybezynska; B. Hachuta; K. Kaminski; M.
Paluch. Impact of Confinement on the Dynamics and H-Bonding Pattern in Low-
Molecular Weight Poly(propylene glycols). Journal of Physical Chemistry C 2020,
124, 1760717621,

Mdj wkiad polegal na udziale w dyskusji otrzymanych wynikéw oraz korekeii manuskryptu

107



IV. PODSUMOWANIE

W rozprawie doktorskiej sktadajacej si¢ z serii pigciu artykutow naukowych
przedstawiono wyniki badan dynamiki molekularnej réznego rodzaju nisko- i
wysokoczasteczkowych — substancji  formujacych  stan  szklisty, infiltrowanych do
mezporowatych matryc wykonanych z tlenku glinu (Al.O3) oraz tlenku krzemu (SiO2) o
nanometrycznych srednicach poréw.

Zestawienie wynikow zmian dynamiki $§ledzonej poprzez zmiany Ty Wraz z zebranymi
danymi literaturowymi wskazaty, ze zachowanie substancji w warunkach geometrycznego
ograniczenia przestrzennego moze zosta¢ w pewnym stopniu przewidziane bioragc pod uwage
wartos$ci energii migdzyfazowej oraz wrazliwosci relaksacji strukturalnej/ segmentalnej na
zmiany gestosci (dTg/dp), a takze krzywizny powierzchni.

Zastosowanie pomiardw napig¢cia powierzchniowego i kata zwilzania oraz obliczenia
energii miedzyfazowej (ysL) pomigdzy badang substancjg a matryca ujawnito, ze opisywane w
literaturze obnizenie Ty jest zwigzane z temperaturg przejscia szklistego molekut znajdujacych
si¢ w rdzeniu porow i jest wynikiem wzrostu Ty czasteczek zaadsorbowanych na $cianach.
Dzigki tym wynikom mozliwe stato si¢ sformutowanie hipotezy, ze zachowanie materialow
jedno- i dwuwymiarowych jest rzadzone przez te same zaleznosci, a relacje pomigdzy energia
miedzyfazowa a zachowaniem molekut przysciankowych sg istotnym elementem taczacym
dotychczas opublikowane dane dla cienkich warstw oraz materiatow infiltrowanych do porow.
Ponadto, zestawienie wynikow zmian dynamiki molekularnej sledzonej poprzez zmiany w Tg
wskazuja, ze im wigksza wrazliwosc¢ relaksacji strukturalnej/segmentalnej na zmiany gestosci,
wyrazona ilo$ciowo przez wspotczynnik ciSnieniowy temperatury przejscia szklistego, dTg/dp,
tym nizsza temperatura przejscia szklistego substancji w porach w poréwnaniu z materiatem

litym.
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Co wigcej wykonane eksperymenty dla substancji infiltrowanych do porowatych
membran wykazaty, ze dla pewnych systemow nie obserwuje si¢ efektow ograniczenia
przestrzennego. Skorelowanie wynikow z modelem Tolmana oraz zastosowanie pionierskich
pomiaréw sity adhezji za pomoca spektroskopii AFM, dowiodto, ze podczas przewidywania
zachowania substancji w skali nano oprécz wptywu energii miedzyfazowej dla powierzchni
planarnych oraz efektu skonczonej wielkos$ci nalezy wzia¢ pod uwage stopien zakrzywienia
powierzchni.

Prowadzone eksperymenty ujawnity rowniez, ze ogromny wplyw na obserwowane
zmiany w T oraz w sile oddzialywan maja specyficzne interakcje, m.in. zdolno$¢ do tworzenia
wigzan wodorowych oraz struktur supramolekularnych. Zastosowanie hydrofilowych oraz
hydrofobowych matryc potwierdzito zmian¢ zachowania badanych substancji oraz sily
oddziatywan, wptywajac na wartosci Tgy. Przedstawione wyniki pomiaréw alkoholi pierwszo- i
drugorzedowych o roznej lokalizacji grup -OH, wykazaly, ze wigzania wodorowe staja si¢
stabsze pod wptywem ograniczenia przestrzennego w porownaniu do substancji natywnych, a
wplyw uktadéw nano jest wiekszy dla alkoholi pierwszorzedowych. Eksperymenty te ujawnity,
ze uporzadkowana struktura moze by¢ zaktocana przez ograniczenie przestrzenne zmieniajac
tym samym architektur¢ asocjatow.

Przedstawione badania r6znych nisko- 1 wysokoczasteczkowych substancji w nanoskali
wykazaty wplyw wielu parametrow oraz zaleznosci, ktore nalezy bra¢ pod uwage przewidujac
kierunek oraz wielko$¢ zmian w dynamice molekularnej, temperaturze przejscia szklistego, jak
1 w dalszym opisie niezbednym do pozyskiwania nowych nanomaterialow. Poprzez mozliwos¢
manipulacji wlasciwosciami fizyko-chemicznymi oraz struktura wewnetrzng otwieraja sie
nowe perspektywy otrzymywania materialow wykazujacych wiasciwosci wymagane do
odpowiednich badan 1 zastosowan. Uzyskane wyniki bardzo dobrze wpisujg si¢ w nadal

trwajaca debate nad pozyskiwaniem 1 modelowaniem nowych inteligentnych materialéw oraz
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przyczyniaja si¢ w istotny sposob do lepszego zrozumienia zachowania substancji w skali nano,
ktére w dalszej perspektywie moga znaczaco wplywac na aplikacyjno$¢ w wielu dziedzinach

przemystu.
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