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1. Streszczenie

Proces zol-zel umozliwia wytwarzanie materialéw objetosciowych (monolitéw i aerozeli),
warstw, wiékien czy nanoczastek, dzieki czemu znajduje zastosowanie w produkcji wielu
materialéw nieorganicznych. Pozwala takze na otrzymywanie materialéw hybrydowych lub
wielofunkcyjnych dajac potaczenie réznych wtasciwosci w jednym ukladzie. Przez zmiane
warunkéw prowadzenia procesu oraz wybdr substratéw i dodatkéw, wlasciwosci
wytwarzanych materialéw moga by¢ precyzyjnie modyfikowane. Z tego powodu wybrano

metode zol-zel do wytwarzania warstw w niniejszej pracy.

W ramach pracy doktorskiej otrzymano hybrydowe warstwy organiczno-nieorganiczne na
podlozu elastycznym z folii politereftalanu etylenu (PET). Intencjonalnie zmieniano ich skiad
chemiczny, uzywajac prekursoréw krzemu zawierajacych w czasteczce rézne grupy alkilowe
i badano wplyw otrzymanych struktur na ich cechy uzytkowe takie jak: chropowatos¢,
zwilzalno$¢, stabilno$¢ termiczna, wlasciwosci optyczne, mechaniczne oraz barierowe. Za
wiodaca wlasciwos¢ uzytkowa otrzymanej struktury warstwa/podloze przyjeto barierowos¢
wzgledem tlenu. Ze wzgledu na ztozonoé¢ mechanizmu przenikania gazow przez materiat
polimerowy, dla lepszego zrozumienia wptywu zaréwno struktury chemicznej warstwy, jak
i wlasciwosci jej powierzchni, na efektywnos¢ przenikalnosci tlenu przez wytworzony uktad,

podjeto sie przeprowadzenia szerokiej charakterystyki wlasciwosci otrzymanych materiatow.

Przedstawione w niniejszej pracy hybrydowe powtoki zol-zelowe na folii PET wykazatly
miedzy innymi: niska chropowatoé¢, hydrofobowosé¢ powierzchni, wysoka transmitancje,
dobra adhezje do podloza, wysoka odpornos$¢ termiczng, a takze obnizone wartosci

przepuszczalnosci dla tlenu w poréwnaniu z samym podtozem.

Poza poprawionymi wtlasciwosciami barierowymi, otrzymywane materialy wykazaly
obiecujace wlasciwosci topograficzne oraz optyczne, dzieki ktérym moga znalezé takze

zastosowanie jako warstwy zabezpieczajace w uktadach optycznych.

Pozytywna cecha jest réwniez hydrofobowy charakter wytworzonych warstw oraz
zmniejszona energia powierzchni, dzieki czemu materialy te moga takze zabezpiecza¢ przed

degradacja produktéw spowodowang przenikaniem wody.

Wybrane wyniki z przeprowadzonych analiz wlasciwosci otrzymanych materiatéw w postaci
warstw na folii PET zostaly opisane w trzech artykutach naukowych (D1, D2, D3), ktore

postuzyly do sporzadzenia niniejszej pracy.



2. Abstrakt

The sol-gel process enables the production of bulk materials (monoliths or aerogels), layers,
fibers or nanoparticles, thanks to which it is used in many inorganic materials. It also allows
obtaining hybrid or multifunctional materials by combining their properties in one system.
Therefore, this method of layers fabrication was chosen and applied in this work. By changing
the conditions of the process and the choice of substrates and additives, the properties of the

manufactured materials are designed.

As part of the doctoral dissertation, hybrid organic-inorganic layers on a flexible substrate
made of polyethylene terephthalate (PET) film were obtained. Their chemical composition was
intentionally changed using silicon precursors with different alkyl groups and the influence
of the obtained structures on their functional properties such as roughness, wettability,
thermal stability as well as optical, mechanical and barrier properties were investigated. The
oxygen barrier was assumed as the main functional property of the obtained layer/substrate
structure. Due to the complexity of the gas permeation mechanism through the polymer
material, an attempt was made to broadly characterize the properties of the obtained materials
to better understand the influence of both the chemical structure of the layer and its surface

properties on the efficiency of oxygen permeability through the produced system.

The hybrid sol-gel coatings presented in this paper on polyethylene terephthalate film
showed, among others: low roughness, high transmittance, good adhesion to the substrate,
good thermal resistance, reduced oxygen permeability values compared to the properties of

the substrate itself.

In addition to the improved barrier properties, the obtained materials showed promising
topographic and optical properties, thanks to which they can also be used as protective layers

in optically active systems.

Furthermore, a positive feature is the hydrophobic nature of the materials produced and the
reduced surface energy, thanks to which these materials also protect against the degradation

of products under the influence of water.

Selected results from the analyzed properties of the obtained materials in the form of layers
on PET film have been described in three scientific articles (D1, D2, D3), which were used to

prepare the doctoral dissertation (included in Chapter 9).
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3. Cel i zakres pracy

Celem pracy bylo zbadanie wplywu struktury organiczno-nieorganicznych warstw
krzemionkowych na ich cechy uzytkowe takie jak chropowatos¢, zwilzalnoé¢, stabilnosé
termiczna oraz wtlasciwosci optyczne, mechaniczne i barierowe. Praca obejmowatla
wytworzenie hybrydowych warstw zol-zelowych na podiozu elastycznym, poddanie ich
szerokiej charakterystyce oraz przeanalizowanie zbadanych wlasciwosci. Wyboér elastycznych
podlozy polimerowych zostal gléwnie podyktowany mozliwym zastosowaniem
wytwarzanych warstw jako powloki zabezpieczajace na materialy opakowaniowe do
przechowywania zywnosci oraz produktéw wrazliwych na obecnoé¢ tlenu. Dlatego tez
wybranym podlozem dla otrzymywanych materialéw byla folia z politereftalanu etylenu
(PET), powszechnie stosowana w przemysle opakowaniowym, a jednym z kluczowych
badanych parametréow byla przenikalnos¢ dla tlenu. Prace mialy za zadanie wykazaé
mozliwos¢ wykorzystania techniki zol-zel do wytworzenia elastycznych warstw o charakterze
hydrofobowym, dedykowanych wtasciwosciach barierowych i optycznych, wykazujacych
dobra adhezja do podioza, dzigeki czemu moglyby z powodzeniem zostaé¢ wykorzystane

rowniez w innych obszarach, na przyklad jako powtloki ochronne lub antyrefleksyjne.

Powloki zostaly otrzymane z wykorzystaniem syntezy zol-zel, przy zastosowaniu miedzy
innymi prekursoréw krzemu zawierajacych taricuchy alkilowe oraz fluoroalkilowe
podstawione w miejscu jednej z grup alkoholanowych. Podstawowym prekursorem krzemu
dla wszystkich otrzymanych zoli byt krzemian etylu, wstepnie skondensowany
tetraetoksysilan (TEOS) zawierajacy pie¢ powtarzajacych sie mostkéw Si-O-Si. Poszczegodlne
prekursory w grupie wybranych fluorowanych krzemianéw réznity sie diugoscia tarficucha, a
tym samym zawartoscia atoméw fluoru w strukturze koncowej warstw. Natomiast
prekursory z grupy alkilosilanéw r6znily sie zaréwno diugoscia taficucha, jak i jego struktura
przestrzenna (zawierajagce proste oraz rozgalezione taricuchy). Struktury uzytych

prekursoréw zamieszczono w Tabeli 1 w podrozdziale 5.1 niniejszej pracy.

Pierwszy etap badani obejmowal optymalizacje warunkéw syntezy, ilosci reagentéw i ich
wzajemnych stosunkéw molowych, celem otrzymania zolu, ktéry nastepnie postuzyt do
wytworzenia powlok. Zol nanoszono na podloza z elastycznej folii PET przy uzyciu
nakladania obrotowego (ang. spin-coating). W dalszych etapach zracjonalizowano
odpowiednie warunki suszenia (czas, temperatura) w celu otrzymania warstw pozbawionych
defektow i pekniec.
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Zaproponowanie metody zol-zel mialo na celu wytworzenie powlok barierowych w
stosunkowo tanim i przyjaznym Srodowisku procesie, dajagcym jednoczesnie swobode w
doborze techniki naktadania. Ponadto, proces ten wpisuje si¢ w trend tzw. zielonej chemii,
dzieki niskiej temperaturze, braku duzej ilosci odpadéw i rozpuszczalnikéw organicznych.
Dzieki tym cechom, warstwy moga by¢ bardziej przydatne do pokrycia wiekszych
powierzchni w krétszym czasie niz standardowo wykorzystywane metody fizycznego lub
chemicznego osadzania z fazy gazowej, co $wiadczy o duzej przewadze tej technologii nad

technikami prézniowymi.

Stosujac do syntez réznorodne prekursory, badano wptyw ich struktury na wiasciwosci
docelowych uktadéw podloze/warstwa. Poniewaz wiasciwosci uzytkowe warstw, w tym
przenikalnoé¢ gazéw przez bariere, sa zalezne od wielu parametréw, podjeto prébe
kompleksowej analizy otrzymanych ukladéw okreslajac: ich strukture chemiczna,
wlasciwosci  fizykochemiczne (temperature zeszklenia, wspoélczynnik rozszerzalnosci
cieplnej), topografie (parametry chropowatosci), odporno$¢ mechaniczng i adhezje,
morfologie powierzchni oraz zwilzalno$¢ i energie powierzchni. Obserwujac uzyskane
parametry barierowosci, zauwazalne jest, ze obecnosé¢ diugich taricuchéw alkilowych obniza
przenikalno$¢ wzgledem tlenu. Podobny wplyw ma obecnos¢ w strukturze tancuchow

fluoroalkilowych, gdzie wraz ze wzrostem ich dtugosci redukowana jest przenikalnos¢ tlenu.

Zrozumienie zaleznoéci pomiedzy struktura chemiczng wytwarzanej warstwy, struktura jej
powierzchni i innymi jej wlasciwosciami jest kluczowe w aspekcie projektowania i
wytwarzania materialéw dedykowanych dla konkretnego zastosowania. Otrzymane wyniki
w ramach tej pracy doktorskiej pozwalaja przyblizy¢ nie tylko proces przenikalnoéci tlenu
przez uklad warstwa/podloze, ale takze wyznaczy¢ pozostale wlasciwosci otrzymanych
materialéw. Niektére z nich, takie jak chropowatos¢, struktura chemiczna, topografia,
jednorodnos$é w objetosci czy zwilzalnos¢ maja wplyw na przenikalno$¢ gazéw, natomiast
pozostate takie jak rozszerzalnos¢ cieplna, odpornos¢ mechaniczna, czy atrakcyjne
wlasciwosci optyczne wskazuja na dodatkowe cechy, dzieki ktérym opracowane powtoki
moga znalezZé szersze zastosowanie jako material zabezpieczajacy, np. w organicznych

ogniwach stonecznych czy materiatach fotonicznych.

12



4. Wstep teoretyczny

4.1. Metoda zol-zel w syntezie materiatow

Mineraly krzemowe sa jednymi z najczesciej wystepujacych skladnikéw w skorupie ziemskiej,
gdzie ich udzial procentowy wynosi prawie 52%. Tlenek krzemu jest skladnikiem skat i
kamieni szlachetnych, a takze piasku. Charakteryzuje go wysoka temperatura topnienia,
wynoszaca 1710°C, oraz temperatura wrzenia réowna 2230°C. Stopiony podczas chlodzenia
zmienia si¢ w bezpostaciowe (amorficzne) cialo state. SiO; jest bardzo odporny chemicznie,
poddaje sie reakcji jedynie z fluorowodorem, goragcymi roztworami wodorotlenkéw sodu lub
potasu, a takze stopionymi solami tych wodorotlenkéw, co prowadzi do otrzymania

rozpuszczalnych w wodzie krzemianéw sodu i potasu (tzw. szkla wodnego) [1].

W potowie XIX wieku proces zol-zel zostal wprowadzony do inzynierii, kiedy Ebelman i
Graham, jako pierwsi naukowcy, zapoczatkowali badania z jego wykorzystaniem otrzymujac
pierwsze zele krzemionkowe [2]. Zaobserwowali woéwczas, ze ester krzemowy w obecnosci
wilgoci zmienia sie w przejrzyste cialo state podobne do krysztalu gorskiego. Wspomniana
metoda nie byla wykorzystywana technologicznie az do roku 1939, kiedy firma Shott
Glaswerke wprowadzila pierwszy patent ,zol-zel” do produkcji luster. Dopiero na poczatku
lat 70-tych XX wieku nastgpit rozw¢j metody zol-zel i wzrosto zainteresowanie tg technikg w
sektorze przemystowym. Obecnie dzieki swojej wszechstronnosci jest ona wykorzystywana
w wielu procesach produkcyjnych, gdzie otrzymywane sg rézne formy materialéw m.in.
monolity, proszki, aerozele, nanoczastki, warstwy. Dzieki prostocie procesu, projektowanie
czy modyfikacja sktadu i wlasciwosci otrzymywanych produktéw sa mozliwe juz na poczatku
syntezy poprzez wybor odpowiednich substratéw reakcji. Zmieniajagc warunki reakcji oraz
starzenia zolu mozna otrzymywac struktury o wiekszym lub bardziej luzZnym upakowaniu
taricuch6w. Schematyczna prezentacja produktéw otrzymywanych w procesie zol-zel zostata

zamieszczona na Rysunku 1.
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Rysunek 1. Schemat mozliwosci procesu zol-zZel.

Przy uzyciu opisywanej tu techniki uzyskiwane sa m.in. porowate materialy tlenkowe o
zaprojektowanej geometrii i rozmiarach poréw, jak réwniez o zwiekszonej powierzchni
wlasciwej, ktore wykazuja odpowiednie wlasciwosci do zastosowania jako nosniki lekow [3]
lub katalizatory [4]. Kolejna grupa produktéw wytwarzanych metoda zol-zel sa aerozele,
ktére po suszeniu w warunkach nadkrytycznych tworza material o bardzo niskiej gestosci i
stanowia nowoczesne surowce do zastosowan w tworzywach izolacyjnych w samolotach [5]
czy statkach kosmicznych [6][7]. Proces zol-zel umozliwia takze enkapsulacje w porach innych
materialéw nieorganicznych i organicznych, np. enzymoéw lub lekéw [8][9]. Ponadto znaczaca
jest rola tego procesu w produkgji litego szkla i ceramiki, umozliwiajac takze tworzenie
ztozonych produktéw szklano-ceramicznych [10]. Krzemionka, z uwagi na wysoka
transparentnos¢ w zakresie promieniowania widzialnego oraz nadfioletowego, jest szeroko
wykorzystywana w elementach optycznych, soczewkach i pryzmatach [1]. Co wiecej, fatwos¢
procesu i relatywnie niski koszt produkcji sprawiaja, ze proces zol-zel stal sie
bezkonkurencyjny [11][12]. Amorficzna krzemionka zostala umieszczona przez Agencje
Zywnosci i Lekéw Stanéw Zjednoczonych na opublikowanej w 2018 roku liécie substancji
bezpiecznych [13]. Wedlug tych danych, mozna ja stosowa¢ jako skladnik doustnego
podawania lekéow w iloéci do 1500 mg dziennie. Amorficzna krzemionka jest szeroko
wykorzystywana jako dodatek do kosmetykow, artykutéw spozywczych czy lekéw, co takze

wskazuje na brak jej negatywnego wplywu na organizm ludzki [14][15]. Obok szeroko
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stosowanego tlenku krzemu, duze znaczenie aplikacyjne ma réwniez tlenek tytanu, ktory jest
dodawany do kosmetykow jako sktadnik bezpieczny dla ludzkiego organizmu. Na przykiad
nanoczastki tlenku tytanu pokryte warstwa krzemionkowa sa dodatkiem do kremow
przeciwstonecznych z filtrem UV. Istotne sa réwniez nanostrukturalne tlenki tytanu
wytwarzane w procesie syntezy zol-zel. Wykazuja one biokompatybilny charakter i dzieki ich
porowatej strukturze sa stosowane w wypelnieniach tkanki kostnej, jako material do

odbudowy oraz wspomagajacy gojenie tkanek [16][17].

Duza cze$¢ powlok tlenkowych, mozliwych do uzyskania w procesie zol-zel, wykazuje
charakter antykorozyjny. W poréwnaniu do polimerowych powlok zabezpieczajacych sa one
mniej toksyczne, co przewaza w ich zastosowaniu jako pokrycia ochronne [18][19][20]. Latwo
mozna kontrolowac wybrane cechy tlenkowych warstw krzemionkowych, np. zwilzalnoé¢, co
predysponuje je do wytwarzania powlok ochronnych o réznej energii powierzchniowej.
Znane sa krzemionkowe warstwy ostaniajgce o charakterze hydrofobowym, hydrofilowym,
oleofobowym lub tzw. anty-graffiti, ktére sa stosowane w zabezpieczaniu fasad budynkoéw
[21][22][23]. Tlenkowe powloki na bazie TiO oraz SiO. wykazuja dobre wlasciwosci optyczne,
stad ich zastosowanie jako warstwy antyrefleksyjne w panelach stonecznych oraz optyce
[24][25][26]. Precyzyjna mozliwos¢ kontroli mikrostruktury i otrzymywanie jednorodnych
warstw ma szczegOlnie istotny wplyw na zastosowanie krzemionkowych warstw zol-
zelowych [27][28]. Co wiecej, tego rodzaju powloki znajduja zastosowanie w czujnikach [29]
oraz jako warstwy o wysokiej odpornoéci mechanicznej na réznych podiozach, w tym takze
na polimerowych [30][31]. Krzemionkowe powloki zol-zelowe, otrzymane z wykorzystaniem
(3-glicydyloksypropylo)trimetoksysilanu oraz zwigzku z grupy silseskwioksanéw, znalazty
zastosowanie jako powloki antykorozyjne na podiozach stalowych, z potencjalnym
zastosowaniem w ogniwach stonecznych [32]. Nanokoloidalna krzemionka wprowadzona do
objetosci folii z polipropylenu (PP) skutkuje takze duzym obnizeniem wspodiczynnika

przenikalnosci tlenu OTR (z ang. Oxygen Transmission Rate) [33].

Majac na uwadze pozytywny wplyw na wlasciwosci barierowe oraz antykorozyjne
opisywanych w literaturze warstw zol-zelowych na podiozach nieelastycznych (szklo, stal,
aluminium), mozna wnioskowa¢, ze zblizone wlasciwoséci moga zostaé takze osiagniete w
przypadku uktadéw na elastycznym podtozu polimerowym. Stad tez wynika zainteresowanie
hybrydowymi krzemionkowymi warstwami zol-Zelowymi. Badania pod katem ich
przydatnosci do zastosowan w opakowaniach sa gléwnym nurtem badawczym niniejszej

pracy doktorskiej. Warstwy tego typu stanowia bowiem nowoczesna alternatywe dla obecnie
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wykorzystywanych rozwigzan podnoszacych wlasciwosci barierowe. Ponadto wykazujg brak
toksycznosci i wyzsza zdolnoé¢ do biodegradacji w poréwnaniu z konwencjonalnymi

materiatami.

Warstwy zol-zelowe mozna tatwo nanosi¢ réznymi technikami mokrymi takimi jak proces
roll-to-roll, powlekanie kalandrowe, nozowe, powlekanie przez zanurzenie (dip-coating),
powlekanie obrotowe (spin-coating) i powlekanie natryskowe (spray-coating). Taka swoboda w
wykorzystaniu metod nanoszenia na wybrane substraty jest duza zaleta, gdyz umozliwia
efektywne pokrycie roztworem zolu podlozy o ré6znym ksztalcie. Dodatkowo wymieniona
technika roll-to-roll lub techniki drukowania pozwalaja na osiagniecie relatywnie wysokiej
wydajnos¢ produkcji w poréwnaniu do innych technik nanoszenia powlok, np. metodami

prézniowymi.

4.2. Mechanizm reakcji procesu zol-zel

Metoda zol-zel jest oparta na dwdch reakcjach chemicznych - hydrolizie i kondensacji, ktére
zachodza réwnolegle w roztworze zolu, prowadzac w konsekwencji do utworzenia zelu.
Substratami stosowanymi w procesie zol-zel sa najczeéciej alkoholany (np. krzemu, tytanu,
glinu, cyrkonu) o wzorze ogélnym M(OR),, gdzie M - atom (pél)metalu, R - grupa alkilowa.
Sa one bardzo reaktywne ze wzgledu na obecnos¢ ujemnie naltadowanej grupy -OR, ktéra
stabilizuje atom centralny na najwyzszym stopniu utlenienia, przez co jest on podatny na
przylaczenie reagenta nukleofilowego [12]. Zwiazki te w obecnoéci wody ulegaja reakcji
hydrolizy na drodze mechanizmu substytucji nukleofilowej (Sx) obejmujacej addycje
nukleofilowa, po ktorej nastepuje przeniesienie protonu z czasteczki atakujacej do alkoholanu
lub hydroksy-liganda w stanie przejéciowym i usuniecie protonowanych form w postaci
alkoholu lub wody. Powstate produkty ulegaja polikondensacji zachodzacej z eliminacja
czasteczki wody. Schematyczny zapis reakgji alkoholanéw krzemu zamieszczono na Rysunku

2.
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Rysunek 2. Schematy reakcji hydrolizy i kondensacji alkoholanéw krzemu.

Szybkos¢ hydrolizy jest niska przy obojetnym pH, natomiast wzrasta wraz ze wzrostem ilosci
jonéw H*. W katalizowanej kwasem hydrolizie atom krzemu jest atakowany przez czasteczke

wody wg schematu zobrazowanego na Rysunku 3.
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Rysunek 3. Schemat kwasowo katalizowanej hydrolizy alkoholanu krzemu w obecnosci wody.

W reakcji hydrolizy katalizowanej zasadowo anion hydroksylowy atakuje atom krzemu wg

schematu zamieszczonego na Rysunku 4.
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Rysunek. 4. Schemat zasadowo katalizowanej hydrolizy alkoholanu krzemu w obecnosci wody.
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Na szybkos¢ reakcji hydrolizy i kondensacji wplywa rodzaj prekursora, temperatura,
obecnos¢ warunkéw katalizujacych oraz zawartosé wody. Wartosé pH srodowiska reakcji ma
najwieksze znaczenie dla réwnowagi obu proceséw. W kwasowym Srodowisku proces
hydrolizy jest szybszy niz reakcja kondensacji, co w konsekwengji prowadzi do utworzenia
stabo rozgatezionej sieci. W warunkach zasadowych proces kondensacji jest szybszy od reakcji

hydrolizy i prowadzi do powstania mocniej rozgatezionych sieci siloksanowych.

W przypadku syntezy warstw nieorganicznych, utworzenie maksymalnej sieci tlenkowej
przebiega poprzez hydrolize czterech grup alkoholanowych, podczas gdy tworzenie
organiczno-nieorganicznych struktur jest ograniczone przez ilos¢ wigzan Si-C, ktére nie

ulegaja reakcji hydrolizy (Rysunek 5) [34].

CH, CHj
+H,0
R—O—Si—O0—R ——»  —O0—Si—0—
CH, CH,

Rysunek 5. Schemat reakcji hydrolizy zwigzku o wzorze (CH3)2Si(OR)2 [34].

Organicznie modyfikowane alkoholany ulegaja reakcjom hydrolizy i kondensacji z
wydzieleniem pozostalosci powstalego alkoholu oraz wody. Tworza wéwczas organicznie
modyfikowang krzemionke, gdzie grupy alkilowe pozostaja niezmienione i dzigki temu
mozliwe jest powstanie organiczno-nieorganicznej struktury a w konsekwencji polaczenie
wladciwoéci obydwu komponentéw. Przez grupy alkilowe jest mozliwa pézZniejsza
funkcjonalizacja ukladu dla konkretnych zastosowan. Dzieki takiej modyfikacji mozna na
przyklad otrzymywaé wielowarstwowe uklady, wplywajac na wtasciwosci adhezyjne
kolejnych warstw wzgledem siebie lub nadajgc wtasciwosci biokompatybilnosci
nanomateriatéw [35][36]. Ponadto jest mozliwos¢ wytwarzania materiatéow z tlenkéw
mieszanych, gdzie grupy tlenku krzemu sg utozone naprzemiennie z grupami innego tlenku,

np. glinu, tytanu czy cyrkonu [12].

W procesie zol-zel mozna wyréznié nastepujace etapy:
e synteza zolu - uzyskanie homogenicznego roztworu zolu po wprowadzeniu do
srodowiska reakcji wszystkich reagentow,
e utworzenie zelu - utrata ruchliwosci czastek w roztworze przez utworzenie

tanicuchéw o réznej dlugosci oraz réznym stopniu rozgatezienia (przy niskim pH
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powstaja wysoce rozgalezione struktury o mniejszych czastkach, natomiast przy
wyzszym pH stabo rozgalezione struktury o wiekszych czastkach),

e starzenie zelu - kurczenie matrycy Zelu, zmiana catkowitej objetosci uktadu,

e suszenie zelu - usuniecie z matrycy pozostalosci roztworu, zachodzace poprzez
dziatanie sit kapilarnych, ktére wspomagaja ruch pozostalosci cieczy do powierzchni
materiatu i jego pézniejsze odparowanie.

Zaréwno doboér reagentow do syntezy, jak i warunki przeprowadzenia poszczegélnych
etapéw procesu zol-zel warunkuja ostateczng posta¢ wytwarzanego materialu oraz jego

wlasciwosci. Dzieki temu moga one by¢ stosunkowo tatwo projektowane.

4.3 Wtasciwosci funkcjonalne powlok krzemionkowych

Rozpatrujac wlasciwosci uzytkowe krzemionkowych warstw zol-zelowych warto nadmieni¢,
ze zardbwno cechy objetosci warstwy, jak i jej powierzchni maja znaczenie. Wtasciwosci
objetosciowe decyduja o transparentnosci warstwy, wspélczynniku zalamania Swiatla,
gestosci i stabilnosci termicznej. Natomiast wlasciwosci powierzchni, jej chropowatos¢ oraz
nadana tekstura, beda ksztalttowac wlasciwosci zwilzalnosci, powierzchni wtasciwej, energii

powierzchni, ale takze reflektancje, ktéra jest wazna w przypadku warstw antyrefleksyjnych.

Na wlasciwosci funkcjonalne krzemionkowych powlok zol-zelowych mozna wptynaé przez
modyfikacje objetoéciowa warstwy - jej sklad chemiczny oraz wprowadzenie dodatkéw w
postaci drugiej fazy, najczesciej nanoczastek. Wprowadzenie tego typu drobin czesto zmienia
wlasciwosci optyczne warstwy, obnizajac jej reflektancje, jednoczesnie poprawiajac odpornosé
mechaniczng. Wytworzenie porowatej struktury warstwy takze powoduje zmiany

wlasciwosci optycznych [37] przez obnizenie wartosci wspdtczynnika zatamania swiatta [38].

Innym sposobem zmiany cech funkcjonalnych wytwarzanych warstw jest chemiczna
modyfikacja ich powierzchni. Nastepuje ona poprzez dzialanie czynnikami chemicznymi na
material, gdzie w miejscu grup ~-OH obecnych na powierzchni warstwy podstawiane sa inne
grupy funkcyjne [39]. Przytaczane do powierzchni grupy funkcjonalne tworza monowarstwe,
ktéra modyfikuje wlasciwosci powierzchni. Dobrym przykltadem sa omnifobowe Ilub
hydrofobowe warstwy fluorosilanéw nanoszonych na powierzchnie wybranego materiatu

[40][41].
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Poza modyfikacja wtasciwosci chemicznych powierzchni, znaczenie w kontekscie
zwilzalnosci ma topografia, ktéra moze by¢ zmieniana poprzez wprowadzenie nanoczastek
do warstwy [42] lub nanostrukturyzacje laserowa [43][44]. Roéwniez wilasciwosci
samoczyszczace (ang. self-cleaning), ktére sa écisle zalezne od zwilzalnosci, sg istotne dla
powlok stosowanych na przykiad na ogniwa fotowoltaiczne pracujace w warunkach

srodowiskowych [26].

Kolejnym parametrem, ktéry ma istotny wplyw na zastosowanie powtok krzemionkowych,
szczegoblnie w optyce, jest chropowatos¢ powierzchni. W wielu przypadkach wymaga on
zredukowania, aby unikna¢ strat w transmisji $wiatla. Koniecznym bywa tez zastosowanie
powloki krzemionkowej jako miedzywarstwy wygltadzajacej podioze, tak aby powloka
materialu aktywnego optycznie naniesiona na jej powierzchnie byla ciggta w calej swojej
objetosci i powierzchni. Przeklada sie to nastepnie na efektywnosé¢ dziatania aktywnych

warstw [45][46].

Transparentno$¢ warstw tlenkowych jest szczegolnie istotna w zastosowaniach jako powtoki
zabezpieczajace w strukturach optycznych, gdzie straty promieniowania w zakresie
widzialnym sa niepozadane [47]. W zastosowaniach do pokrywania opakowan z folii
polimerowych, transparentno$¢ warstw jest takze kluczowa [48]. Powloki ochronne o
wladciwosciach anty-graffiti sa kolejnym przykladem powtok, w ktérych wysoka
transparentnoé¢ ma wiodace znaczenie, poniewaz nie wplywa na zmiane barwy

zabezpieczanych fasad budynkow [49].

W zastosowaniu elastycznych warstw do pokrywania polimerowych folii opakowaniowych
przewodnig wlasciwoscia uzytkowa jest podniesienie barierowosci wzgledem przenikania
gazéw. Aspekt ten zostal opisany w osobnym rozdziale jako szczegdlnie istotny dla

wlasciwosci materialéw otrzymanych w niniejszej pracy.

4.4. Wtasciwosci barierowe

Barierowos¢ materialu jest zdolnoScia do ograniczania przepuszczalnosci par
i gazéw. Jest niezwykle istotnym parametrem zaréwno w przemysle opakowaniowym,
jak i w nowoczesnej technologii. Warstwy barierowe znajduja szerokie zastosowanie w wielu
produktach codziennego uzytku. Schemat ich wykorzystania zobrazowano na Rysunku 6.

Szczelne warstwy barierowe sa takze potrzebne w mikroelektronice (organicznych diodach
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emitujacych $wiatlo, OLED) oraz urzadzeniach elektrochemicznych, jak np. baterie i
organiczne ogniwa fotowoltaiczne. Maja one za zadanie zabezpieczaé przed wilgocia oraz
gazami, ktore powoduja degradacje tych urzadzen.. Przykladowo, w przypadku
przepuszczalnosci tlenu, wartoécig mierzalng jest wspotczynnik przenikalnosci tlenu (OTR)
opisujacy ilos¢ tlenu wyrazong w cm?/(m?2-dzieri), natomiast barierowoé¢ dla pary wodnej
okredla wspoélczynnik przepuszczalnosci (WVTR ang. Water Vapor Transmission Rate)

wyrazony w g/ (m2dzien).

Elektronika

Elastyczne
ogniwa
stoneczne

Odczynniki

chemiczne i Warstwy Produkty

gazy barierowe spozywcze

Produkty
petrochemiczne

Rysunek 6. Zastosowanie materiatéw barierowych w produktach codziennego uzytku.

Transport gazéw przez warstwe barierowa odbywa sie poprzez przeptyw dyfuzyjny w
objetosci materialu [50][51], dlatego bezposrednio zalezy od wlasciwosci jego struktury.
Mechanizm przenikania sklada sie z kilku etapéw: adsorpcji czynnika migrujacego na
powierzchni materialu, wnikniecie w jego warstwe objetosciowa, dyfuzje w jej wnetrzu oraz
desorpcje po stronie przeciwnej. Kolejnym sposobem transportu gazu przez bariere jest jego
przeplyw przez defekty obecne w warstwie, ktére s cechami mikrostruktury i
niejednorodnosci  objetosciowej materialu  barierowego, obecnosci mikropekniec,
mikrokanalikéw oraz granic ziaren. W rzeczywistosci przenikalnoé¢ czynnika zewnetrznego
jest zlozonym procesem, gdzie zaréwno wiasciwosci struktury jak i obecnosé defektow
odgrywaja duza role. Nalezy takze wspomnie¢ o wlasciwosciach warstwy powierzchniowej,
ktéra odpowiada za energie powierzchni, zwilzalnoé¢ oraz parametry chropowatosci i
topografie powierzchni, ktére odgrywaja istotna role w procesie transportu i sile
oddzialywania czynnika migrujacego poprzez material. Ponadto w przypadku materialow

hybrydowych, stosunek czesci organicznej do nieorganicznej wplywa na wlasciwosci
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przenikalnosci gazoéw [52]. Energia powierzchni i zwilzalnos¢ powtok nie tylko §wiadcza o ich
hydrofilowym lub hydrofobowym charakterze, ale réwniez wplywaja na przenikalnosé

gazow i pary wodnej.

Przez wprowadzenie atoméw fluoru do struktury powlok mozna uzyska¢ modyfikacje
zwilzalnoéci i w konsekwencji posrednio wptywac na wlasciwosci barierowe [53]. Fluorowane
zwigzki krzemoorganiczne s3 wykorzystywane w wytwarzaniu funkcjonalizowanych powlok
do zastosowan antykorozyjnych na stalowych podiozach [54]. Inne rodzaje fluorowanych
zywic sa uzywane w produkcji farb przeciwporostowych (ang. anti-fouling) [55] oraz
powierzchni przeciwoblodzeniowych (ang. anti-icing) [56], dla ktérych wladciwosci

superhydrofobowe majq kluczowe znaczenie [57].

Materialy tlenkowe stanowia lepsza bariere wzgledem materialéw polimerowych z racji
swojej uporzadkowanej struktury. Przenikalno$¢ gazow przez strukture polimeréw zalezy od
stopnia krystalicznosci, gdzie obszary molekularnie uporzadkowane polimeru ograniczaja
migracje gazu [58]. Polimery amorficzne nie posiadajg struktury krystalicznej a aricuchy
polimerowe sa przypadkowo rozlozone w strukturze materialu. Pomiedzy taricuchami
powstaja tzw. wolne przestrzenie (ang. free volume), czyli miejsca, gdzie laricuchy polimerowe
sa na tyle od siebie oddalone, ze umozliwiaja transport gazéw. Proces przenikania gazu przez

taka strukture zostat opisany przez Choudalakisa i wspétautoréw [59].

Sposréd produktéw, dla ktérych wymagane jest zastosowanie powlok barierowych,
najwyzsze wymagania majg diody OLED, dla ktérych wspoétczynnik OTR powinien by¢ na
poziomie 103-105cm3/ (m2-dzierh) [60][61]. Wymagania wartoéci OTR dla ré6znych produktéw
przedstawione zostaty na Rysunku 7 przygotowanym na podstawie danych opublikowanych

przez Teixeira i wspotautoréw [61].
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Rysunek 7. Schemat zakresow wymaganych wartosci OTR dla roznych produktow.
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W przypadku opakowan produktéw spozywczych przenikalnoséé tlenu odgrywa znaczacy
role, gdzie z jednej strony §wieze produkty czy warzywa wymagaja obecnoéci tlenu podczas
przechowywania, ale z drugiej strony produkty suche, pakowane prézniowo, o dluzszej
przydatnosci do spozycia, wymagaja beztlenowych warunkéw. Te produkty w obecnosci
tlenu tracq aromaty i substancje oleiste, ktére odpowiadaja za ich odpowiedni smak [62].
Najlepszymi materialami barierowymi jest szklo oraz stal ocynkowana, ktéra w péZniejszym
etapie rozwoju materialéw barierowych zostala zastapiona przez aluminium w produkcji
jednorazowych puszek na napoje czy produkty spozywcze. Z uwagi na potrzebe redukcji
masy opakowan z aluminium, stosowane sg wielowarstwowe materialy opakowaniowe,
gdzie warstwa barierowa jest gléwnie folia aluminiowa, ale o zredukowanej grubosci.
Réwniez w opakowaniach papierowych folie polimerowe sa klejone z papierem celulozowym
oraz z folig aluminiowa w celu otrzymania odpowiednich cech barierowych [63]. Pomimo
dobrych wlasciwosci wzgledem przenikalnosci tlenu, takie opakowania stanowia powazny
problem w recyklingu. Struktura taka sklada sie z klejonych warstw a ich rozdzial na
poszczegodlne frakcje jest trudny oraz wymaga uzycia duzej ilosci odczynnikéw chemicznych

[64][65][66].

Kolejna grupa materiatéw, ktére wykazuja obiecujace wlasciwosci podwyzszajace
barierowos¢ sa warstwy ceramiczne. Sa one czesto otrzymywane przez nanoszenie na podloze
technikami prézniowymi, np. fizycznym osadzaniem z fazy gazowej. Taka metoda
otrzymywania warstw z jednej strony posiada kilka zalet, takich jak mata grubos¢
wytworzonej warstwy oraz jej dobre wlasciwosci barierowe [67], ale z drugiej strony jej
gloéwnymi wadami sa wysokie koszty procesu tworzenia oraz jego niska wydajnos¢, przez co
trudno jest ja zastosowac w cyklu produkcyjnym. Przyktadem powtoki barierowej na podtozu
z folii polipropylenowej jest warstwa tlenku glinu o grubosci 15 um, naniesiona przez
reaktywne odparowanie termiczne, ktéra obniza wartos¢ wspoétczynnika przenikalnosci tlenu
z 2700 do okolo 80 cm?3/(m?2-dzieri). Dla poréwnania folia z naniesiona metaliczng warstwg

glinu obniza przenikalnos¢ dla tlenu do wartosci 25 cm3/ (m2-dzienh) [68].

Cienkie powloki krzemionkowe, wysoko transparentne optycznie w zakresie widzialnym,
odpowiednie do pokrywania opakowan, moga by¢ wytwarzane technika chemicznego
osadzania z fazy gazowej ze wspomaganiem plazmowym [69][70], reaktywnym
naparowywaniem, rozpylaniem lub nanoszeniem warstw epitaksjalnych (e-beam). Naktadanie
warstw technikami prézniowymi pozwala na otrzymanie cienkich powlok, ale w przypadku

nanoszenia na podloza polimerowe, ktére nie sg idealnie gladkie, skutkuja przenoszeniem
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defektéw z podioza do warstwy, ktéra w konsekwengji nie jest ciagta [71]. W warstwach
barierowych zbudowanych z mocno upakowanych tlenkéw (np. tlenku glinu lub krzemuy),
przenikanie gazow nastepuje poprzez migracje przez obecne defekty w postaci peknieé¢ lub
dziur w skali nanometrycznej. Defekty tego typu powstaja podczas procesu nanoszenia i
pOZniejszej obrobki warstw obnizajac ich skutecznosc¢ [72][73]. Kolejng wada w prézniowych
metodach otrzymywania warstw barierowych na folii polimerowej jest jej stosunkowo niska
odpornos¢ termiczna. Podwyzszona temperatura procesu moze powodowac zniszczenie lub
odksztalcenie polimeru ze wzgledu na réznice w rozszerzalnosci cieplnej podloza oraz
nanoszonej warstwy i powstajace naprezenia zwigzane z tym efektem [74]. W przypadku
wytwarzania warstw barierowych niskotemperaturowa metoda zol-zel, tego typu naprezenia

sq ograniczane.

Najlepsze wtlasciwosci barierowe wykorzystywane w produktach opakowaniowych
wykazuja wielowarstwowe struktury na podlozu z elastycznej folii polimerowej [75][76],
ktoére cechuje przenikalnos¢ wzgledem tlenu na poziomie 0,005 cm3/ (m?2-dzieri) w poréwnaniu
z samym podlozem z foli z politereftalanu etylenu, dla ktérego wartos¢ OTR wynosi
75 cm3/(m2-dzien). Obecnie do zabezpieczenia przed degradacja produktéw spozywczych,
ktére wymagaja duzej ochrony przed tlenem, stosowane sa opakowania, w ktérych warstwe
barierowa stanowi folia aluminiowa lub folia z kopolimeru alkoholu winylowego i etylenu
[77]. Jednakze, proces otrzymywania takich materialéw nie jest prosty oraz, jak wspomniano,

trudno je poddac procesowi recyklingu.

Zauwazono, ze powloki typu ORMOCER - organicznie modyfikowanej ceramiki - naniesione
na podioze z folii PET obnizaja przenikalnos¢ tlenu oraz pary wodnej, co jest szczegolnie
wazne w zastosowaniu jako warstwa ochronna w zabezpieczaniu organicznych paneli
fotowoltaicznych lub enkapsulacji elementéw tych urzadzen [78]. Co istotne, wykorzystanie
organiczno-nieorganicznych krzemionkowych powlok zol-zZelowych naniesionych na
elastyczne podloze pozwala polaczy¢ pozadane wlasciwoéci barierowe tlenkéw z
elastycznodcia materialéw organicznych, zachowujac jednoczes$nie pozadana wysoka
transparentnos¢, gtadko$é powierzchni i charakter hydrofobowy. Szeroka analiza wiasciwosci
otrzymanych materialéw pozwala zglebi¢ zaleznos¢ finalnych cech wytworzonych powtok z
wlasciwosciami przenikalnosci tlenu lub innymi parametrami uzytkowymi warstw. Z uwagi
na zlozono$¢ mechanizméw przenikalnodci gazoéw przez strukture polimeru, kazda

wladciwos¢é materiatu, zaréwno objetosciowa oraz powierzchniowa, ma istotne znaczenie.
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Zwazywszy na powyzsze informacje, gléwnym zaloZeniem niniejszego doktoratu
wdrozeniowego bylo wytworzenie hybrydowych warstw krzemionkowych na powierzchni
folii PET, ktére beda charakteryzowaly sie obnizona przenikalnoscig tlenu, oraz okreslenie
innych parametrow uzytkowych tych powlok, takich jak hydrofobowos¢, transparentnoéc czy
wlasdciwosci mechaniczne. Prowadzone badania miaty na celu uzyskanie odpowiednich cech
materialu pozwalajacych na zastosowania jako warstwy barierowe (gléwnie w przemysle

opakowaniowym), ale takze hydrofobowe czy optyczne, nakladane na elastyczne podtoza.

W poréwnaniu do dotychczas opisywanych w literaturze warstw na podiozach elastycznych
wytwarzanych w procesach prézniowych, zaproponowano uniwersalng metode mokrego
nanoszenia warstw z zolu. Pomimo potencjalu wybranej metody, jej praktyczne
wykorzystanie w procesie produkcyjnym materialéw opakowaniowych jest do tej pory mocno
ograniczone, a gtéwnymi materiatami barierowymi w przemysle opakowaniowym sa nadal

folie wielomaterialowe powstajace poprzez klejenie kilku warstw ze soba.

Do naktadania warstw wykorzystano w tej pracy technike powlekania obrotowego zolu ze
wzgledu na jej dopasowanie do wielkosci podiozy, ktére byly warunkowane rozmiarami
probek wymaganych w poszczegolnych technikach badawczych. Warto jednak zaznaczy¢, ze
metody wytwarzania warstw z roztworéw sa uniwersalne i latwe do przeniesienia ze skali
laboratoryjnej na skale produkcyjna, poniewaz nie wymagaja zmian w konstrukgji
stosowanych urzadzen i mogg by¢ nanoszone réznymi technikami, wykorzystywanymi

rowniez w produkgji, m.in. folii polimerowych, typu roll-to-roll lub przy uzyciu rotograwiury.

Zaproponowane w niniejszej pracy fluorowane krzemionkowe materialy byly stosowane
dotychczas jako powloki antykorozyjne lub o charakterze przeciwoblodzeniowym [56], gdzie
wlasciwosci hydrofobowe sa kluczowe [57]. Powloki o takich zastosowaniach byty dotychczas
wykorzystywane do pokrywania sztywnych podtozy takich jak stal, aluminium czy szklo.
Uzycie fluorowanych krzemionkowych warstw zol-zelowych jest interesujace w kontekscie
ich obiecujgcych wtasciwosci funkcjonalnych, takich jak elastycznosé, zwilzalnosc¢
i barierowosé. Z tego wzgledu wymienione cechy uzytkowe sa pozadane gloéwnie

w powlokach stosowanych w opakowaniach.
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5. Wytwarzanie i metodyka badan otrzymanych materiatow

5.1. Synteza zolu i wytwarzanie warstw

Materiaty opisane w rozprawie otrzymane byty w procesie zol-zel w srodowisku kwasowym
przy uzyciu bezwodnego etanolu jako rozpuszczalnika. Synteza prowadzona byla w
warunkach temperatury pokojowej i ciSnienia atmosferycznego. Wszystkie probki
wytworzono z wykorzystaniem krzemianu etylu (KE) jako gtéwnego prekursora krzemu.
Wyrézni¢ mozna dwie grupy otrzymanych materialéw, w ktérych jako wspétprekursory
wykorzystano wybrane alkilosilany (seria I) lub izooktylo(trietoksy)silan (IOTES) i
fluoroalkilosilany (seria II). Tym samym, w pierwszej i drugiej serii w reakcji wziety udziat
odpowiednio dwa lub trzy rodzaje alkoholanéw krzemu, dla ktérych stosunek molowy

wynosil:

KE : alkilosilan=1:1

KE : alkilosilan : fluoroalkilosilan =1:0,5: 0,5

Wyjséciowy stosunek molowy wszystkich podstawowych reagentéw byt nastepujacy:
KE : organofunkcyjne alkoholany krzemu : etanol : woda: 0,1 M HCl=1:1:4:4:0,02

W trakcie realizacji badar otrzymano szereg réznych warstw, natomiast w niniejszej pracy
przedstawiono wybrane z nich, ktére poddano pelnej charakterystyce. Przedstawiono je w

Tabeli 1 wraz ze wzorami strukturalnymi prekursoréw uzytych do syntezy.
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Tabela 1. Wzory strukturalne zwigzkow krzemu wykorzystanych w syntezach

Podstawowy prekursor krzemu Wspélprekursor(y) kizemu

Nazwa
alkilosilany / fluoroalkilosilany prébki
Krzemian etylu, KE Izobutylo(trietoksy)silan, IBTES SiO»-1BTES
TQQH5 Tz“s
o}
H50204ET‘—0%5—C2H5 H5C2—D—SiWGH3
OGC,H; C‘J CH
CzHs
Propylo(trimetoksy)silan, PTMS SiO,-PTMS
SiO,-PT
CH,
!
Hac—c—s‘aJ\CH3
!
b,
Izooktylo(trietoksy)silan, IOTES SiO,-IOTES
C,H;
= .
5 |
195} Hbcz—o—Tth}c3
? 1|:H3
CyHe
n-butylo(trimetoksy)silan, BTMS Si0-BTMS
I
o)
CHs
Hzc—o——ii—/\/
!
b
n-oktylo(trietoksy)silan, OTES Si0,-OTES
5i0,-0OT
Tsz
T _/\/\/\/CH3
HSCZ‘O—Ti
]
CoHsg
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Krzemian etylu, KE Brak (CF)0
Trifluoropropylo(trimetoksy)silan, (CF)1
TFPTMS
OC,Hs
CH,
Hsczo%Si——O%—CQHS o
5
N SN
o
by
Perfluorooktylo(trietoksy)silan, PFOTES  (CF)6
= Izooktylo(trietoksy)silan, IOTES Tsz
e
3 [
CoHe HsCy O—TiA/\ECFg}CF:\
Hscg—o—ii CH, C,Hs
cl) W Perfluorododecylo(trietoksy)silan, (CF)10
| ’ PFDDTES
CyHs
CyHs
!
Hscz——o—éi—A\CF,— CF,4
| 9
]
CzHs

Z otrzymanych zoli wytworzono warstwy nanoszac je na podloze z folii PET o nazwie
handlowej Melinex ST504 o grubosci 175 pm (produkcji DuPont Teijin Films, Luksemburg).
Folia przed etapem nanoszenia byla czyszczona w roztworze etanolu oraz izopropanolu w
myjce ultradZwiekowej, a nastepnie aktywowana plazma powietrzna. Poza folia PET dla
probek odniesienia potrzebnych dla niektérych technik badawczych wymagane bylo
wytworzenie warstw na podtozach szklanych. Proces przygotowania wszystkich podlozy
przed nanoszeniem warstw byt analogiczny. Warstwy wytwarzane byly z roztworu poprzez
nanoszenie technika powlekania obrotowego, a nastepnie suszone. Wszystkie probki wybrane
do dalszej charakterystyki byly nanoszone w tych samych warunkach, przy tej samej
predkosci wirowania stolika réwnej 8000 obrotéw na minute. Schematyczny rysunek procesu
wytwarzania probek zostal umieszczony na Rysunku 8. Po wysuszeniu warstwy poddawano
badaniom przy uzyciu wybranych metod instrumentalnych opisanych w kolejnym

podrozdziale.
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hybrydowa warstwa

krzemionkowa ‘\\ ] ’

==

taficuch suszenie

alkilowy/fluoroalkilowy

Rysunek 8. Schemat procesu wytwarzania hybrydowych warstw zol-zelowych (ttumaczone z Startek et
al.  Optical ~ Materials,  Elsevier, —na  podstawie licencii ~CC BY-NC-ND 4.0,
https.//doi.org/10.1016/j.0optmat.2021.111524).

5.2. Techniki badawcze wykorzystane do charakterystyki materiatow

Wybér technik badawczych byt podyktowany potrzeba szerokiej charakterystyki
otrzymanych materialéw. Do wstepnego ogladu warstw, po kazdej wytworzonej serii, probki
obserwowane bylty pod mikroskopem optycznym, w celu sprawdzenia obecnosci defektow.
Wszystkie probki opisane w niniejszej pracy pozbawione byty peknie¢ i innych wad, ktére

wykluczono dzieki optymalizacji procesu syntezy.

Grubosé warstw wyznaczana byla profilometrig stykowa przy uzyciu igly o érednicy 12,5 pm
i sile nacisku igly réwnej 3 mg. Grubos$¢ wyznaczano z réznicy wysokoséci warstwy i samego
podtoza z dokladnoscia do 1 nm, z odcinka pomiarowego o dtugosci 1300 pm. Wynik grubosci

jest wartoscig Srednig z trzech pojedynczych pomiaréw.

Strukture chemiczna otrzymanych warstw potwierdzano za pomoca spektroskopii w
podczerwieni z transformata Fouriera (ang. Fourier Transform Infrared Spectroscopy, FTIR) przy
uzyciu przystawki do catkowitego wewnetrznego odbicia (ang. Attenuated Total Reflectance,
ATR) w zakresie liczb falowych 400-4000 cm-! z liczbg skanéw w iloéci 32. Obserwowane
pasma w otrzymanych widmach poszczegélnych probek potwierdzaly obecnosé

charakterystycznych grup wbudowanych w strukture wytworzonych warstw.
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Dla drugiej serii préobek w celu potwierdzenia struktury chemicznej warstw wykorzystano
technike spektroskopii Ramana z uzyciem lasera 532 nm jako Zrédla promieniowania o mocy
wigzki 50 mW. Zbierano widma w zakresie 100-4200 cm-1. W przypadku tej metody jako

podloze zastosowano mikroskopowe szkietka podstawkowe o rozmiarach 2,5 cm % 2,5 cm.

W celu zbadania struktury warstwy powierzchniowej otrzymanych materiatéw postuzono sie
technika spektroskopii fotoelektronéw w zakresie promieniowania X (ang. X-ray Photoelectron
Spectroscopy, XPS). Probki w postaci warstw na folii PET badane byly w warunkach wysokiej
prézni wynoszacej 10 mbar oraz przy uzyciu Zrédla promieniowania X w postaci Al Ka o
energii 1486,6 eV. Na podstawie pomiaréw wyznaczono procentowy udzial atomowy
kazdego pierwiastka obecnego w warstwach i potwierdzono rodzaj wigzan, jakie tworza z
pozostalymi pierwiastkami. Za pomoca techniki XPS mozliwe sg badania sktadu warstwy na
glebokos¢ ok. 1,5 nm, co stanowi podstawowa technike badania struktury powierzchni
materialéw. Pozwala ona na okreslenie rodzajéw grup funkcyjnych w przypadku zwigzkéw
organicznych, udziatéw wigzan jonowych w cienkich warstwach nanoszonych prézniowo,
wzbogacania powierzchni w materiatach tlenkowych, postepu korozji w przypadku metali

oraz obecnosci zanieczyszczen.

Skaningowa mikroskopia elektronowa (ang. Scanning Electron Microscopy, SEM) zostala
wykorzystana do obrazowania morfologii i po czesci topografii powierzchni otrzymanych
warstw, a takze do wykonania analizy skltadu pierwiastkowego z uzyciem trybu EDS (ang.
Energy Dispersive Spectroscopy) detektora elektronéw wtérnie rozproszonych (ang.
Backscattered Electrons). Dodatkowo dla wybranych probek prowadzona byla analiza

przekroju warstw przy uzyciu skupionej wiazki elektronéw FIB (ang. Focus Ion Beam).

Topografia powierzchni prébek wraz z jej parametrami chropowatosci obserwowana byla
przy uzyciu mikroskopu sit atomowych wyposazonego w glowice szybko skanujaca typu Fast
Scan. Na podstawie otrzymanych obrazéw obliczono parametry R, i R; chropowatosci

powierzchni.

Badano réwniez wlasciwosci optyczne z wykorzystaniem reflektometru, wyznaczajac krzywe

transmitancji i reflektancji dla wszystkich prébek w zakresie 200-1100 nm.

Wspotczynnik zatamania $wiatta wyznaczony byt dla drugiej serii probek przy uzyciu
elipsometru dla warstw naniesionych na podstawkowe szkietko mikroskopowe o wymiarach

2,5 cm x 2,5 cm. Dla kazdej z prébek wykonano 10 pojedynczych pomiaréw, z ktérych
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wyciggnieto wartoé¢ $rednig. Zastosowano tréjwarstwowy model obliczeniowy:

podloze/warstwa/powietrze i skorzystano z réwnania Cauchy’ego.

Wrtasciwosci zwilzalnosci otrzymanych warstw oraz wartosci swobodnej energii powierzchni
(ang. Surface Free Energy, SFE) okredlano przy uzyciu goniometru optycznego wyznaczajac
katy zwilzania dla wody (ang. Water Contact Angle, WCA), a takze dijodometanu. Do
obliczenia energii powierzchni postuzono si¢ metodag Owensa-Wendta, gdzie do obliczer
brane sg wartosci katéw zwilzania dla dwéch cieczy - wody i dijodometanu - r6znigcych sie
miedzy soba polarnoscia. Metoda ta jest dedykowana do materialéw polimerowych, w tym

takze farb, lakieréw i innych powlok funkcjonalnych.

Podczas optymalizacji warunkéw otrzymywania warstw sprawdzono odpornosé¢ termiczna
podloza za pomoca termograwimetrii (ang. Thermogravimetry, TG). Pomiar polegal na
stopniowym ogrzewaniu probki z jednoczesna obserwacja ubytku jej masy. Prowadzono go
w atmosferze powietrza o przeptywie 50 ml/min, ogrzewajac probke z szybkosciag 10°C/min.
Na podstawie tego pomiaru potwierdzono relatywnie wysoka stabilnoé¢ termiczna podtoza,

dzieki czemu zyskano swobode w doborze temperatury suszenia probek.

Prébki z serii drugiej zostaly poddane badaniom analizy termomechanicznej (ang.
Thermomechanical Analysis, TMA), ktéra polega na obserwacji zmian w wymiarach probki,
przykladajac site o stalej wartosci oraz przy wzrastajacej temperaturze, i dostarcza informacji
na temat odksztalcenia probki. Z wykresu zmiany wymiaréw od temperatury mozliwe jest
nastepnie wyznaczenie wspolczynnika rozszerzalnosci cieplnej oraz obserwacji przejscia
szklistego - w przypadku badanych probek wyznaczenie temperatury zeszklenia. Podczas
pomiaru prébki w postaci folii z naniesiong warstwg umieszczano w uchwycie dedykowanym
do folii, a nastepnie przy wzrastajacej temperaturze (2,5 °C/min) w zakresie temperatur

25-180°C, préobka byta poddana dziataniu statej sity 0,1 N.

Odpornoé¢ mechaniczna drugiej serii probek przeanalizowana zostala za pomoca dwoch
technik dedykowanych do oceny tych wiasciwosci. Badanie sily adhezji zostalo wykonane z
uzyciem testera zarysowan (ang. Scratch Tester) wyposazonego w mikroskop optyczny z
obiektywem wysokorozdzielczym, uzywajac diamentowego wgtebnika Rockwell o srednicy
200 pm. Pomiary przeprowadzone zostaly wg normy EN-1071-3. Dlugos$¢ odcinka
pomiarowego wynosila 15 mm w trybie progresywnym, z naciskiem w zakresie 0,03-15 N,
z narostem sily 10 mN/min. Wyznaczono w ten sposéb wytrzymalos¢ polaczenia

powtoka/podloze w tescie odpornosci na zarysowania.
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Okreslono takze twardos¢ warstw postugujac sie technika nanointendancji. Jako wglebnika
uzyto koncéwki Berkovicha o geometrii trdjstronnej piramidy. Maksymalne obcigzenie
wynosito 0,10 mN, a szybkos¢ przylozenia i uwalniania sity wynosita 0,80 mN/min. Czas
stabilizacji przy maksymalnym obcigzeniu wynosit 10 s. Obliczenia wykonano zgodnie z

protokotem twardosci Martensa.

Badanie przenikalnosci tlenu prowadzono za pomocg metody manometrycznej wg normy
PN_EN ISO 2556 korzystajac z urzadzenia produkcji Remi Plast, ktére zbudowane jest
z dwéch komoér, pomiedzy ktérymi umieszczana byta prébka. Gérna komora potaczona jest z
gazem pomiarowym, natomiast dolna wyposazona jest w szklany spiek i pozostaje
odpompowana przed pomiarem. Obserwowana jest ilos¢ gazu migrujaca z komory goérnej do
dolnej w okreslonym czasie i na jej podstawie obliczony zostaje wsp6tczynnik przenikalnosci
tlenu przez otrzymane uklady warstwa/podloze. Schematyczny rysunek komor

pomiarowych zamieszczony zostal na Rysunku 9.

| prébka

proznia

Rysunek 9. Schematyczny rysunek komor pomiarowych urzqdzenia do badania przenikalnosci tlenu.
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6. Wlasciwosci otrzymanych powtlok

W ramach pracy doktorskiej przeprowadzono szereg syntez, wéréd ktérych wyrézniono dwie
serie probek (Tabela 1). Pierwsza seria obejmowata syntezy z uzyciem krzemianu etylu
i alkilosilanéw jako wspétprekursoréw krzemu, réznigcych sie miedzy soba pod wzgledem
struktury i dlugosci taricucha alkilowego. Natomiast w serii drugiej wykorzystano trzeci
wspotprekursor krzemu w postaci fluoroalkilosilanu o r6znej dlugosci tancucha
fluoroalkilowego, tym samym réznigcy sie iloscia atoméw fluoru w finalnej strukturze
wytworzonych warstw. Dzieki przemyslanemu wyborowi organicznie modyfikowanych
silanéw, mozliwe jest por6éwnanie i zrozumienie wplywu struktury chemicznej na
wlasciwosci uzytkowe otrzymanych warstw. Wiekszoé¢ probek sposréd serii, dla ktérych
struktury substratéw zamieszczono w Tabeli 1, zostala wybrana i opisana w postaci artykutéw
naukowych, ktére zamieszczono w Rozdziale 9 niniejszej pracy. Probki SiO,-PTMS oraz SiO»-
OTES z serii I zostaly opisane w publikacji D1 (oznaczone w niej skrétowo jako SiO.-PT oraz
Si0,-0OT), natomiast probki serii II zostaly opisane w artykutach D.2 oraz D.3. Dla lepszego
zrozumienia tematu, w opracowaniu umieszczono takze czes¢ wynikéw, ktdre ostatecznie nie

znalazly sie we wspomnianych publikacjach.

Pierwszym krokiem w pracy byla optymalizacja warunkéw syntezy i suszenia warstw.

Nastepnie prowadzono analizy przy uzyciu metod opisanych w Podrozdziale 5.2.

Przeprowadzenie serii syntez w réznych warunkach (zmienne parametry: temperatura i
atmosfera przebiegu procesu, stosunek prekursoréw i rozpuszczalnikéw, czas, itp.) pozwolito
uzyskac¢ zole wykorzystane do przygotowanie warstw na poditozu z foli PET. Do procesu
nakladania warstw, jako jedna z uniwersalnych metod, wybrano technike powlekania
obrotowego. W celu zoptymalizowania szybkosci wirowania stolika podczas nanoszenia,
przeprowadzono eksperyment wskazujacy na zaleznos¢ grubosci otrzymanych warstw od
szybkosci obrotu, a takze grubosci od czasu starzenia zolu (jego lepkosci). Na podstawie
obserwagcji i wynikéw tego doswiadczenia wybrano jedna szybko$¢ nanoszenia powtok - 8000

obrotéw na minute.

6.1. Termograwimetria

Zbadano odpornos$¢ termiczng samego podloza a uzyskana informacja z pomiaréw

termograwimetrycznych pomogla w wybraniu odpowiedniej temperatury suszenia
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wytwarzanych warstw. Na Rysunku 10 zamieszczono otrzymany w badaniu TG termogram,

ktéry obrazuje ubytek masy probki w funkcji wzrastajacej temperatury.
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Rysunek 10. Termogram TG dla podtoza (PET, gérny panel) wraz z pierwszq pochodng (dolny panel).

Dolny wykres na Rysunku 10 przedstawia takze pierwsza pochodng, obrazujacq zmiane
szybkosci ubytku masy. Na podstawie otrzymanego termogramu mozna zauwazyd, ze
podloze jest stabilne do temperatury okoto 280°C. Badanie dostarczyto informacji, ze wybrana
temperatura suszenia warstw jest bezpieczna dla podloza. Po osiggnieciu tej temperatury
wida¢ pierwszy ijedyny ubytek masy, co §wiadczy o tym, ze folia PET uzywana jako podtoze
jest czystym polimerem/tworzywem i nie stanowi kopolimeru. W przypadku kopolimeréw
obserwowany jest zazwyczaj dodatkowy ubytek masy pochodzacy od drugiego skladnika

polimerowego.

W przypadku dwoéch prébek z serii I - SiO.-PTMS oraz SiO,-OTES - podczas pomiaréw w
tych samych warunkach, nie obserwowano znaczacych réznic. Wyniki w postaci zestawienia
termograméw w odniesieniu do samego podioza PET zamieszczono na Rysunku 11. W tej
analizie udzial masowy warstwy byl niski, na poziomie 1,15% wag. ukladu (podtoze ma
grubos¢ 175 pm, a warstwa ponizej 2 pm), stad wpltyw obecnosci warstwy na stabilnosé

termiczng uktadu nie jest znaczacy, co znalazto odzwierciedlenie w uzyskanych wynikach.
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Rysunek 11. Zestawienie termogramow TG dla: podtoza (PET, kolor czarny), probki SiO-PTMS (kolor
niebieski) oraz probki SiO,-OTES (kolor czerwony) (g0rny panel), wraz z zestawieniem ich pierwszej

pochodnej (dolny panel).

6.2. Spektroskopia w Podczerwieni z Transformata Fouriera

Struktura chemiczna warstw po ich otrzymaniu bylta analizowana przy uzyciu spektroskopii
FTIR. Na podstawie otrzymanych widm, potwierdzono obecno$¢ najbardziej
charakterystycznych grup funkcyjnych obecnych w strukturze wytwarzanych warstw.
Gléwne pasma pochodzace od drgan istotnych wigzar zamieszczono w Tabeli 2 (a takze w
Tab. 1 w D2). Zbiorcze widma FTIR przedstawiono na Rysunkach 12-13 (a takze Fig. 1 w D1
oraz Fig. 1 w D2).
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Rysunek 12. Zestawienie widm FTIR probek z serii pierwszej.
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Rysunek 13. Zestawienie widm FTIR probek z serii drugiej [Fig. 1 w D2] (ttumaczone z Startek
et al. Coatings, MDPI, na postawie licencji CC BY 4.0, https.//doi.org/10.3390/coatings11050573).
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Tabela 2. Zestawienie najwazniejszych pasm wystepujgcych w widmach FTIR badanych prébek.

Liczba falowa (cm~1) Wiazanie i rodzaj drgania

400-490 Si-O-Si zginajace
520-730 -CF, , -CF; zginajace
-CF» zginajace
800; 980-1200 Si-O-Si rozciggajace
900 Si-O- rozciaggajace
944 Si-O-C rozciggajqce
1120-1250 C-F rozciagajace
1350-1490 C-H rozciagajace
C-H zginajace
2850-2980 C-Hrozciggajace
3400 Si-OH rozciagajace

W widmach wszystkich prébek widoczne s pasma od drgan wigzan faricuchéw organicznych
- alkilowych oraz floroalkilowych, co jest potwierdzeniem ich obecnosci w strukturze
chemicznej wytworzonych warstw. Charakterystyczne pasma pochodzace od wigzan atomu
krzemu (Si-O-Si; Si-O-C; Si-C; Si-OH) sa natomiast potwierdzeniem powstalej sieci

tlenkowej.

6.3. Spektroskopia Ramana

Probki z drugiej serii syntez, w celu szerszej analizy wtasciwosci strukturalnych, poddano
badaniom spektroskopia Ramana. Przygotowano w tym celu warstwy na podfozu szklanym
zeby unikna¢ sygnaléw z folii PET. Widmo zbiorcze dla wszystkich prébek zamieszczono na
Rysunku 14 (takze Fig. 1 w D3) zaznaczajac najwazniejsze pasma. Dla probek zawierajacych
najwiekszg iloé¢ atoméw fluoru w strukturze chemicznej otrzymanych warstw, pojawity sie
dwa pasma, pochodzace od drgann C-F, w zakresie 350-485 cm-! przesuniecia Ramana.
Polozenia najwazniejszych pasm wraz z odpowiadajagcymi im drganiami wigzann dla

otrzymanych widm zestawiono w Tabeli 3 (takze w Tab. 2 w D3).
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Rysunek 14. Zestawienie widm Ramana probek z serii drugiej [Fig. 1 D3] (Htumaczone z Startek et al.
Optical Materials, Elsevier, na podstawie licencji CcC BY-NC-ND 4.0,
https;//doi.org/10.1016/j.0ptmat.2021.111524).

Tabela 3. Zestawienie najwazniejszych pasm wystepujgcych w widmach Ramana prébek z serii

drugiej.
Przesuniecie Ramana (cm™?) Wiazanie i rodzaj drgania
314 C-Crozciagajace grupy -CH>-
350-485 C-F w nasyconej grupie -CF;
509-612 Si-O-Si rozciggajace symetryczne
715-750; 1106-1254 C-H zginajace grupy Si-CH>
750 C-F rozciagajace grupy -CF;
730-819 C-F zginajace
842-970 Si-O rozciggajace
1097-1104 C-F rozciagajace symetryczne grupy -CF»
1035-1104 C-C rozciagajace w taricuchu alifatycznym
1216-1252 C-F rozciagajace asymetryczne of ~-CF»-
1291-1301; 1452 C-F rozciggajace asymetryczne grupy -CF,
1314-1334 C-F rozciagajace
1371-1388 C-H rozciagajace asymetryczne grupy -CHj alifatycznej
1429-1455 -CHjs symetryczne zginajace w grupie -C(CHs)2
2716-2882; 2915-2958 C-H symmetric stretching in -CHs group
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6.4. Skaningowa Mikroskopia Elektronowa

Uzupelnieniem wyzej opisanych badari bylo wykorzystanie techniki mikroskopii SEM z
uzyciem detektora EDS, ktéra pozwolila na objetoéciowa analize skladu pierwiastkowego
warstw. Badano sklad powtok zmieniajac moc wigzki elektronowej od 5 do 30 kV (z krokiem
5KkV), dzieki czemu otrzymywano sygnat z réznych gtebokosci warstwy. Przykladowe widma
zbiorcze dla prébki bez zawartosci fluoru w skiadzie, (CF)0, zamieszczono na Rysunku 15 oraz
dla probki zawierajacej najwieksza ilos¢ fluoru, (CF)10, na Rysunku 16. Z kazdego widma
obliczono ilosciowy sklad pierwiastkowy warstwy dla wszystkich prébek z serii drugiej. Wraz
ze zmiang mocy wiazki, sklad zmieniat sie w niewielkim stopniu, stad wyciggnieto wniosek,
ze warstwy sa jednorodne w swojej objetosci. W publikacji D3 zamieszczono wyniki dla jednej
mocy wigzki (o wartoéci 10 kV), co przedstawiono na rysunku Fig. 2c w postaci wykresu
stupkowego. Jak mozna zauwazyg¢, iloé¢ fluoru wzrastata wraz ze wzrostem diugosci taricucha
fluoroalkilowego prekursora wzietego do syntezy. Jednocze$nie zmniejszata sie ilos¢
pozostalych pierwiastkéw - wegla, tlenu oraz krzemu. Zmiany te byty szczegdlnie widoczne
dla stosunku F:Si (Fig. 2d publikacja D3), ktéry byl znacznie wyzszy dla prébki (CF)10 w
poréwnaniu do probki (CF)1 (odpowiednio dziesie¢ fluorowanych atoméw wegla w

strukturze alkilosilanu wzgledem jednego).

120K 3.5kv

(CF)O moc wigzki

elektronowej:

15kv
20 kv

105K

9.0K’

6.0K

3.0K

Rysunek 15. Widma zbiorcze dla probki (CF)0 z zastosowaniem zmiennej mocy wiqzki elektronowej.
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Rysunek 16. Widma zbiorcze dla probki (CF)10 z zastosowaniem zmiennej mocy wiqzki elektronowej.

6.5. Spektroskopia Fotoelektronéw w zakresie promieniowania X

Dla lepszego zobrazowania struktury powierzchni otrzymanych warstw, dla wszystkich
probek zamieszczonych w Tabeli 1 przeprowadzono badania za pomoca spektroskopii
fotoelektronéw w zakresie promieniowania X (XPS). Zmierzono widma pogladowe, ktore
postuzyly do obliczenia ilosci pierwiastkéw obecnych na ich powierzchniach. Wartosci %
atomowych zobrazowano na Rysunku 17 i 18 (takze Fig. 5, D3), odpowiednio dla I i II serii
probek. Dla probek serii II wykonano takze widma szczegétowe, z ktérych dla wegla oraz
krzemu wykonano dekonwolucje pikéw, ktoéra zostala przedstawiona na Rysunku Fig. 6

w publikacji D3.

70 M SiO2-IBTES W SiO2-PTMS ® SiO2-I0TES m SiO2-BTMS = SiO2-OTES

50
+ 40
©
ye 30
20
10 l
0 ‘
& @) Si

Rysunek 17. Procentowa zawartos¢ atomowa pierwiastkow wyznaczona na podstawie pomiarow XPS

w warstwach serii pierwszej.
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Rysunek 18. Procentowa zawartos¢ atomowa pierwiastkéw wyznaczona na podstawie pomiarow XPS,
w warstwach serii drugiej wraz ze stosunkami F:Si oraz F:C [Fig. 5 D3] (ttumaczone z Startek et al.
Optical ~ Materials, ~ Elsevier, ~ na  podstawie  licencji ~ CC ~ BY-NC-ND 4.0,
https.//doi.org/10.1016/j.0optmat.2021.111524).

Pik pochodzacy od atoméw wegla - Cls - stanowi sume oddziatywan kilku wigzan: gtéwnego
pasma pochodzacego od wigzania C-C oraz pasma od wegla grupy -O-CH»- widocznego w
probee (CF)0, a takze dodatkowego wiazania atomow wegla w préobkach zawierajacych fluor,
tj.: -CH>-CF>-, -CF- oraz -CFs. Udzial wigzania -CF>- we wszystkich wiazaniach weglowych
wzrasta wraz ze wzrostem dlugosci faricucha fluoroalkilowego, co jest widoczne szczegodlnie
w probce (CF)6 oraz (CF)10. Natomiast sygnat Si2p jest udzialem wigzania Si-O oraz Si-C,

ktore sa obecne we wszystkich zmierzonych prébkach w réznych stosunkach.

6.6. Mikroskopia Sit Atomowych

Mikroskopia sit atomowych wraz ze skaningowa mikroskopia elektronowa pozwolily na
obserwacje topografii powierzchni wszystkich prébek. Za wyjatkiem prébki (CF)10 wszystkie
probki z serii pierwszej oraz drugiej wykazaly gladka powierzchnie. Na Rysunku 19
zestawiono obrazy SEM oraz AFM dla prébek z serii I, ktére nie zostaly opublikowane.
Topografia powierzchni prébek z serii I, opisanej w artykule D1, zostaly przedstawione na
rysunkach Fig. 2 oraz Fig. 3 (D1). Powierzchnie probek serii II, zaprezentowano na rysunku

Fig. 2 zamieszczonym w artykule D2.

Dla wigkszosci otrzymanych prébek grubosé wyniosta 1,5 pm (Tabela 4). Odstepstwa
zauwazono dla trzech prébek o wiekszej grubosci (z zakresu 1,7-1,9 pm, czyli réznica

wyniosta nie wiecej niz 26%).
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Rysunek 19. Obrazy topografii powierzchni z mikroskopu SEM (g0rny panel) oraz AFM (dolny panel)
wybranych (nieopublikowanych) probek serii 1.

Na podstawie zarejestrowanych obrazéw AFM obliczono chropowatos¢ powierzchni, ktorej
wartosci R, oraz R; umieszczono w Tabeli 4 (takze Tab. 2 w D1 oraz Tab. 2 w D2), gdzie R, jest
$rednig arytmetyczng odchylenia profilu od linii éredniej a R, jest srednia kwadratowa
wysokosci profilu na odcinku pomiarowym. Wszystkie prébki, z wyjatkiem (CF)1 oraz (CF)10,
ktora wykazuje szczegélng topografie widoczng na obrazie SEM, mialy niskie wartosci

chropowatosci, ponizej 1 nm.

Tabela 4. Zestawienie wartosci kqta zwilzania (WCA), swobodnej energii powierzchniowej (SFE),

parametrow chropowatosci oraz grubodci wytworzonych warstw.

Nazwa WCA (°) SFE(mN/m) R.(nm) R;(nm) Grubosé
probki warstwy (um)
PET 80+0,4 31,50+0,86 1.39 1,79 -
SiO-IBTES  97+1,0 25,23+0,74 0,47 0,64 1,5
SiO-TMPS  88+0,4 24,28+0,38 0,32 0.42 1,8
SiO-BTMS  100+1,0  25,46+0,52 0,24 0,30 1,9
Si0-OTES 103+0,7  24,10+0,98 0,26 0,33 1,5
(CF)0 103+0,6  26,71+0,95 0,90 0,70 1,5

(CF)1 102+0,5  23,25+0,76 5,50 4,30 1,5
(CF)6 108+0,6  10,81+0,77 0,40 0,50 1,7
(CF)10 113+0,9  10,7840,69 78,3 63,10 1,5
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6.7. Zwilzalnos¢ i energia powierzchni

Wartosci kata zwilzania oraz swobodnej energii powierzchniowej wyznaczone zostaly przy
uzyciu goniometru optycznego, przez pomiar kata tworzonego pomiedzy powierzchnia
warstwy oraz kropla cieczy na niej osadzonej. Ponadto, wartoéci sktadowej dyspersyjnej i
polarnej (skladowe SFE) zostaty obliczone i opisane w pracach D1 oraz D3. Ich udziatl wigze
sie z polarnoscia grup funkcyjnych obecnych na powierzchni warstw. Probki wykazatly
charakterystyczny dla organicznie modyfikowanych silanéw charakter hydrofobowy,
osiagajac kat zwilzania dla wody powyzej 90° (Tabela 4, a takze Tab. 2 w D1, Tab. 2 w D2 oraz
Tab. 3 w D3). Najwieksza wartos¢ WCA wynoszaca 113° zaobserwowano dla prébki (CF)10,
ktéra zawierala najwiecej atomow fluoru oraz wykazata specyficzng topografie powierzchni
z parametrami chropowatoéci 78 nm oraz 63 nm odpowiednio dla R, oraz R,;. Najnizszy kat
zwilzania dla wody, 88°, zaobserwowano dla prébki SiO.-PTMS zwierajacej najkrétszy
sposrod wszystkich prébek prosty tanicuch alifatyczny - n-propylowy. Wraz ze wzrostem
dlugosci taricuchow floroalkilowych maleje wartosé SFE (Tab. 2 D2) i jej najnizsza wartosc¢
10,78 mN/m wykazata probka (CF)10, ktéra jest w przyblizeniu trzykrotnie nizsza od podtoza
(folii PET), dla ktdrej wartos¢ SFE wyniosta 31,50 mN/m.

6.8. Wiasciwosci optyczne

Wiasciwosci optyczne warstw byly badane przy uzyciu reflektometru oraz elipsometru
spektroskopowego. Dzieki technice reflektometrycznej wykredlono zaleznos¢ transmitancji
oraz reflektancji w funkcji diugosci fali w zakresie 200-1100 nm. Wyniki zamieszczono na

Rysunku 20 (takze Fig. 7a w D3, wynikéw dla serii pierwszej nie publikowano).
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Rysunek 20. Zestawienie wykresow wtasciwosci optycznych warstw z pierwszej serii (lewa strona) oraz
drugiej serii probek (prawa strona) (ttumaczone z Startek et al. Optical Materials, Elsevier, na podstawie

licencji CC BY-NC-ND 4.0, https;//doi.org/10.1016/j.optmat.2021.111524).
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Na podstawie wyznaczonych widm transmitancji mozna zauwazy¢, ze otrzymane warstwy
cechuja sie dobrymi wlasciwosciami przepuszczalnosci Swiatta w zakresie dtugosci fali 350-
1100 nm, dla ktérych wartos¢ transmitancji wynosi okoto 90%, co jest wartoscig nieznacznie
wyzsza niz dla samego podloza. Wyjatkiem jest probka (CF)10, ktéra nie jest idealnie
transparentna, dla niej transmitancja jest mniejsza i wzrasta wraz ze wzrostem dtugosci fali.
Jest to wynikiem specyficznej topografii probki zobrazowanej za pomoca mikroskopii SEM
(Fig. 2b w D3) oraz wysokimi parametrami chropowato$ci wyznaczonymi mikroskopia AFM

(Tabela 4) .

Dla probek serii drugiej przy uzyciu elipsometru wyznaczano wspoélczynniki zatamania
Swiatla korzystajac z modelu tréjwarstwowego podloze/warstwa/powietrze opisanego za
pomoca réwnania Cauchy’ego. Otrzymane wartosci wspélczynnika zatamania zamieszczone
zostaly w Tab. 3 w D3. Fluorowane polimery sa wykorzystywane w materiatach optycznych
dzieki niskiemu wspélczynnikowi zalamania $wiatta. Wprowadzenie fluoru do warstw
krzemionkowych pozwala na obnizenie tego wspoétczynnika i wykazuje jego spadek wraz ze

wzrostem ilosci atomoéw fluoru (Fig. A2 w Supplemenetary material w D3).

6.9. Barierowos¢

Bardzo wazna wiladciwoscia uzytkowa dla zastosowan folii w opakowaniach jest jej
przenikalno$¢ wzgledem gazéw. W pracy badano przenikalno$¢ wzgledem tlenu metoda
manometryczng, gdzie pomiedzy dwoma osobnymi komorami pomiarowymi umieszczona
byla probka folii i szczelnie zamknieta. Jedna komore wypelniano tlenem, pozostawiajac
druga pusta. Obserwowano zmiane ci$nienia w pustej komorze i rejestrowano na tej
podstawie ilo$¢ gazu, ktéra przenika przez material barierowy w okreslonym czasie. Stosujac
Réwnanie 1 obliczono wspoétczynnik przenikalnosci tlenu przez uktad warstwa/podtoze,
ktory jest rowny ilosci tlenu przenikajacego przez powierzchnie 1 m?2 bariery w ciaggu doby w

warunkach ci$nienia 1 atmosfery.

Po  dP(komér) A th [m2x24h><0.1MPa] (1)

4 3
0TR=<24><%><l - a4 d—”) il
W powyzszym réwnaniu kolejne parametry to:
To - temperatura w warunkach standardowych, (0 °C) ;
T - temperatura w warunkach pomiaru, (°C) ;

Po - ci$nienie w warunkach standardowych, (105 Pa);
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dPomer) — réznica ci$nien miedzy pierwsza (goérng) i druga (dolna) komora na poczatku
pomiaru, (Pa);

V - objetos¢ komory drugiej (dolnej), (10,6664 cmd) ;

A - powierzchnia pomiarowa proébki, (31, 1 cm?);

C - stala zalezna komory (bezwymiarowa).

Podczas wyznaczania wspolczynnika przenikalnosci tlenu wzieto pod uwage grubosé probek.
Wyznaczone wartosci wspotczynnikéw zamieszczono w Tabeli 5 (takze Tab. 3 w D1 oraz Tab.
3 w D2). Dla probek zawierajacych w swojej strukturze taricuchy alkilowe (seria I), najnizszy
wspolczynnik przenikalnosci tlenu, réwny 3,63 (cm3/(m?2 24h -atm)) wykazata probka SiO»-
OT. Zaobserwowano, ze wraz ze wzrostem dlugosci tanicucha alkilowego maleje
wspoélczynnik OTR. Podobna zalezno$¢ uzyskano w przypadku warstw zawierajacych
taficuchy fluoroalkilowe (seria II) - wraz ze wzrostem dtugosci taricucha maleje wspétczynnik
OTR, ktory wyniést 2,05 (cm3/(m224h-atm)) dla probki (CF)10. Probka ta wykazala

czterokrotnie nizszy wspélczynnik OTR w poréwnaniu do czystego podioza.

Tabela 5. Wartosci wspdtczynnika przenikalnosci tlenu, temperatury zeszklenia, wspdtczynnika

rozszerzalnosci cieplnej oraz wydtuzenia dla probek z serii drugiej.

Nazwa Wspélczynnik Temperatura  Sredni wspélczynnik ~ Wydluzenie
probki przenikalnosci tlenu  zeszklenia, T, roszerzalnosci probki
(cm3/(m?2 24h atm)) (°C) cieplnej 3080°C 30-140°C (%)
(ppy/K)

PET 8,48+0,48 73,72+1,52 115,34+1,23 1,71+0,09
(CF)0 5,92+0,70 83,55+1,33 41,7942,45 0,94+0,04
(CH)1 6,80+0,80 84,7+0,84 31,48+1,34 0,81+0,03
(CF)6 4,26+0,90 86,82+1,06 45,72+3,50 1,72+0,08

(CF)10 2,05+0,01 84,14+1,51 51,64+2,38 1,0240,27

6.10. Analiza Termomechaniczna

W przypadku materiatéw opakowaniowych, w szczegélnosci powlok na opakowania, ktore
moga pracowac w szerszym zakresie temperatur, wazne sa takie parametry jak rozszerzalnosc¢
termiczna oraz wydluzenie w zakresie wyzszych temperatur. Parametrem wplywajacym
posrednio na przenikalno$¢ gazéw jest takze temperatura zeszklenia [79], ktéra jest miara
przestrzennego uporzadkowania sieci amorficznej polimeru. Te trzy parametry byly
analizowane dla prébek z serii drugiej przy uzyciu jednej z technik analizy termicznej -

analizy termomechanicznej. Otrzymano termogram zmiany wymiaréw probki w funkcji
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temperatury/czasu, z ktérego wyznaczono temperature zeszklenia ukladu. Pierwsza
pochodna przedstawia zmiany wspoétczynnika rozszerzalnosci cieplnej i na jej podstawie
obliczona zostata jego érednia wartoé¢ (dolna czes¢ Rysunku 21). Otrzymane Z TMA wartoéci

parametréw termicznych zestawiono w Tabeli 5 (takze Tab. 3 w D2).

PET substrate (reference)

%: o

101,54 B

1 Glass Transition

] Onset T2T°C Measurement parameters
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Rysunek 21. Przyktadowy termogram TMA wraz z wykresem pierwszej pochodnej dla folii PET
(czystego podtoza).

Probki warstw na folii wykazaly wyzsza temperature zeszklenia w poréwnaniu do samego
podloza, a jej najwyzsza wartos¢ wykazala probka (CF)6. Wszystkie powloki wykazaly
znaczny spadek wspoélczynnika rozszerzalnosci cieplnej, przy czym najnizsza wartosc
uzyskano dla (CF)1 réwna 31 ppm/K w poréwnaniu do podloza (folii PET) réwnego
115 ppm/K. Wyznaczono takze wydluzenie probki w zakresie temperatur 30-140 °C, ktére
bylto najwyzsze dla probki (CF)6 i wynosito 1,7 %. Wartoéc ta jest niemal identyczna z uzyskana
dla samego podloza. Pozostale probki wykazaty nizsze wartoéci wydtuzenia wzglednego

probki, dla ktérych uzyskane wartosci miescily sie w zakresie 0,8-1,0%.

6.11. Wtasciwosci mechaniczne

W ramach pracy sprawdzono cechy odpornosci mechanicznej dla préobek z serii drugiej. Sita
adhezji warstwy do podloza oraz odpornosé na zarysowanie zostala sprawdzona za pomoca
testera zarysowan. Obcigzenia krytyczne wyrézniono jako Lcl - pierwsza dekohezja powtoki,
Lc2 - pierwsze uszkodzenie adhezyjne w postaci odpryskéw oraz Lc3 - oderwanie powtoki
w $érodku $ladu zarysowania. Nie zaobserwowano wszystkich rodzajéw obcigzer

krytycznych dla calej serii powltok. Od poczatku $ladu zarysowania obserwowano niszczenie
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probek. Wartosci kolejnych obcigzen krytycznych dla r6znych materiatéw przedstawiono w
Tab. 4 w D2, a formy zniszczenia powlok dla poszczegdlnych obcigzen krytycznych
przedstawiono na Rysunku 22 (takze Fig. 3 w D2). Wszystkie probki charakteryzowaly sie
stosunkowo niska odpornosdcia na zarysowania - dekohezja powloki w postaci spekan
obserwowana byla dla wiekszosci z nich od poczatku $ladu zarysowania. Wyjatkowe

zachowanie, odmienne od innych prébek, zaobserwowano dla (CF)1, gdzie pekanie i

odpryskiwanie pierwszej powloki (Rysunek 22C) zaobserwowano przy obcigzeniach

odpowiednio 0,12 Ni0,17 N.

Rysunek 22. Obraz mikroskopowy obcigzen krytycznych dla poszczegdlnych prébek: A — Lcl dla probki
(CF)0, B - Lc3 dla probki (CF)0, C - Lc1 i Le2 dla prébki (CF)1, D - Lc3 dla probki (CF)1, E - Lc3 dla
probki (CF)6 oraz F — Lcl i Le2 dla probki (CF)10 [Fig. 3 D2] (Htumaczone z Startek et al. Coatings,
MDPI, na podstawie licencji CC BY 4.0, https://doi.org/10.3390/coatings11050573).

Grubos¢ otrzymanych warstw byla wystarczajagca na przeprowadzenie badania
nanoindentacji w celu oceny twardosci powtok. Krzywe obcigzania i odcigzania probki dla
kolejnych materialéw przedstawiono na Rysunku 23 (takze Fig. 5 w D2). Srednie wartosci
twardosci Martensa (MH) oraz maksymalng glebokos¢ penetracji osiggana przez wglebnik

podczas badan przedstawiono na Fig. 6 w D2.
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Rysunek 23. Krzywe indentacji dla podtoza PET i prébek z serii drugiej [Fig.5 D2] (Humaczone z
Startek et al.  Coatings, ~ MDPI, na  podstawie  licencji ~CC  BY 4.0,
https.//doi.org/10.3390/coatings11050573).

Z uwagi na fakt, ze wciecia przekroczyly ponad 10% grubosci powloki (jak pokazano na
Fig. 6B w D2), obliczone wartosci twardosci daja informacje o calym ukladzie, tj. podlozu z
powloka, a nie o samej powtoce. Mozna zaobserwowa¢, ze w skali submikronowej badane
powlekane materialy staty sie bardziej miekkie niz niepowlekane podloze PET. Dodatek grup
fluoroalkilowych zwiekszyl twardos¢ Martensa materialu w poréwnaniu z powtoka (CF)0 bez
atoméw wegla z przylaczonymi atomami fluoru (Fig. 6A w D2). Jednak wzrost dlugosci
taricuchow fluoroalkilowych spowodowat spadek twardosci Martensa. Zaréwno analizy
twardosci Martensa jak i maksymalnej glebokosci penetracji, sugerowalyby, ze najbardziej
jednorodng z mechanicznego punktu widzenia jest powtoka (CF)1, dla ktérej te dwie wartosci

wykazaty bardzo niskg dyspersje - nawet znacznie mniejsza niz obserwowana dla podioza.

7. Podsumowanie i wnioski

W ramach pracy wytworzono serie hybrydowych warstw zol-zelowych na podtozu
elastycznym z folii PET (oraz na podlozu szklanym, jako probki odniesienia do wybranych
technik badawczych). W pierwszym etapie pracy zoptymalizowano warunki syntezy

roztworéw koloidalnych oraz warunki wytwarzania organicznie modyfikowanych warstw
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krzemionkowych. Nastepnie przeprowadzono analize ich wlasciwosci a wybrane wyniki

opublikowano w postaci artykutéw naukowych [D1-D3].

Do syntez wybrano rézne prekursory w postaci alkoholanéw krzemu, zawierajace w
strukturze faricuchy alkilowe oraz fluoroalkilowe bezposrednio zwigzane z atomami krzemu.
Grupy te nie ulegaja hydrolizie, dzieki czemu zostaja wbudowane w strukture wytworzonych
powtok polimerowych i warunkuja ich wlasciwosci. Obecnos¢ taficuchéw weglowodorowych
zostala potwierdzona za pomoca metod spektroskopii oscylacyjnej. Dzieki temu, ze
otrzymane warstwy réznity si¢ miedzy sobg pod wzgledem struktury chemicznej, mozliwe

bylo obserwowanie wptywu ich struktury na wtasciwosci fizykochemiczne.

Wprowadzenie grup alkilowych do nieorganicznej sieci krzemionkowej ma gléwnie na celu
nadanie warstwie elastycznosci. Jednoczes$nie zmianie ulegaja wlasciwosci powierzchni
uzyskanego materialu hybrydowego. Co wiecej, zgodnie z literatura i przedstawionymi
wynikami, fluorowane polimery na bazie krzemionki sa obiecujaca klasa materiatéw, ktore
zawierajy silne wigzanie wegiel-fluor, dzieki ktéremu zapewniaja trwalos¢, odpornoscé
chemiczng, odpornoé¢ na warunki atmosferyczne, przy jednoczesnym zachowaniu

elastycznosci oraz dobrych wtasciwosci optycznych.

Wytworzone warstwy nie wykazaly defektéw w postaci wtracen, krystalitow czy pekniec.
Dzieki swejjednorodnosci i wysokiej transparentnosci moga by¢ z powodzeniem zastosowane
jako materialy pokrywajace czy zabezpieczajace w ukladach optycznych, np. organicznych
ogniwach stonecznych lub innych uktadach fotowoltaicznych, takze elastycznych [80]. Dobér
prekursoréw pozwolil modyfikowaé¢ zwilzalnos¢ powierzchni w zakresie wartosci kata
zwilzania wynoszacym 88-113°. Brak absorpcji w obszarze Swiatla widzialnego oraz
wlasciwosci hydrofobowe sa bardzo wazne w przypadku urzadzen pracujacych w warunkach
srodowiskowych. Dlatego tez obiecujace perspektywy dla tych powlok ulokowane sa w
rozwoju ogniw perowskitowych lub elastycznych ogniw organicznych sensybilizowanych
barwnikami, ktére sa w ostatnich latach intensywnie rozwijane technologicznie i daza do

uzywania folii polimerowych jako podlozy.

Powierzchnie wytworzonych warstw cechujqg si¢ bardzo niskg chropowatoscig, na poziomie
ponizej 1 nm, mniejszq niz chropowatos¢ samej folii. Podobne warstwy krzemionkowe
zawierajace atomy fluoru, o zblizonych parametrach chropowatosci, ale na podtozu szklanym,
znalazly zastosowanie jako powloki antyrefleksyjne [46][81][82]. Dzieki odpowiednim

wartosciom chropowatosci powierzchni mozliwe jest zastosowanie opracowanych powlok
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jako antyrefleksyjne, poniewaz jest to wazny parametr w materiatach optycznych pozwalajacy
na osiggniecie niskich strat zwigzanych z rozpraszaniem $wiatlta. Dodatkowo moga by¢
aplikowane w ukfadach elastycznych, co stanowi o ich zwiekszonym potencjale w

nowoczesnych strukturach optycznych.

Zwiekszona barierowoé¢ ukladu wzgledem podloza predysponuje opracowane warstwy do
zastosowan jako folie opakowaniowe. Osiggniety poziom wspélczynnika OTR wynoszacy
2 cm3/(m224h atm) jest wystarczajagcy do ochrony produktéw spozywczych [61][62], w
przypadku ktérych wymagania lokowane sg pomiedzy 1 a 10 cm?3/(m?2 24h -atm). Ponadto, na
podstawie wstepnych testow wytwarzania materialéw z dodatkiem nanoczastek tlenku glinu
(wyniki spoza zakresu pracy) zaobserwowano, ze napelnienie opracowanych warstw
sferycznymi czastkami tlenkowymi pozwoli dodatkowo obnizy¢ wspétczynnik OTR. Zacheca

to do dalszych badar w kierunku poprawy wtasciwosci barierowych tych struktur.

Zastosowanie technologii zol-zel w procesie produkcyjnym jest stosunkowo tatwe i relatywnie
niskokosztowe, co w polaczeniu z wysoka wydajnoscig nanoszenia warstw moze stanowic
alternatywe dla struktur wielowarstwowych stosowanych w opakowaniach. Obecnie
stosowane opakowania wielowarstwowe sa trudne do rozdzielenia w procesie utylizacji i
recyklingu, poniewaz wymagaja uzycia duzej ilosci odczynnikéw chemicznych. Warstwy
krzemionkowe dedykowane do pokrywania materialéw opakowaniowych mogtyby zastapic
wielowarstwowe struktury. Zuzyte opakowania fatwiej bytoby uzy¢ ponownie, a co za tym

idzie, ilos¢ produkowanych odpadéw zostataby ograniczona.

Opisane w pracy syntezy moga postuzy¢ do opracowania gotowego produktu w postaci
roztworu do aplikacji na podloza szklane czy polimerowe. Dzigki uniwersalnosci metody zol-
zel, mozna zmodyfikowac lub ubogaci¢ sklady innymi dodatkami, ktére zmienig wlasciwosci

funkcjonalne warstw.
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Spis rysunkow:
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N O O s LN
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)
)
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)
)
)
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9)

Schemat mozliwosci procesu zol-zel.

Schematy reakcji hydrolizy i kondensacji alkoholanéw krzemu.

Schemat kwasowo katalizowanej hydrolizy alkoholanu krzemu w obecnosci wody.
Schemat zasadowo katalizowanej hydrolizy alkoholanu krzemu w obecnoéci wody.
Schemat reakcji hydrolizy zwiazku o wzorze (CHz3)>Si(OR)2 [34].

Zastosowanie materialéw barierowych w produktach codziennego uzytku.
Schemat zakreséw wymaganych wartosci OTR dla r6znych produktéw.

Rysunek 8. Schemat procesu wytwarzania hybrydowych warstw zol-zelowych
(ttumaczone z Startek et al. Optical Materials, Elsevier, na podstawie licencji CC BY-
NC-ND 4.0, https:/ /doi.org/10.1016/j.optmat.2021.111524).

Schematyczny rysunek komoér pomiarowych urzadzenia do badania przenikalnosci
tlenu.

10) Termogram TG dla podtoza (PET, gérny panel) wraz z pierwsza pochodna (dolny

panel).
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11) Zestawienie termograméw TG dla: podloza (PET, kolor czarny), probki SiO.-PTMS
(kolor niebieski) oraz probki SiO»-OTES (kolor czerwony) (gérny panel), wraz z
zestawieniem ich pierwszej pochodnej (dolny panel).

12) Zestawienie widm FTIR probek z serii pierwsze;.

13) Zestawienie widm FTIR prébek z serii drugiej [Fig. 1 w D2] (ttumaczone z Startek et
al. Coatings, MDP], na podstawie licencji cC BY 4.0,
https://doi.org/10.3390/ coatings11050573).

14) Zestawienie widm Ramana proébek z serii drugiej [Fig. 1 D3] (ttumaczone z Startek et
al. Optical Materials, Elsevier, na podstawie licencji CC BY-NC-ND 4.0,
https:/ /doi.org/10.1016/j.optmat.2021.111524).

15) Widma zbiorcze dla probki (CF)0 z zastosowaniem zmiennej mocy wiazki
elektronowe;j.

16) Widma zbiorcze dla prébki (CF)10 z zastosowaniem zmiennej mocy wiazki
elektronowe;j.

17) Procentowa zawarto$¢ atomowa pierwiastkéw wyznaczona na podstawie pomiaréw
XPS w warstwach serii pierwszej.

18) Procentowa zawarto$¢ atomowa pierwiastkéw wyznaczona na podstawie pomiaréw
XPS w warstwach serii drugiej wraz ze stosunkami F:Si oraz F:C [Fig. 5 D3]
(ttumaczone z Startek et al. Optical Materials, Elsevier, na podstawie licencji CC BY-NC-
ND 4.0, https:/ /doi.org/10.1016/j.optmat.2021.111524).

19) Obrazy topografii powierzchni z mikroskopu SEM (gérny panel) oraz AFM (dolny
panel) wybranych (nieopublikowanych) prébek serii I.

20) Zestawienie wykreséw wilasciwosci optycznych warstw z pierwszej serii (lewa
strona) oraz drugiej serii prébek (prawa strona) (tlumaczone z Startek et al. Optical
Materials, Elsevier, na podstawie licencji CC BY-NC-ND 4.0,
https://doi.org/10.1016/j.optmat.2021.111524.

21) Termogram TMA wraz z wykresem pierwszej pochodnej dla folii PET (czystego
podioza).

22) Obraz mikroskopowy obciazen krytycznych dla poszczegélnych probek: A - Lcl dla
probki (CF)0, B - Lc3 dla probki (CF)0, C - Lcl i Le2 dla probki (CF)1, D - Le3 dla
probki (CF)1, E - Lc3 dla probki (CF)6 oraz F - Lcl i Le2 dla prébki (CF)10 [Fig. 3 D2]
(ttumaczone z Startek et al. Coatings, MDPL na podstawie licencji CC BY 4.0,
https://doi.org/10.3390/ coatings11050573).

23) Krzywe indentacji dla podioza PET i prébek z serii drugiej [Fig.5 D2] (ttumaczone z
Startek et al. Coatings, MDPI, na podstawie licenci CC BY 4.0,
https://doi.org/10.3390/ coatings11050573).
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Spis tabel:

Wzory strukturalne zwigzkéw krzemu wykorzystanych w syntezach.
Zestawienie najwazniejszych pasm wystepujacych w widmach FTIR badanych prébek.

Zestawienie najwazniejszych pasm wystepujacych w widmach Ramana probek z serii
drugie;j.

Zestawienie wartoéci kata zwilzania (WCA), swobodnej energii powierzchniowej
(SFE), parametréw chropowatosci oraz grubosci wytworzonych warstw.

Wartosci wspélczynnika przenikalnosci tlenu, temperatury zeszklenia, wspétczynnika
rozszerzalnosci cieplnej oraz wydtuzenia dla probek z serii drugiej.
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ARTICLEINFO ABSTRACT

Keywords: In this research work, sol-gel-derived oxygen barrier coatings on elastic substrate were reported. The oynthesiz
Sol 5" . . procesz, layers depocition, and characeeriztic of phyzical and functional properties of films were presented. Two
ﬁs’fnr‘]t"'.m'ﬁ'ﬁ"d Alicare zilica-baszed hybrid aystems were studied where zilicon precursors with different carbon chain length (C3 and C5)
Barrier coating

were ueed during the zol-gel oyntheiz. The microscope images chowed that the produced coatinge were fres of
dafactz and had smooth surface with more hydrophobic character than polysthylens terephthalate uoed ac a
subatrate. The coatingz were dezigned to improve barrier parameters for oxygen tranzsmicsion through the foil,
that wan achieved by one-zide layer depogition wsing spin-coating technic. The oxygen transmiozion rate of the
substrate coversd with one of the two different coatings examined by manometric method decreaged by 35% o
54% of the initial value. Lower oxygen permeability was achieved for the sample containing octyl groupa, which
showed higher content of carbon atomz on the surface, higher value of water contact angle, and lower roughnes:

Oheygen Eransmission rate (OTH)

paramebers.

1. Introduection

Silica is one of the most common minerals in the Earth’s erust, and
over time it has been inomoduced into engineering [1,2]. The main re-
actions of the sol-gel process — hydrolysiz and condensation chemistry —
provide inorganic oxides or hybrid materials wsing organometallie
compounds, alkoxides, metal alkoxides, inorganie oxides or metal sales.
The reaction rate (and thus the fabrication time) iz limited by precursors
reactivity; however, the sol-gel chemiztry is still one of the most widely
uzed and smdied Aelds of materialz engineering [3]. Due to the possi-
bility of introduction of many different subsrates into the zol-gel zyn-
thesis and warious process conditions, one can obtain different final
products in terms of: eomposition, structures, funetionality, and forms
[4]. Based on the zol-gel proceszes, products in form of cryztals, ce-
ramics, glass materials, fibers, flm:, monoliths, and powders can be
fabricated at relatively low temperatures [1]. Thanks to the prezence of
the free hydroxyl groups in silica materials, there iz a possibility to
modify oxides surface in a relatively simple way to get proper fune-
tionality. It iz important among others in producing membranes [1,5].

Metal-oxides marterialz have a high loading ecapacity for drugs,
chemicals or therapeutic molecules. In addition to easy processing [5,6]

and a low cost of production they became difficult to replace for those
applicadons. Furthermore, amorphous silica and silicates are presented
as safe substaneces by the U.5. Food and Drug Administradon [7]. Ae-
cording to thiz data they could be used az oral delivery ingredients in
amount: up to 1500 mg per day. Amorphous silica has been widely
applied as an additive in cosmetics, food, and drugs [2,9]. Thus, the
ziliea layers can be applied as safe material, ezpecially in packaging of
food.

The nanosouctured oxides produced via the sol-gel synthezis have
many applications. For example, the porous silica-alumina materials are
well known in chemistry engineering as good catalyst carriers. For this
applicaton, one can modulate the quality and quantity of the free sur-
face area and the pore diameter [10-12] (similar approach can be useful
when barrier coatings are conzidered to be produced). Sol-gel-derived
titanium oxides are biocompatible and can be uzed as a bone tissue
rectoration material thanks to a porous character which helps in healing
and self-repair of the tissues [13,14]. The wide group of oxide-bazed
coatings obtained by the sol-gel process shows wvarious functiomal
properties. They have shown good corrosion protection [15-17] and for
non-toxic character they have started replacing conventional polymer
andeorrozive coatings. Among functional coatings, there iz a group of
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zilica-bazed flms owning hydrophobic, hydrophilic or oleophobic
properties in chemical production and they are uszeful in building in-
dustry for facades and concrete protection [15-20]. Titania and zilica
coatings with good optical and and-reflective propertes are uzed in
optics and zolar cells [21,22]. Moreower, the coatings find application in
zenzing [23] and mechanical protection of different substrates including
polymeric [24,25]. Eventually, the zol-gel coatingz are investigated in
packaging production as barrier coatingz with lower oxygen trans-
mizzion rate [26-23]. In addition to their nontoxie and biodegradable
character, they could be alzo easily deposited uzing different methods,
for example, roll-to-roll, calendar coaters, knife-over-role, blade coating,
dip-coating, spin-coating, and spray coating. That werzadlity of the
deposition methods iz a big advantage of those solution-derived mate-
rials and prowvidez a kind of benefit of the sol-gel method over other
technics used for obtaining layers.

The ceramic coatingz, ured alzo to prevent permeation of zome gases,
are widaly deposited by physical vapor depasition (PVD). This method
haz many advantages, such az low layer thicknez: and good barrier
properties [29], but the main dizadvantages are high costs of the process
and impossibility of covering bigger substrate area. Therefore, in this
article, we propoze eazier sol-gel method for fabricadon of layers on
elastic zubstrate with not zo0 high barrier propertiez az PVD-bazed
coatings but good enough to be implied as covers for food packaging.

Aluminium oxide barrier coating, with 15 pm thickneszs deposited on
pelypropylene (PP foil via reactive thermal evaporadon, decreased the
Oxygen Transmission Rate (OTR) value from 2700 em®/(m”-day) to
around 80 em®/(m*.day). Whereas, metalized PP foil with aluminium
decreazed itz permeability for oxygen to 25 cmB_.-‘th-rlajr] [30]. Thin
coatings of silicon compounds, which are optically transparent in the
vizible range, can be alzo depozited by plazma-enhanced chemical vapor
deposidon (PECVD) [31,31], reactive evaporation, electron-beam
evaporation of 505, and by sputtering. Among these methads, PECVD
allows industrial-zeale depasition of high-guality barrier coatngs with
good homogeneity and good adhesion to the substrate [33]. Howewver, in
vapor deposidion, getting thick layers on elaste zubstrates, when the
zurface of the polymer iz not ideally smooth, may result in transfer of
defects from a substrate to a coating layer [34]. For that reazon, there is
a possibility of obtaining layer with holes and defeects which effects in
lower barrier propertiez or functionality of the final eoating [35,36].
Ezpecially in the case of inorganic barrier layers consisting of dense
metal oxides (e.g. alumina) or zilica, permeation of gaze: (including
oxygen) occurs through low-zize defects like eracks or pinholes in the
nanometric and micrometric scale. Those defects are usually generated
during the production process of the layers and their further processing
[37,38].

Faor fabrication of good barrier protection uzing elastic substrate in
form of foils, there iz a limitation due to temperature resiztance of
polymers. During the sputtering of metallic flms the temperature is
relatively high and thus provides destruction or deformation of the
polymer substrates due to the differences in thermal stresz [39]. By
changing the morphology of the amaorphous polymer layers, the prop-
erties of the given layer and the polymeric substrate can be changed as
well. In the case of low temperature sol-gel process, such changes during
the manufacturing stage are limited.

In general, the best barrier properties are reached by multilayer
structures on elastic substrates [40], which reduced the OTR from 75 o
0.005 tmgf[mJ-MYJ in comparizon to a commercial unmodified poly-
ethylene terephthalate (PET) foil. The ORMOCER coating deposited in a
form of multilayer structure on PET foil reduced the permeabilicy of
oxygen and water vapor relative to the PET flm itself [37]. This solution
iz recommended rather for use in photovoltaic panels for lamination or
encapsuladon of devices than for zimple ecovering the packaging foil
However, the fabrication of multizructures are sdll difficult to be
implemented inte mass production. Alzo the thick zingle layers depos-
ited by wapor technies show lower values of permeability coefficients but
the ecost of production by those technics are higher than using wet
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chemistry methods. For that reason, there is still a good chance in
fabrication of a universal product which could zhow good barrier
properties and eaziness in deposition on different substrates using sol-
—gel technic.

Herby, we prezent zol-gel-derived hybrid eoatings on polyethylensa
terephthalate foil with lower oxygen ransmizzion rate values in com-
parison to the bare substrate. Prezented method of barrier coatings
fabrication iz low-temperature, relatively low-cost, and in addition
brings freedom in the salection of the deposition technie. Due to thesa
features, it could be more useful for covering bigger supports area in
chorter time than uzing vapor methods, what shows a big predominance
of this technology.

2, Marterials and methods
2.1. Materials

The following chemicals were used for syntheses: propyloiethox-
ysilane (PTES), octyltriethoxysilane (OTES), both from Sigma-Aldrich,
and ethyl silicate (ES) form Wacker as szilica precursors, deionized
water, 9% ethanel, and hydrochlorie aeid.

2.2 5ol preparation

Syntheses have been provided via the sol-gel process by hydrolysis
and condenszation reactions of silicon-based compounds, which were
going zimultanecusly but with the rate dependent on the pH of the so0-
lution. To shift the equilibrium toward hydrolysis, the acid catalyst was
uzed. In these symtheszes both inorganic and organie silicon precursors
were applied. For fabrication of two different layers, similar synthesiz
procedure was followed but once the propylomiethoxyzilane was used
(zample 5i02-PT) and in the other caze (zample 5i02-OT), octyl-
triethoxysilane replaced PTES. To obtain the sols, PTES (or OTES) was
mixed with ethyl zilicate, sthanol, and deionized water at appropriate
molar ratio. After stirring for 1.5h at room temperature, the solutions
were kept under the vacuum by 3 hs to evaporate part of the solvent and
later was stored at 60 °C for two weeks.

2.3 Layers fabrication

The barrier layers were deposited on a polyethylene terephthalate
foil (Melinex St504 with 175 pm thicknesz: produced by DuPont Teijin
Films) az a substrate uzsing spin-coater. Before depositon, the subsmates
were washed with ethanol and isopropancl using ultrasonic bath and
activated by plasma treatment. Two different shapes of substrates were
uzed. Squares with dimensions 2.5 cm = 2.5 ¢m were taken for structurs
and topography determination. For analyzes of oxygen permeability,
dizez with 7 em diameter were prepared. In the next step, the sol was
cooled down to room temperature and the amount of 0.8 mL or 1.5mL
was deposited on square amd round substrate, respectively with
8000rpm rotation speed. After deposition, the samples were condi-
tioned at room temperature for one day and later were dried at higher
temperature for 2 weeks. The final coatings reached almost 2pm
thickness.

2.4, Methods of loyers charocterization

To confirm the presence of characteristic chemiecal bonds in the
organosilicate network, the Fourier Transform Infrared Spectrozcopy
(FTIR) analyziz was provided with the Attenuated Total Reflectance
(ATR) diamond attachment uzing the Bruker FTIR Tensor 27 apparatus.
The zpectra have been regiztered in the range of 400-4000 cm 1 with
4em” ! resolution using 32 number of seans.

The atomic composition on the coating surface was observed by
uzing the X-ray Photoelectron Spectrozcopy (XPS). The zpectra during
the measurements were collectad from 1 mm? of the surface in the Ultra
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High Vacuum zystem (Pre-Vacl.

The zurface morphology was investizgated by the Scanning Electron
Microzcopy (SEM/FIB - FEI HELIOS NANOLAB 450HP). Before imaging,
the Pt layers were deposited on the zamples surface using vacuum
sputtering.

The topography of the layers was analyzed by the Atomic Force
Microzcopy (AFM) (FastSean, Bruker) working in the air conditions and
equipped with the SCM PIT probe, with zpring constant 2.8 Nm ! and
rezonant frequency of 75 kHz (length 225 pm). The measurements were
performed by PEAKFORCE QNM mode AFM technic. The roughness
parameters R, and Ry were evaluated from the surface of 2.5 pm?. R, iz
the arithmetic average deviation of the profile from the mean line and R,
iz the root mean square of the height of the profile an the meazuring
section.

The wettability and Surface Energy properties were analyzed using
the Goniometer OCA 35 (DaraPhysics). The value: of contact angles
(CA) were determined with a water drop volume of 3 pl. The prezented
walues are the average of ten single measurements for each sample. The
Surface Free Energy (SFE) were calculated using Owenz-¥YWendt method
bazed on contact anglez values of owo different standard liquids with
polar and non-palar character — water and diiodomethane. SFE (y5) of a
zolid is a sum of a polar and dizpersion force components (Eq. (1)) The
polar foree component (yp) iz a sum of hydrogen, acidie/bazic and in-
duction interactions, whereas the dispersion force component (y4) de-
Hnes the strength of intermolecular interactions named London forces.

For SFE calculation by the Owens-Wendt method, the following
equations are used:

n=r+y (m
ra=rs+ w2Vl 1) + 7T ) ) (2

where: 5 — 5FE on the contact surface between zolid and test liguid; y5—
SFE of =zolid; y; — SFE of test liquid, and equation:

w= Vi) - 2Tt (3)
where: & — contact angle between tested surface and standard liguid.

The oxygen permeability tests using a manometric method were
provided according to the PN-EN IS0 2556 standard using a device of
Remi Plast production. The device includes two chambers between
which a tested zample is located. The upper chamber iz connected to a
zystem delivering the analydcal gas for the measurement allowing to
cantrol the gas Aow. The bottom chamber is equipped with a zeal and a
zintered glaszs dizc and iz connected with a pressure change sensor. The
parameters of the uzed zystem are given in the chapter 2.5. During
measurements, one side of the barrier (chamber 1] is subjected to the gas
flow {oxygen) at a pressure of 1 bar (0.1 MPa) and the preszure change
on the opposite zide of the barrier (chamber 2) iz obzerved and referred
to the quantity of the oxygen migrated from the upper chamber through
a barrier foil. The testz have been conducted during 3 h for three samples
of each structure.

The density of the fabricated samples and materials were analyzed
uzing the high resolution Helium Pycnometer (AccuPwye IT 13400 of
Micromeritics production. The meazurement medium was high purity
helium which penetrated free volumes in the material ensuring high
rezolution. The measurement chamber, where zamples were placed, had
the volume of 3.5 cm” with around 80% chamber filling with the sample.
During meazurements, the measuring cell was automatically purged
thirty times before analysis of each sample to ensure the high accuracy
of the resultz. The meazurements were provided in room condition at
temperature around 23°C.
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2.5, Calculation of oxygen transmission rate (OTR)

The value of oxygen permeability coefficient was caleulared on the
baziz of the pressure change in the measuring chamber 2 at ambient
temperature according to the formula (4):
DTR:(H\E\L\;\ 107~ V\\E} =C

T P dPiamten A dr
d ort® X mm
“ W X R = 0.1MPa

(4]

where:

Tp - 273K

T - temperature under measurement conditions, (K)

Py - prezsure under standard conditions, (100 000 Pa)

AP chambers) - Preszure difference between chamber 1 (upper) and
chamber 2 (bottom) at the beginning of mearurement, (Pal

V - volume of chamber 2 (borttom), (106664 em®)

A - sample surface — measured active area, (23.76 [!1]11)

C - chamber dependent conztant value {dimensionlezs) (1)

d - zample thickness (mm].

3. Resultz and discuszion

3.1. Chemical composition using FTIR spectroscopy

The chemiecal structure of the fabricated layers was analyzed by FTIR
uzing simple ATR method with diamond erystal The spectra were used
to confirm the presence of the funetional groups in the fabricated
eoatings. Fig. 1 shows the FTIR spectra of the two samples, 5i05-PT and
5i0,-0T, where zilica network was enriched with propyl (—-CsH+) or
octyl (—CgH7) groups, respectively. The spectra of both coatings were
not substantially different and showed the prezence of both carbon
chains and silica oxide bridges which built the structure of the fabricated
layerz. The most important bands observed in the FTIR zpectra, azsigned
to the zpecific vibradons of the network bonds, are marked in Fig. 1.

The band appearance at the 944 em ™! wavenumber eomresponded to
the stretching vibraton of 5i-0-C group, which was present in the final
coatings structures. There were alzo seen peaks from deforming vibra-
tion of C-H bond of organic chainz located in the ranges of
2057-2924cm | and 1400-1460cm ™|, The intensity of these bands
were different because of the length of the organic chain structure in the
two coatings and for this reason 5i0,-0T sample showed more intense
bands at that region than 5i0:PT. For both coatings, a band of

] sioo1
8 CH,
[iv] HJ“I
8 il
5 \\
E ] SO0
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B
[ ] -OH CH
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ig. 1. FTIR spectra of the two obtained coatingz, 5104-PT and 5i04-0T.
e tingz, - -
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symmefric stretching vibration of -CHz group from organic chains (at
2855 cm | and 2872 cm ') were observed. One of the strongest band at
lower wavenumber range (432 em Yy indicated the wvibration of 5i-C
bond of organosilanes from organesilica precursors chaing which have
been built into the silica oxide structure. The other strongest band at
around 1026 em ' and 1042 em ! of wavenumbers corresponded to
strong asymmetric stretching vibration of 5i-0-5i bond in the zilica
matrix and indicated that expected silica nenwork haz been formed
[41-43]. There was also a band corresponding to the 5i-OH stretching
vibration of terminal silanol groups that oceurred centered near
3400 cm ! [6]. Bazed on the prezence of characteriztic bands in the FTIR
zpectra, we can conclude that orgamosilicate networks have been
formed, which include organic chainz of different length derived from
organic silicon precursors.

3.2, XPS measurements

Atomic compaosition of the coatings surface was observed by means
of photoelectron spectroscopy in the X-ray range. Measurements using
this method allow quantitative analysiz of the atomic composition of the
zurface layer. From the obtained XPS zpectra, the amounts of individual
element: occurring on the surface of the layer were calculated. Per-
centage of individual elements and the ratios of particular elements in
relation to each other are given in Table 1.

The presence and quantity of the atoms of the following elements: C,
0, 5i, identified on the surface of the obtained layers with the uncer-
tainty of the amounts of particular atoms percentage ranges from 0.07%
(51 atoms) to 0.12% (C aroms), allows to zee small differences in the
zamplez surface composition. Due to the varions structures of the two
organic precursors, one can observe differences in the amount of carbon
and oxygen atoms. The 5i0.-PT sample, synthezized with ethyl silicate
and propylriethoxyzilane which contained the propyl chain attached o
the zilicon atom, showed higher amount of oxygen atoms and lower
amount of carbon atoms on the surface in comparison to the sample
which had octyl chains (5i04-0T). The ratio of C/5i and Q51 for thoze
two samples differ slightly (Table 1) showing thiz tendency. Higher O/51
rado in 5i05-PT (1.53 in comparison to 1.446 for Si0.-0T) could prove
thart thiz zample has more -OH groups and/or oxygen bridges on the
zurface. At the same time, the C/5i rado is slightly lower (2.71 vs. 2.83
for 5i04-0T) although, compering the length of the functional chainz,
one might expect much higher carbon content for Si0,-0T. The C:0:5i
atoms ratio in 5i02-PT corresponded well to the walue of the stoichio-
metric molar rados of the precursors and to the composidon of the
formed silica-based network. The same ratio was not in agreement with
the initial composition of the 5i0,-0T sample chowing lower content of
C atoms. The result may suggest that longer octyl chainz of the 510,-0T
zample are mostly directed towards the oxide volume where they are not
detected by the XP5 technic. The described analysiz indicated that pre-
cursar zelection affects the composition of the layer surface and volume,
which give different properties of the coatings as will be discussed
hereafter on the example of the surface wentability.

3.3. SEM imaging

The sols deposited on properly cleaned polyethylene verephthalate
zubstrate formed adhezive layerz. SEM imagesz (Fig. 2) have not sthown
any damages such ar cracks or other possible defects. The flexible

Table 1
The parameters of obtained layers: percentage of each elements on the surface
and their ratioz (bazed on XPS analysiz).

Sample Percentage af each lements on surface (%) Ratics of elements
C 0 Si %1 OySi

Si0-PT 51344 012 29,04 £ 0.09 1894 4 0L07 an 153

8i0-0T 5353+ 012 27.58 £ 0.09 TELES =+ 0L07 283 L46
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coatings of hybrid organic-inorganic netwaork were able to cover effec-
tively the elaztic foil.

2.4 AFM imaging

The topographies of the zamples measured uzing AFM are presented
in Fig. 3 and the resultz of coatings roughness analyziz are presented in
Table 2. The coatings had a smooth surface with the roughneszs values
which do not exceed 0.42 nm (being slightly higher for 5i0;-PT) and are
much lower in comparison to the roughness of the substrate, which had
1.39 nm and 1.79 nm of Rq and Rg values, respectively.

The Al,0y coating: deposited onto glass prisms uszing pulsed laser
deposzition shows roughness parameter B, below 10 nm [44] where the
unireated reference reach By =50nm. Described in our work coatings
show very smooth surfaces which could be partdeularly interesting for
optical materials applications.

3.5. Werability properties

The water contact angle (WCA) for the subsirate waz measured as
80° and for the coating named 5i04-PT it reached zimilar value of 85°.
However, for the zecond coating, SiQ:-0T with longer organic chains in
the zoucture and higher carbon atoms content on the surfaee, it reached
103°. With increazing the length of the organie chain, higher hydro-
phobic propertiez of the fabricated coating was achieved. Thus, it was
cthown that the hydrophobic properties of the obtained layers can be
dezigned by wusing different orgamic precursors. These resultz are
collected in Table 2.

The Surface Free Energy (SFE) were examined uwsing Owens-Wendt
method, where water and diiodomethane were used az two of the
standard liquidz. For this two liquids, tem values of contact angle wera
analyzed and mean of theze value: were uzed to caleulate the SFE.
Dispersive and Polar component of the SFE were alzo calculated to show
the influence of the particular component in the total SFE value.

The highest value of the SFE was shown for the untreated polymeric
zubstrate (PET foil), which reach 31.50 mN/m. It was obzerved that with
the increaze of the WCA, the S5FE was decreasing and the zurface
revealed the hydrophobic character. The 5i0+-0T sample had the lowest
SFE reaching 24.10 mN/m, where the main force component was the
dizperzive one. It is correlated with the presence of more nonpolar (octyl
chain) groups on the coatings surface, which are responzible for
dizperzive forces. The lower oxygen content, as indicated by the XPS
analyzis, would alzo explain the lower polar component. The 5i02-FT
zample showed similar value of SFE to 5i0.-0T but, at the same dme,
15 lower value of WCA. It was related to the participation of the polar
force component in the case of 5i0,-PT where the polar force component
plays greater role in the SFE than in the 5i04-0T sample (zee Table 2).
The presence of longer alkyl chain in coatings structure effected higher
dizperzive force component role in the SFE value because of itz high
nonpolar character [45]. The higher part of the polar force component
was relared to the lower contact angle value for water (polar substanee).

3.6. Oxygen permeability and density measurements

The gaze: transport mechanizm through the polymer dense mem-
brane iz described most often by a sorption-diffusion theory [46,47]
where the concentration and the amount of the gas adsorbed on the
polymer surface have influence on the ga: migration rate. In this
mechanizm, the free volume in the polymer matrix affects the sorption
and transport of gas molecules [42]. The gas tranzport mechanizm in
zilica/PET structure iz more complex whers both diffuzion and perme-
arion by defects coexist. But comparing the coating samplez between
each other shows that the defect-mechanism iz the most important. The
gas permeation across the oxide layers is determined by concentration of
macro- and nano-defeces in the flm [49]. Alzo the boundaries between
grain-like structures in 50y marerials could affect those defects [50].
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Fig. 2. SEM images of the 5iO,-PT (left) and 5i0,-OT (right) samples (with 10 um zcale bar).

Si0,-PT

$i0,-0T

Fig. 3. AFM images of surface topography of the SiO2-PT (left) and SiOOT (right) samples.

Table 2
Values of R, and R, rough P fori igated ples and wettability parameters and SPE values with disp and polar p of ob d layerz
and PET subatrate for comparizon
Sample WCAC) SFE (mN/m) Dispersive component (mN/m) Polar component (mN/m) Re (nam) Rg (nm)
Si0-PT 88+ 04 24.28 18.21 6.07 0.32 0.42
Si0,-0T 103+07 24.10 23.72 0.38 0.26 033
PET 80+ 0.4 31.50 25.25 6.25 1.39 1.79
Therefore, examining the approximate structure of the measurement time for better stability of the samples during interaction

organic-inorganic layers is bl pecially when org: pre-
cursors form free volume spaces in the investigated matrices.

After the oxygen permeability measurement and plotting the pres-
sure change graph as a function of time, the value dp/dt was determined
and substituted into the formula (Eq. (4)) given in the chapter 2.5. The
values of oxygen permeability coefficients were calculated for the pre-
pared samplez and the results are given in Table 3. The oxygen trans-
mission rate for the PET substrate was 7.98= 2.50 cm® mm/(m”.day)
and for the tested samples it was lower and has reached the values of
5.18 em® mm/(m*day) and 3.63 cm®mm/(m?%day) for SiO,-PT and
5102-0OT, respectively. Thus the barrier properties of the coatings was
chown. The high uncertainty for the substrate could be caused by sub-
strate inhomogeneity or by higher SFE which probably requirez longer

Table 8

with oxygen to obtain more accurate results. The product technical data
sheets for the Melinex ST504 foil gives the value of 6.0 em*/(m>.day) for
150 um thick foil so0, the parameter measured here for 175 ym thick
substrate does not vary significanty from that value [51,52].

There are a few parameters that could have allowed to decrease the
OTR values. Roughness of the active surface ic one of them. When it is
high, the specific surface area increases; therefore, higher amount of gas
molecules could adsorb on the coatings surface and in the further step
diffuse into the bulk. Moreover, when the grains are bigger then, the
roughness is higher and the inhomogeneity of the coating appears what
affects the permeability of gases due to the defect mechanism of
permeation. For the 5i0,-OT sample, that showed the lowest R; and Ry
parameters, the oxygen permeation decreazed to 46% of the value

The resultz of oxygen permeability and denaity of the obtained samples and unmodified polymeric substrate.

Sample Permeability OTR (an®-mm/(m*-day)) Percentage gas permeability related to unmodified PET foil Density (g/cm?) = SD
Si0-PT 5.1840.08 65% 1.4057 £ 0.0019
$i0,-0T 3.63+0.09 A6% 1.4066 < 0.0027
PET (substrate) 798+ 259 100% 1.4004 £ 0.0033
Si0x-PT gel - - 1.3687 £ 0.0025
Si0z-OT gel 1.2303 + 0.0014
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reported for the rough PET foil, that was also 70% lower value in
comparison to the 5i0,-PT.

As reported by Shahriari et al. [53], for a sol-gel-derived acylie-zilica
hybrid composition on polymeric biaxially oriented polypropylene
(BOPP), the OTR value decreased to 271 em”/{m®day) from 2010
em®/(m® day) regiztered for BOPP itself. Another report showed Si0,Ny
oxygen barrier films on polymeric substrate produced by capacitively
coupled PECVD at low temperature to improve barrier properties of PET
foil [54]. It was clearly shown that the additive coating on PET surface
reduced oxygen permeability from 21.8 r:mjﬂml-day] to 0.08
em*/(m*.day). Thiz value of the OTR iz suitable for packaging usage
although, thiz method iz too expenzive to be eazily implemented into
mazs production. Our results prowved that the sol-gel syntheziz and wet
deposition methods could give another possibility for the reduction of
oxygen permeability of packaging foils, especially when used on sub-
strates with high OTR parameters (e.g. BOPP and low- or high-density
polvethylene).

Densities of the samples were also invesdgated for the untreated PET
foil (zubstrate) and foils modified with the 5i04-PT or 5i05-0T coating.
Additionally, the rezidual gels (zolz dried after film: depozition) named
“5i05-PT gel” and “5i05-0T gel” were measured. Theze zamples were
treated in the same way and at the zame condition of aging and drying as
the fabricared layersz. The resultz of the measurements are given in
Table 3.

The denzity of zilicon oxide thin flm: on polymeric substrate for
barrier properties has alzo major influence on gas permeation. The lower
density of the coatings results in higher permeation of measured gases
[55]. In our work, two of the obtained samples Si0:-PT and Si0-0T
thown zimilar density valuer reached 1.4057+0.0019 g/em”® and
1.4066 =0.0027 g;.fcm! rezpectively. Uncoated PET foil (substrate) had
1.4004 =0.0033 g;fcm"* density. In general, there iz a correlation be-
tween the density of the structure and the OTR waluez of fabricated
zamplez and when the density of the material increases, its oxygen
permeability decreazes. But here, thiz correlation iz not vizibly notced
because the major part of the meazured zample density haz accounted by
the substrate (PET) maszz. Neverthelezs, there was a significant differ-
ence in the density of the 5i0;PT and 3i0;O0T gels as they showed
values of 1.3687 = 0.0025 g/cm”® and 1.2303 = 0.0014 g/cm”®, respec-
tively, which was caused by different alkyl chain in the residue gel: and
coatings stuctures (lezs dense structure with longer chainz). For the
coatings, thiz difference in density was not significant or did not play an
important role in the gas permeation.

Eventually, not only the density of the layer and its chemical strue-
ture but alzo the appearance of an addidonal boundary between layers
and the substrate affects the permeabilicy of gases because of different
zolubility of permeated gas in different materials [56,57]. The hydro-
phobic character of the coating surface and interaction of the organic
chainz prezent in the coating have important role in oxygen perme-
ability. Higher WCA of the layer and longer organic chain: in the
structure decreased the oxygen permeation of the tested barrier
coatings.

4. Conclusions

Silica sols bazed om ethyl zilicate and two different organoziloxanes
were synthesized at low temperature by the sol-gel method. The
organic-inorganic hybrid eoatings were deposited on flexible PET sub-
strate. SEM and AFM imaging showed defect-free and wvery smooth
surface of those layers with Rq and Rg parameters below 0.5 nm. FTIR
and XP5 zpectra proved the prezence of zilica network modified with
organic chainz embedded in the chemical structure. 5i0,-0T zample
with octyl groups demonstrated hydrophobic properties of the zurface
having the WCA higher than 90°. The oxygen permeability tests and
density analysis were performed for the coatings. The results showed
better oxygen barrier performance of the obtained samples in compar-
izon to the bare zubstrate (54% lower OTR value for 5i0,-0T than for
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PET foil). Reported barrier layers properties are encugh good for uzing
them on metallic or composite tank for raw materialzs [55-560]. Howevear,
the zol-gel technic and liquid form of the sol give the freedom in
choosing the deposition method, inereasing the fAlm thickneszs, and
further modification of the layers compaosition and strucoure for getting
maore dense samples, that should allow to decreaze zignificantly the gas
permeabilicy. Thiz zolution could be important in the industy area of
packaging where roll-to-roll methods are the most useful for coatings
depasition.

CRediT authorship eontribution statement

Kamila Startek: Conceptualization, Investigation, Writing - original
draft, Formal analyzis. Jacek Marezak: Writing - review & editing.
Anna Lukowlak: Supervision, Writing - review & edidng.

Acknowledgements

The Authors wish to thank: M3¢ Anna Szezurek and Dr. Jusiyna
Erzak from Mechanical Department Wroclaw University of Science and
Technology for the cooperaton in caze of the Oxygen Permeability tezts;
Dr. Rafal Szukiewicz, Head of Solid Stare Physics Laboratory from
Lukasiewicz Research Network — PORT Polish Center For Technology
Development for AFM and XPS measurements. K.5. aclnowledges
Minisery of Science and Higher Education in Poland for financial support
within “Applicarion PhD programme™ No. 7/DW,/2017/01/1.

References

I

M.C. Gongalves, Sol-gel silica nanoparticles in medicine: a natural choice. design,

synthesis and products, Molecales 23 {3018) 2021, htips:

mplecul 82021,

[2] M.C Gongalves, F. Margarido (Eds.), Materials for Constroction and Civil
anlnnnng iprmgrr International Publishing, Cham, 2015, hetps://doi.ong.

0. 1007 /97 8-3-31 S-08236-3,

[3] l."J Orwens, B, Singh, F. Poroutan, M. Algays, C.-M. Han, C. Ha}n]lwtﬂ. H.
W. Eim, J.C. Enowles, Sal-gel based materiaks for biemedical applications, Prog.
Mater. Sci. 77 (2016) 1-79, hetps://doi.ong/ 10,1016, PMATSCT 2 2.0001.

[4] 5. Yamabe, 5. Olumate, . Padmanabhan, Saol-gel resctions: theory, Ref. Modal.
Mater. Sci. Mater. Eng. (2016), https// dolorg,/ 10,1016,/ B578-0-12-803581
B £

[5] R.K. Tler, The Chemistry of Silica. Solubility, Polymerizatiom, Colloid and Sarface

Properties, and Biochemistry, Wiley, 1979, hitps,//doiorg /10 1002,

ange. 198005

& Physics and Chemistry of Sal.Gel

Food and Drugs- Acetic Acid,

[8] M.E. Easaai, Nanosized particles of silica and its derivatives for applications in
variows branches of food and noirition seciors, J. Nanotechnol, 3015 (2015) 1-6,
hittps//dol.org/10.1155/2015,/85 ke

[9] MR Go, 5. Bae, FL-J. Kim, 1. ¥n, 5] Choi, Inferactions betwesn food additive
silica nanoparticles and food matrices, Promt. Microbiol. B (2017) 1003, hitps:
dol.org/ 103389, fmich. 201701013

[10] Z. Son, C. Bad, 5. Zheng, X. Yang, R L. Frost, A comparative study of different
porous amorphows silica mmmLi supparied 'T‘Iﬁ'g thu'l:.r'rh AppL Catal. Gen. 458
(2013) 103-110, haps: o

[111 H. ¥an thillo, P. Badar, Lamutte, 1. Grog T,

Preparation, 2002. htips

patenes go
[Accessed 14 April 2019). acoessed.

[12] Y.T. Qi, C.H. Zhe, X. Ning, Effect of silica particle size an textare, strctare, and
eatalytic performance of Cn/Si0, catalysts for ghyeerol hydrogenolysis, Russ. 1.
Phys. Chem. A. 92 (2018) 449455, hetpe://doiorg/10.1134

ke
[13] B
bone tsswe restoration
PR- 213248, hitps |
[14] ALM. Greer, T.S. Lim, AS. En‘durw..l’il" d, M i ility of
sol-gel annealing with titamiem for clr!hl:]undlr roestheses, I Mam-r Sei, Mater.
Med. 27 (2016} 21, hitps://doi.org/10. 1007 /5108560
[15] D. Wang, G.P. Bierwagen, Sol-gel coatings on metalks far :nmmm pnm-ﬂlclu
Prog. Org. Coating 64 (2009) 327-338, htips://dolorg/10.1
P L OR.O10,

ino, C. Vitale. rrarone, Bioactive glass and glas—ceramic foam sciffolds for

B’|mﬂl. .T-'l:am issee Eng. Appl., Ebsevier, 2014,

[16] S‘R sk, P Cardoso, LV R Belrami, C.T. Ofiveira, T L. Menesres, 1.
Z. Ferreira, Cde F. Malfatti, SR, Kunst, FLEP. Candosn, LY R, Belirami,
T. Ofiveira, T.L. Menezes, 1.Z. Ferreira, C.de F. Malfarti, New sol-gel formulatioms
0 increase the barrier effect of a protective coating against the cormosion and wear




K. Stortekc et ol

71

[y

=1

[201

[z11

[z21

[x31

[24]

[Z51

[261

[z81

[x%1

[307

[311

[331

[34]

[351

[361

of galvanized steel, Mater. Bes. 18 (3015) 138-150, htips//doi org/10. 1590,

1516-1439.288914,

E. Varirinasal, B. Jafari, G. Momen, A of s coatings as a

comosion barrier: a review, Surf. Coating. Technol. 341 (2018) 40-56, htips,//doi.

org/ 101016/ LSURFOOAT. 2017, 11053,

M.T. Reetz, A Zonta, J. Simpelkamp, Efficient immaobilization of lipases by

entrapment in hydrophobic solgel iaks, Biotechnol. Biceng. 49 (2000)

527-534, hetpes//doi. org/ 10, WOZASICT L097-02901 99603054 9: 5 527::ATD

BITS=>3.0.0052.

W.C. Giacoms Moriconi, Francesca Tittarelli, Review of silicone-bassd hydrophobéc

treatment and admixtures for concrefe, Indian Concr, J. 76 (2002) 637642,

E.5. Kumar, B. Selvaraj, B. Kumutha, Development of superhydropholic coatings

on concrete surfaces, Int. J, Sci Res. 6§ (2017) 3633648,

M. Medeircs, P. Helene, Efficacy of surface hydrophobic agents in redicing water

and chloride ion penstration in concrete, Mater. Struct. 41 (20073 58-71, hips/”

doi.org /10,1617 /51 1527-006-9218-5.

§. Mukhopadhyay, Y. Pandey, L. Dankers, Anti-reflective coatings for optically

transparent substrates, Pat. Appl. Publ, 2010, US 2010,/0313950 Al

S.A. Shabamirifard, M. Ghaedi, 5. Fajati, A new dlver (T) ions optical sensoe besed

on mamoparows thin films of sol-gel by rose bengal dye, Sensor. Actuator, B Chem.

259 (2018) 20-29, hitpe://doi.org/10. 1016, SNE.2017.1 20500

H. Schmide, R. Kasemann, Coatings for mechanical and chemical protection based

om arganic-inorganic sol-gel nanooompasites, New 1 Chem, 18 (1994] 1117-1123.

N. Le Bail, 5. youn, B, Toury, of sal-gel on

polycarbonate: a review, J. Sol. Gel Sci. Technal. 75 (2015) 710-719, htips,/ /doi

org 10U N7 /5 1097 1-015-37B 16

M. Mihelide, V. Prncetic, L. Kovat, A. Surca Vuk, B, Orel, R, Kunig, DL Peros, Novel

sol-gel based slective coatings: from coil absorber coating to high power coating,

Sol. Energy Mater. Sol. Cells 140 (2015) 232248, hiips//doi.org/ 10 1016,1.

SOLMAT 201504010,

CA. Cozzoling, G. Castelli, 8. Trabattoni, 5. Farris, Influence of colloidal silica

manaparticles on pullolan-coated BOPP film, Food Packayg. Shelf Life. 8 (2016)

50-55, hiips,//dol.org/ 101016,/ FPEL. 2016.03.003.

E. Bossi, F. Tana, C. Punta, A, Cigada, L. D Nardo, Flexille hybrid coatings with

efficient antioxidation properties, Food Packag. Shelf Life 10 (2016) 106-114,

httpe/ /doi.org 101016,/ L FPSL 2016, 10.002.

& Farrig, L Introzzi, J.M. Fuentes-Abventosa, N. Santo, R. Rocea, L. Piergiovanni,

Self-assembled pullulan-silica oxygen barrier hybrid coatings for food packaging

applications, . Agric. Pood Chem. 60 (2012) 7E2-790, hetps://doi org 10,1021/

jE2040334.

C.F. Struller, PJ. Kelly, N.J. Copeland, Aluminum oxide barrier coatings on

pabymer fikms for food packaging a Surf. Coating. Technal. 241 (2014)

130-137, hitpe,/doi org/ 10, 1016,/jsurfroat. 2013.08.01 1.

G. Coeremuszkin, M. Latréche, MR, Wfrdldmcr A8, Da Silva Sobrinho, Ultrathin

silicon-compannd barrier coatings for poly i packaging am

perspective, Flasma Palym. & (20017 Im’-l!ﬂ, hrtps://dod.org 10,1023 /A

1011308919705,

C. Lopez-Lopez, ML-F. LA A P Sdnchez, M.

. Allsa, E. Sanchez-Cortezon, J-M. Delgado-Sanchez, Enhancement of dielsctric

barrier layer ies by sol-gel and PECVD stacks, Surf. Coating. Technaol. 305

(2016) 36-40, hitps:/ /doiorg 10,1016,/ T SURFCOAT 2016.07. 085,

BLE. Martinu, L. Polytechnique, E Kittel, 0.0 Werntheimer, Transparent gas

barrier coatings produced by dual-Frequency PECVD, 36th Anmu. Tech, Conf. Proc.

Soc. Vac. Coaters. {1993) 445449,

A5 da Silva Sobrinho, M. Latreche, G Creremusrkin, JE. Klemberg-Sapisha, M.

E. Werthes Tramsp: barrier ings on podyethylens terephthalate by

single. and dual-Frequency plasma-enhanced chemical vapar deposition, J. Vac.

Sci. Technol. A Vacoum, Sarfaces, Film. 16 (1998) 3190-3198, hitps:/dod. o’

10.1116,/1 581519,

M. Cekada, P. Panjan, D). Kek-Merl, M. Panjan, G, Kapun, SEM study of defects in

PVD hard coatings, Vacuam B2 (2007) 252-256, hitps//dolorg/ 100101641

VACUUM. 200707 005

FM. M.ma, QP I.'.Hadljn, S.A MH E.T. Akinlabi, Properties af physically
thin film a review, 1. Alloys Compd. 747 (2018)

306-3X3, hitps,/doi. org10. 1016,/ jallcom. 21RO 006,

L. Prager, U. Helmstedr, FL Hermberger, O. Kahle, F. Kita, M. Miinch, A Pender,

A Prager, TW. Gerlach, M. Stasiak, Photochemical approach to high-barrier films

for the encapsulation of flexible laminary electronic devicss, Thin Solid Films 570

(2014) &7-95, hieps://doiorg /10, 1016, JtsE. 201 4.05.004.

66

[38]1

[421

[431

[44]

[451

[511

521
1531

541

Polymer 195 (2020) 122437

1. Fahleeich, M. Fahland, W. Schonberger, M. Schiller, Permeation barrier
properties of thin caide films on fexible polymer subsirabes, Thin Solid Films 517
(2009) 3075-3080, hitps://doi.org/10.1016,1 TSF.2008.11.089,
Yol Zhang, S0, Yu, MG Chen, PG Cai, H. Zhou, Impurity induced wrinkling
patterns in metal flms deposited on soft elastic substrates, Surf. Rev. Lett 24
(2017) 1750034, hitps://doiorg/10.1142,/5021 86251 7500342,
M. Lu, & Huang, 5. Chen, Q. Ju, M. Xian, X. Peng, 5. Wang, Y. Meng, Transparent
and super-gas-barrier PET film with surface coated by a and Borax,
Polym. J. 50 (2018) 239-250, hitps://doiorg/ 10,1008, s41428-017-0015-5.
W.HL Liao, 5.-T. Heiao, Y.-F. Wu, 5.-0. Zeng, S.-M. Li, Y.-5. Wang, C.-CM. Ma,
Effect of silane-functicnalized TiCk on the optical properties and moisture bagrier
of glicone resin nan RSC Adv. 4 [2004) 3861438622, hirpe//doi.
g/ 101039 CARAD44TTE.
G. Choudalakis, A.D. Gotsis, Free volume and mass transpoet in polymer
nanpcompoasites, Curr. Opin. Colloid Interface Sci. 17 (2012) 132- 140, hipss///doi.
arg 10106/ oocis. 200 2.01 004,
B. Karmakar, G. De, D. Ganguli, Denge silica microspheres from arganic and
morganic acid hydrabysis of TEOS, J. Non-Cryst. Solids 272 (20000 119-126,
htps:/fdoLorg/ 10, 1016,/50022-3093(D0M0Z31-3.
H. Korhonen, A. Sywaluota, J.T.T. Leskinen, R, L Ciptically tr
and durable ALy for harsh enw by nléra short pulsed laser
deposition, Optic Laser. Techool. 58 (2018) 373-384, hops//dolorg/ 1010165,
optlastec. 201707050,
X. Wang, H. Zhao, Y. Can, ¥. Su, H. Hai, J. Shen, Surface free energy and
microstructare dependent environmental stability of sol-gel S50, antireflective
coatings: effect of combined vapor phase surface treatment, J. Colloid Interface Sci.
585 (2019) 124-131, httpse//doiorg/10. 1016/ 1IC18.2019.07.056.
A, Javaid, Membranes for solubility-based gas separation applications, Chem. Eng.
J. 112 (2005) 219236, hitps//dolorg/ 1010165, 0ef. 200507010
J.G. Wijmans, LW, Baker, The solution-diffnsion model: a review, 1. Membr. Sci.
107 (1995) 1-21, https//daiorg/ 10 1016,/ 0376-73R8{ 95001 02-L
B. Flaconmeche, J. Martin, M.IL Klopffer, Transpon properties of gases in polymens:
experimental methods, oil gas sd, Technol. 56 (2001) 245-259, hitps://doi.ogg’
10.2516/ 0zt 2001022,
AP, Roberts, BM. Henry, AP, Sutton, CRM. Grovenar, G.AD. Briggs,
T. Miyamota, M. Kano, Y. Tsukahara, M. Yanaka, Gas permeation in silicon-oxide/
polymer (Si0x/PET) barrier fkme role of the axide lattice, nano-defects and

J. Membe. Sci. 208 (2002} 75-88, hitps://daiorg/10. 1016,/ 30376
TERA(O2WOLTE-T.
A.G. Erlat, B.J. Spontak, B_P. Clarke, T.C. Robinson, P.0D. Haaland, Y. Tropsha, K.
G. Harvey, EA. Yogler, 50k gas barrier coatings on podymer subsirates:
morphology and gas transport considerations, J. Phys. Chem. B 103 (1999) 29,
hitps://dol.org/10.1021 A JPS0TITE.
httpss/Swww. google.comAarl?sa= tirot<jdg= & esre=simurce < webdod < 18&ve
d=ZahlUKEwiVSabeLroAhVvkasKHVHXDrEQF A Arg QTRRA Blcur] — http 3 A% 2P%
ZFusa.dupontteijinfilms com®2Fwpontent¥ X uploads® ZF200 796 2F0 1 %2 FOxyge
n_And Walter Vapour_Barrier Properties of Flex Pack Films pdffeu
sg=ACVaw IPZaloFoMUGT: MhSwuouRa, 3001,
MELINEX & ST504 Product Description, Datasheet, 2016
L. Shahriari, M. Mohseni, H. Yahyaei, The effect of cross-linking density on water
vapar and oxygen permeability of hybrid UV cured nano coatings, Prog. Org.
Coating 134 (2019) 66-77, hitps://doi org/10. 1016,/ T PORGOOAT 201904 068,
M. Shahpamah, 5. Mehrabian, M. Abbesi-Firouzgah, B. Shokrd, Improving the
oxygen barrier properties of PET polymer by radio freqoency plasma-polymerized
Si0yMy thin film, Swurf. Coating. Technol. 358 (2019) 91-97, hiips// dolorg
10,1016/ L SURFCOAT.2018.11.023,
Y. Leterrier, Durability of nanosized oxygen-barrier coatings on palymers, Prog.
Mater, Sci. 48 (2003) 1-55, hitps//doi org/ 101016,/ S0079-6425(02) 000026,
V. Siracusa, Food packaging permeability behaviowr: a report, Int. J. Polym. Sd.
2012 (2012) 1-11, hitps:/fdoi.org/10.1 L‘Sﬁ-‘2€}-]2,-f'm2029
J.G. Selranek, 'I'J\. Houser, Maodified a Adv. Technol. Meat
Process [2017) 615-646, hitps//doi.org 10 l2nl ‘9?8[ 315152752, second ed.
i Habel, M. Schitle, M. Daab, NI D Wagner, H. Bil'lu'lu 8. Agarwal,
M.A.Ilwn,]. Eren, High-Barrier, Biodegradable food packaging, Macromal. Mater.
Eng. 303 (2018) 1800333, hitps,/dod.org/ 10, 1002 /mame. 201800333,
£. Amberg-Schwab, leumlhlrh'mmg:mltgbuknfhybﬂdpulyma: i
Handb. 50l.Gel Sei. Technol., Spei g, Cham, 3016,
pp- 1-21, hitpe//doi -:|rg_-rll.’> 10417 ‘QJ'! 3-319-19454-7 72-1.
.T.Gl.i-m:l: AL Sperurek, B, Babiarczuk, J. Ealeta, W. Jones, J. Krzak,
FPunctionalizalble sol-gel silica coatings for cormosion mitigation, Matergals 11
(2018) 197, hops/Adolorg/ 103390,/ mal 1020157,




Publikacja D2

E coatings

Artide
Structural and Functional Properties of Fluorinated Silica
Hybrid Barrier Layers on Flexible Polymeric Foil

ey

Kamila Startek *%#
and Anna Lukowiak **

check far

updates
Citation: Startek, K ; Srorurek, A
Tran, THLL; Kxzak, ]
Bachmatiuk, A.; Lukowiak, A.
Sructural and Functional Properties
of Flucrinaied Silica Hybrid Barrer
Layers on Flevible Pohymeric Foil.
Coatongs 2021, 11, 573, hitps //
dod orgy 103300/ coatings1 1050573

Academic Editor Ioannis

Earapanagiotis

Remived: 15 April 2021
Accepted: 11 May 2021
Published: 14 May 2021

Publisher's Mote: MDFI stays neutral
with regard to jurisdicional claims in
published maps and institutional affil-

iatioms.

Copyright © 1021 by the authors.
Lienses MDPL Basel Switeerland.
This article is an open access arbicke
distriited under the terms and
conditions of the Ceative Commons
Attribution {OC BY) license (https.//
neali\ecummmuurﬁ,n’ljc:rmes,n’hy,n’

40/}

, Anna Szezurek *

, Thi Ngoc Lam Tran 4, Justyna Krzak *, Alicja Bachmatiuk !

! Lukasiewicz Research Nebwork—PORT Polish Center for Technology Development, Stablowicka 147,
50-066 Wroclaw, Poland; alicja bachmatiuk@port. lukasiewicz. gov.pl

2 Insbitube of Low Temperature and Structure Research, PAS, Okolna 2, 50-422 Wroclaw, Poland

3 Department of Mechanics, Makerials and Biomedical Engineering, Wroclaw University of Science and
Technology, Smoluchowskiego 25, 50-370 Wroclaw, Poland; anna seczurek@pwedupl (AS);
pmryn&krzakﬁpwrgdu p] (J.E)

4 IFN-CNR CSMFO Lab. and FBE Photonics Unit, Via alla Cascata 56/ C Povo, 35100 Taento, Ttaly ;
lam trami@ifn cneit

*  Cormespondence Kamila Startek@port lukasiewicz gow.pl (K5.); A Lukow iak@intiba.pl (A L)

Abstract: The reported work was focused on sol-gel-derived organically modified and fluorinated
silica coatings deposited on elastic polymeric foil. The structure and topography of the coatings were
tested by infrared spectroscopy and microscopic studies. The functional properties wene determined
using thermal analysis, surface analysis, and oxygen permeability tests. The barrier feature of the
investigated materials against oxygen was correlated with the properties of the coatings. The hybrid
(organic—inorganic) structure of the coatings was proven, demonstrating the presence of a silica
network modified with alkyl and fluoroalky] groups since precursors with the isooctyl group or
different lengths of the fluorcalky] chains weme used for the syntheses. The coatings were free of
defects and had a smooth surface except for the sample containing the longest fluoroalky] chain
(perfluorododecy] group), which showed a wrinkle-like surface. The hydrophobic character of the
coatings increased, whereas the oxygen permeation coefficient values decreased (reaching a fourfold
lower coefficient in comparison to the bare substrate) with a higher content of the fluorinated carbon
atoms in the structure. The results wene enriched by the information from the thermomechanical
analysis as well as nanoindentation and scratch tests giving values of the glass transition Eemperatune,

thermal expansion coefficient, coatings adhesion, and hardness of the investigated systemns.

Keywords: sol-gel; fluorinated coating; polyethylene terephthalate; flexible; hydrophobic; oxy-
gen permeability

L. Intreduction

Materials based on polymers are most commonly used in the packaging industry due
to their excellent physical, chemical, and mechanical properties. They have mlamelv low
costs of production which is also quite easy and a highly efficient process [1]. It is difficult
to imagine the world without using p]asm materials. Polyethylene (PE), polypropylene
(PP}, polyethylene terephthalate (PET), polyvinyl chloride (PVC), and polystyrene (F5)
are the main plastics used in packaging, which account for 90% of all plastics used in the
production of packaging materials [2].

The Industry of Polymers classified materials into bwo groups depending on their
flexibility pmpernes The first group is determined by rigid polymeric materials {cans,
tanks, bott]es or containers) whose shape does not L]mnge during usage and which can be
reused for a long time. They usually have higher impact strength, better barrier properties
as well as better mechanical and chemical resistance. The second class of plastic materials
used in packaging is flexible materials, which require less polymer and less energy for
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their production because of their lower weight. Using flexible polymeric foil, the product
package can be formed at any shape and it can be printed at the same time. Despite the
advantages, flexible plastic pan_kagmg has lower barrier properties than rigid materials [2].
Their properties are usually improved by using additives during fabrication processes or
by covering with functional layers. For example, antimicrobial properties are improved
by using silver nanoparticles [3], titanium dioxide, and zinc oxide [4]. Application of the
coatings in packaging materials became an attractive and effective way to improve the
functional properties of packaging polymers [5].

Barrier properties against oxygen permeation play a significant role in packaging
materials. Un the one hand, some products {fresh fruits or vegetables) need the presence of
oxygen, but on the other hand, there are many dry products with a long shelf-life, which
require non-oxygen storage conditions. Those products in the oxygen atmosphere lose
aromas and oily substances and their degradation processes occur [6].

Two mechanisms are responsible for gas transport through the barrier layer: the
diffusion flow in the volume of the material (material property) and the flow through the
layer defects (microstructure features: inhomogeneity, holes, microchannels, microcracks,
and grain boundaries). The diffusion mechanism consists of several stages: absorption of
the penetrating agent on the surface of the barrier layer, penetration into the layer, diffusion
through its volume, and desorption to the opposite barrier surface. Consequently, the
permeability of the external factor is a function dependent on: particle size, molar mass,
and physical and chemical interaction with the barrier [7]. The greatest role in gas transfer
through the polymer is played by free spaces, places in the amorphous network of the
polymer where the molecules are far apart enough to create the free spaces between the
polymer chains [8,9]. The permeability of the gases through the polymer structure also
depends on the degree of crystallinity (morphology ), where the higher content of crystal
regions in the polymer structure reduces the gas permeation [10]. The barrier properties of
the functional coatings also depend on the chemical composition of the layer and the ratio
of the organic to the inorganic part. The coating should be smooth, tightly packed in its
volume, and have an adequate surface energy [11].

In paper packaging the pure polymeric foils (e.g., PE or PET) are bonded with
cellulosic forms and with aluminum foils to improve barrier properties [12]. As the
best oxygen barrier materials, glass and tinplate were found, the latter one replaced by
aluminum in can production. Due to the weight reduction in these packages and the cost
of their production, multi-layer packages have been used, where the barrier layer is an
aluminum foil. Unfortunately, such multi-layer structures are problematic in the recycling
process [13-15].

The application of nanostructures might be an effective way to improve the barrier
properties of the coatings [16]. The nanocomposite coatings for packaging application are
still mainly at the laboratory scale, but there are some products available in the market,
for example, Nano-Seal trade name, which is dedicated to food packaging [17]. The SAES
Coated Films [18] offer oxygen barrier nano-coatings which have been tested for fresh food
storage in combination with a modified atmosphere [19].

The sol-gel technology and its capabilities in the nanoscale arrangement can give
an important contribution in improving the barrier properties of packaging polymeric
foils [20]. The sol-gel chemistry is widely used invarious coating technologies because itis
cheap, efficient, comprehensive, and does not require expensive equipment. In this process,
the amorphous form of coatings might be obtained, for which the structural analysis is
relatively difficult [21]. Nevertheless, to understand the influence of the polymer structure
on the functional properties, wide experimental investigations and in-depth analysis of the
results are required.

The surface energy of the coating and its wettability not only ensure hydrophilic/hyd-
rophobic surface, but also affect gases and vapor permeation. Modification of these param-
eters can be obtained by the introduction of fluoric atoms to the final chemical structure of
the layer [22]. Fluorinated silicon compounds are known to be used for functionalized coat-
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ing fabrication but they are mainly applied at steel substrates for corrosion protection [23].
Other types of fluoroalkyl-modified resins are used on anti-fouling [24] and anti-icing
surfaces [25], where the superhydrophobic properties of the coatings are crucial [26].
Fluorinated structures work well for these applications, especially when nanocompaosite
materials are prepared [27] or the surface of the coating is additionally textured with a
laser [28]. However, for most of the mentioned applications, the final coatings are rather
rigid, thick, and applied on non-flexible substrates. Therefore, the adaptation of the proper-
ties of the sol-gel coatings deposited on flexible substrates using fluoroalkyl silanes is an
interesting topic in terms of characterizing these structures, including the verification of
their gas barrier properties for possible packaging applications.

The fabrication and characterization of sol-gel-derived fluorinated silica coatings are
presented in this work. By using organically modified silanes with different lengths of
fluoroalkyl chains, the sols were synthesized and the series of coatings were deposited on
polyethylene terephthalate foil. The structure, morphology, topography, and functional
properties, such as wettability, roughness, adhesion, hardness, and oxygen permeability,
were tested and discussed.

2. Materials and Methods
2.1. Materials

The following chemicals were used for syntheses: isooctyltriethoxysilane (IOTES)
and perfluorooctyltriethoxysilane (PFOTES) from Merck KGaA Dammstadt Germany,
trifluoropropy ltrimethoy silane (TFPTMS) from TCI, Tokyo, Japan, ]:erﬂuoraiodecvlm-
ethowysilane (PFDDTES) from Apollo Scientific, Stockport, UK, ethyl silicate (ES) from
Wacker Chemie AG, Munich, Germany, deionized water, %% ethanol and hydrochloric
acid from Avantor Performance Materials Poland S A, Gliwice, Foland.

2.2, 5ol Preparation

Syntheses were carried out via the sol-gel process by hydrolysis and condensation
reactions of silicon-based compounds in acidic conditions. For all ]a\.ers synthesis, ethyl
silicate and isooctyltriethoxysilane were the main silica precursors and the sample pre-
pared with these two compounds was marked as (CF)0 {0 = no fluorine substituted carbon
atoms). For three other samples, the difference was in a third precursor added during the
reaction step, which had various fluorinated alkyl chains: trifluoropropylirimethoxysi-
lane (sample (CF)1, one fluorinated carbon in the alkyl chain, —CF3), perfluorooctyltri-
ethowysilane (sample (CF)6, six fluorinated carbons in the alkyl chain, —(CF2)sCFa), and
perﬂuorududecvltnemmvsﬂanf (sample (CFJ10, ten fluorinated carbons in the alkyl chain,

—(CFz)oCFz). The used precursors and their molecular structures are collected in Table 51in
the Supplementary Materials. To obtain the sols, precursors at appropriate molar ratios
{EXIOTES:fluorinated silicate = 2:1:1) were mixed with ethanol and deionized water. After
stirring for 1.5 h at room temperature, the solutions were kept under vacuum for 3 h to
evaporate part of the solvent, and later they were stored in open containers at 60 “C for
16 h before the deposition process. The synthesis of the (CF)10 sample was carried out at
an inert (argon) atmosphere in a glow_-bux because of the high sensitivity of PFDDTES to
the humid air.

2.3. Layer Fabrication

The hybrid (organic—inorganic) layers were deposited using the spin-coating method
on a polyethylene terephthalate foil (Melinex 5t504 with 175 pm thickness, DuFont Teijin
Films, Luxembourg City, Luxembourg) as a substrate. The substrates were cleaned with
ethanol and isopropanol using an ultrasonic bath and activated by plasma treatment before
the deposition process.

Different shapes and sizes of subsirates were used. Squares with dimensions 2.5 am =
2.5 cm were taken for most of the measurements. Samples in the form of narrow rectangles
{4 mm » 10 mm) were cut for thermomechanical analysis. For analyses of oxy gen permeabiliy,
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discs with 7 cm diameter were taken. The sols were deposited on the substrates with 8000 rpm
rotation speed. After deposition, the samples were conditioned at room temperature for one
day and later were dried at 60 “C. A schematic diagram of the preparation and testing of the
fabricated coatings is shown in Figure 51 in the Supplementary Materials.

24, Methods of Layer Charadierization

To confirm the presence of characteristic chemical bonds in the organosilicate network,
Fourier Transform Infrared spectroscopy (FTIR) analysis was provided with the Attenuated
Total Reflectance (ATR) diamond attachment using the Bruker FTIR Tensor 27 apparatus
(Billerica, MA, USA). The spectra have been registered in the range of 400-4000 em ! with
4em ! resolution using 32 scans.

The thickness of the coating was estimated using the Bruker DektakXT stylus pro-
filometer (Billerica, MA, USA) with 3 mg force and 125 um needle with the profile measure-
ment length of 1300 pm which includes the level of the coating and the level of the substrate.
The thickness of the coating was determined from the difference of those fwo levels with
the precision of measurement in vertical position around 1 nm (given by producer). The
result is the mean of three single measurements.

The surface morphology and layer composition were investigated by Scanning Elec-
tron Microscopy (SEM/FIB—FEI Helios Nanolab 450HF. Nanolab Techno]ogle.s Inc., Mil-
pitas, CA, USA). Before imaging, the amorphous carbon layers with thickness around
20 nm were deposited on the samples’ surface using a vacuum sputtering device (Le-
ica EM ACEBO(, Wetzlar, Germany). The samples were imaged with a magnification of
5000 and a beam with energy of 5 kV. The view of the sample surface was received by a
Back-scattered Electron Detector (BSE, Nanolab Technologies Inc., Milpitas, CA, USA) and
transformed into final images.

The topography of the coatings was analyzed by Atomic Force Microscopy (AFM)
(FastScan, Bruker, Bl]leru:a, MA, USA) equlppa:l with the SCM PIT probe, with spring
constant 28 Nm ™! and resonant frequency of 75 kHz (length 225 um). The roughness
parameters R, and Rq were calculated from the surface of 100 pm?. R, is the arithmetic
average deviation of the profile from the mean line and R, is the root mean square of the
height of the profile on the measuring section.

The thermal properties were analyzed using Thermomechanical Analysis (TMA)
(TMA /SDTAT, Mettler Toledo, Columbus, OH, USA) to determine the glass transition
temperature (T}, expansion coefficient, and elongation of the samples measured using
film elongation mode in a temperature range from 25 “C to 180 "C with a heating rate
2.5 K/minand 0.1 N force. For the TMA measurements, samples were placed in a holder
dedicated for foils in the stretching mode. The deformation of samples under the influence
of increasing temperature was recorded in a graphical form. From the graphs, the sample
elongation Tl-'- and expansion coefficient were determined.

The surface energy and wettability properties were tested using the Goniometer OCA
35 (DataPhysics, Filderstadt, Germany ). The values of contact angles were measured with
awater drop volume of 3 uL (water contact angle, WCA). The presented values are the
average of ten single measurements for each sample. The Surface Free Energy (SFE) was
calculated using the Owens-Wendt method based on contact angle values of two different
standard liquids with polar and non-polar character—water and diiodomethane. The
method is suitable for polymers and is based on polar and dispersive force components [29].

The oxygen permeability tests were performed according to the PN-EN IS0 2556
standard using a device of Remi-Flast (Czerwonak, Poland) production. The test is based
on a manometric method, consisting of subjecting one side of the barrier (chamber 1) to the
gas (moygen) at a pressure of 1 bar (0.1 MPa) and observation of the pressure change on the
opposite side of the barrier, which is under negative pressure (chamber 2). The tests were
conducted during 3 h exposition for each sample. The details on the calculation of Oxygen
Transmission Rate (OTE) were given elsewhere [30]. The formula used for calculations
is presented in Equation 51 (Supplementary Materials). Taking into account the samples’
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thickness, the oxygen permeation coefficient could be estimated by multiplying the OTR
and the thickness values.

The scratch tests were performed with a scratch tester equipped with an integrated
optical microscope and hi-resolution camera (CSM instruments, Peseux, Switzerland) and
using diamond Rockwell indenter with a radius of 200 um. Examination was carried out
according to the EN-1071-3 standard. The scratch of 15 mm length was made in progressive
mode with load range of 0.03-15 N and loading rate of 10 mN/min. All pictures documenting
samples’ surfaces immediately after the scratch test were received using the integrated optical
microscope with Olympus objective lens with 20 x magnification. The measurements were
carried out for 3 samples of the same material, in 2 repetitions for each one.

The nanoindentation tests were performed with a nanoindentation tester (NHTZ,
CSM instruments, Peseux, Switzerland). For each material, 3 samples were measured
and 12 measurements were performed for each sample (6 in two different areas of the
sample). The measurements were carried out using a three-sided pyramid Berkovich tip.
The maximum load was set as 0.10 mN and the loading and unloading rate was equal
to 0.80 mN/min. The stabilization pause at maximum load was 10 s. The calculations
were performed according to Martens hardness protocol. For the presented results, the
outliers and values from an incorrect course of loading and un-loading curves were rejected;
however, it was not more than 3 values per sample.

3. Results
3.1. Chemical Composition (FTIR Spectroscopy)

The chemical structure of the fabricated layers was analyzed by FTIR spectroscopy
(Figure 1 shows spectra in the range of 400-1800 cm ! and the whole range graphs with
the spectra of the substrate are included in the Supplementary Materials, Figure 52). The
significant bands assigned to the specific vibrations of the network bonds are collected in
Table 1 and listed hereafter.
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Figure 1. FTIR spectra of all coatings deposited on PET foil.
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Table 1. Main bands or band range with corresponding bond vibration in FTIR spectra.

Wavenumber (cm 1) Bonds and Vibrations
400-490 Si-(-Si rocking
520-730 —CFy, -CF; rocking -CF; wagging
800; 980-1200 Si-O-Si stretching
900 Si-O~ stretching
1120-1250 C-F stretching
1350-14%0 C-H stretching C-H bending
2850-2980 C-H stretching
3400 Si-OH stretching

The strongest complex band in the range of 980-1200 em ! corresponded to the
asymmetric stretching vibration of Si-O-5i bonds in the silica matrix and indicated that
the expected silica network has been formed. Other absorption bands assigned to vibra-
tional modes of the Si-O-Si bonds were present around 430 cm 5 [31-33] and 800 em!
(rocking and symmetric stretching vibrations, respectively) [34,35]. The band at 900 em-!
indicated the Si-O~ stretching mode [36,37]. The broad band characteristic for the Si-
OH stretching vibration of the terminal silanol groups and other hydroxyl groups was
centered near 3400 cm ! [38]. The bands of medium intensity located in the range of
2980-2850 cm ™! were related to the symmetric and asymmetric stretching vibrations of
C-H bonds in -CH; and ~CH, groups. The bending vibrations of C—H bonds were also
present at 1350-1490 cm =3 [39,40]. The absorption seen for (CF)6 and (CF)10 in the range
of 1100-1250 cm ! was the characteristic bands of the C-F stretching vibrations in —-CF,
and —CF3 groups. Moreover, the existence of C-F bonds was also observed in the range of
520-730 cm ™!, corresponding to the rocking and wagging modes [41-43].

3.2. Microscopy Imaging

The sols deposited on cleaned substrates formed adhesive layers. The coatings of
the hybrid organic-inorganic network effectively covered the elastic foil. SEM images
(Figure 2) showed continuous layers without damages such as cracks or other possible
defects. While the (CF)0, (CF)1, and (CF)6 samples exhibited homogeneous and smooth
surface topology, the (CF)10 SEM image revealed a wrinkle-like structure of this coating.

Viua]

e )
Xpomr] Njum) Ngm|

Figure 2. Samples’ topography imaged using SEM (top) and 2D AFM with the height scale (bottom).
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The topographies of the samples measured with AFM are presented in the bottom
panel of Figure 2, and the coatings’ roughness analysis in comparison to the PET foil
(substrate) is presemed in Table 2. Three samples showed relatively low roughness param-
eters in the range of 0.4 nm to 5.5 nm, and the fourth one, (CF)10, reached much higher
parameters with 78.3 nm and 63.1 nm of R, and Ry, respectively. The lowest roughness
of 0.4 nm was obtained for the (CF)6 sample and Jt was comparable to (CF)0 {a reference
sample not modified by fluoroalkyl chains) with the R, parameter equal to 0.% nm. The
same parameter for {CFJ‘] had a hlgherw.alue equal to 5.5 nm. Table 2 also collects the
thickness of all investigated materials as determined from the profilometer measurements.
Ome may note that the samples had a similar thickness equal to 1.50 pm. Only the (CF)6
sample showed a greater thickness than the others, which was 1.70 pm.

Table L Values of roughness (Ra and Rq) and wettability (water contact angle, WCA) parameters,
surface free energy (SFE), and thickness of obtained layers and PET substrate for comparison.

Sample WCA()  SFEmNm) R, (nm) Ry (nm) n‘:::r*‘*‘
PET B0£05 3150086 14 18 175
(CEp 103206 2671-+£095 0.9 07 150 + 0.06
(CF)1 12£05 23254076 55 13 150+ 0.03
(CE)6 108£06 1081 +£077 04 05 170+ 0.04
(CH10 M3£09 1078 +069 78.3 63.1 150 + 0.04

3.3. Wettalility and Surface Energy Properties

The water contact angle measurements performed for the samples showed that all
fabricated samples had hydrophobic character (Table 2). The measured WCA wvalue for
the substrate was 80°, while for the reference coating named (CF)0 it reached 103°. A
similar value was obtained for (CF)1—a sample with short organic chains and one fluorine-
containing carbon in the structure. With increasing the length of the fluoroalkyl chain,
higher hy drophobic properties of the samples were achieved, reaching the WCA equal to
108° and 113° for (CF)6 and (CF)10, respectively.

The highest value of the SFE was shown for the untreated polymeric substrate (FET
foil), reaching 31.50 mMN/m. With the increase in the WCA, the SFE decreased and the
surface revealed the hydrophobic character. The (CF)10 sample had the lowest SFE equal to
10.78 mMN/m. It is correlated with the presence of the longest nonpolar (fluoroalkyl chain)
groups on the coating’s surface. The (CF)6 sample showed a similar value of SFE to (CFj10
but, at the same time, its WCA value was 5 degrees lower than for (CF)10.

3.4. TMA Results

The permeation of polymeric materials depends on a few factors affecting gas diffu-
sion, and one of those is glass transition temperature. There is a correlation bebween the
glass transition temperature and the free volume in the polymer structure. In the inorganic
silicate polymers, the fraction of the free volume increases with the decreasing T, [44-46].
Assuming that the substrate is 175 um thick and the layer has a thickness of 2 um, the layer
constitutes about 1% of the modified system. Despite the small contribution of the coating,
the samples showed slight changes in the temperature of the phase transitions. Table 3
collects the glass transition temperature [Tb] with expansion coefficient and elongation
in specific temperature ranges. For all coated samples, the glass transition temperature
was higher than in the case of bare PET foil. The highest value (86.8 "C) was recorded for
the (CF)6 sample. All coatings showed a significant decrease in the coefficient of thermal
expansion, with the lowest value obtained for (CF)1 (31 ppm/ K vs. 115 ppm/ K for PET).
The last determined parameter of the foil, i.e, elongation in the selected temperature range,
did not change when PET was covered with the (CF)6 layer but decreased twice (or more)
for three other coatings.
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Table 3. Values of glass transition temperature, thermal expansion coefficient, elongation, and oxy gen transmission rate for
PET foil and PET covered by layers.

Sample

Temperature, T (*C)

Glass Transition Mean Coefficient of Elongation 30-140 °C Oxygen Permeability

Thermal Expansion %) Coefficient
30-80 °C (ppm/K) {em*¥im®-24 h-atm})

PET
(CF)0
(Cr
(CF)o

(CF)10

73724152 11534 £1.23 171+ 009 848 £ 048
8355 + 1.33 4179+ 245 0.94 4+ 004 592 4070
87+ 084 345+ 1M 0.81 + 0.03 650 % 0,80
86.82 + 1.06 4572 + 3.50 172 + 008 426+ 0,90
8414 + 151 5164+ 238 102+ 0% 205+ 0,01

3.5. Oxygen Permeability

In the oxygen permeability tests, variation in the pressure in a chamber covered by
the tested samples was registered. The dependence dp/dt allowed us to determine the
value of the oxygen transmission rate for the samples. The oxygen permeability coefficients
were calculated and those results are given in Table 3. The oxygen permeability coefficient
for the PET substrate was 8.48 um:‘,f{mz-day} and it decreased for all the tested samples,
reaching the lowest value of 2.05 crn3,n‘{m2-day‘] for (CF)10.

3.6. Adhesion and Scratch Resistance

The adhesion and scratch resistance were determined by the scratch test. The critical
loads were distinguished as Lel—first decohesion of coating, Le2—first adhesive failure in
the form of chipping, and Le3—coating detachment in the middle of the scratch track. Not
all types of critical loads were observed for every coating. Some types of coating destruction
were observed from the beginning of the scratch track. The values of subsequent critical
loads for different materials are presented in Table 4, and forms of coating destruction for
individual critical loads are presented in Figure 2.

Table 4. Values of critical loads determined by scratch test.

Sample

Lel Le2 Lc3

Mean Value Standard Error Mean Value Standard Error Mean Value Standard Error

(N) (N} (N) iN) (N}

(CFp

observed from the beginning of the

scratch frack does not ocour 1.58 .09

(CF)

0.06 017 0 5.96 0.41

(CF)6

observed from the beginning of the
scratch track

(CFD

observed from the beginning of the  observed from the beginning of the

scrabch track scratch track does not g

All samples were characterized by relatively low scratch resistance—decohesion of
the coating in the form of cracking was observed for most of them from the beginning of
the scratch track. For the (CF)0 coating, cracks across the scratch track were observed from
the beginning of the loading, as shown in Figure 3A. For the coatings with worse adhesion,
coating detachment in the case of (CF)6 (Figure 3E) and cracking connected with chipping
in the case of (CF)10 (Figure 3F) were observed from the beginning of the scratch track.
Exceptional behavior, different from the other samples, was observed for (CF)1, where the
first coating cracking and chipping (Figure 3C) were observed at loads of 0.12 N and 0.17
N, respectively. The observations of the way of coating destruction showed additionally
that this sample exhibited a brittle type of cracking (Figure 3C). However, the (CF)1 sample
showed the best adhesion and scratch resistance overall, and the lowest adhesion to the
substrate was exhibited by (CF)6 (Figure 3E and Table 4).
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Figure 3. Microscopic representation of the critical load for individual samples: (A)—Lc1 for sample (CF)0, (B}—Lc3 for
sample (CF)0, (C}—Lc1 and Le2 for sample (CF)1, (D}—Lc3 for sample (CF)1, (E}—Lc3 for sample (CF)6, and (F)—Lc1 and

Lc2 for sample (CF)10.

The coating detachment of (CF)0 was observed in a form of plastic abrasion of the
coating as presented in Figure 3B, while the (CF)1 coating peeled off in a brittle way,
resulting in the formation of sharp edges as shown in Figure 3D. The (CF)6 coating,
showing the worst adhesion among the samples, was fully detached from the beginning
of the scratch track, as mentioned before. Very specific behavior was observed for the
(CF)10 sample, which was cracking and chipping from the beginning of the scratch track
(Figure 3F). With the increase in the applied load, this coating stopped chipping and its
total detachment did not occur. The phenomenon looks like pressing the coating into the
substrate, as presented in Figure 4. Thanks to this effect, the (CF)10 coating showed the
best resistance to detachment from the substrate. For this sample, total detachment of the
coating was not observed up to 15 N. The samples were not tested for higher loads because
substrate destruction was observed for a further increase in the load. Finally, the (CF)1
coating exhibited the most fragile way of destruction.

Figure 4. Coating (CF)10 at load of 544 N.

3.7. Nanoindentation

The thicknesses of the obtained coatings were high enough to conduct the nanoinden-
tation tests for coating hardness evaluation. The sample loading and unloading curves for
subsequent materials are presented in Figure 5. The mean values of Martens hardness (MH)
and the maximum penetration depth reached by the indenter during testing are presented
in Figure 6. Due to the fact that the indents exceeded more than 10% of the coating thickness
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(as presented in Figure 6B), the calculated hardness values give information about the
overall system, i.e., the substrate plus the coating, not the coating itself. It can be observed
that in the submicron scale, the examined coated materials became softer than the uncoated
PET substrate. The addition of the fluoroalkyl groups increased the Martens hardness
of the material in comparison to the (CF)0 coating without fluorine substituted carbons.
However, the increase in the fluoroalkyl groups’ length resulted in the Martens hardness’
decline. Both Martens hardness and maximum penetration depth analyses suggested that
the most homogenous from the mechanical point of view is the (CF)1 coating, for which
these two values showed a very low dispersion—even much smaller than observed for
the substrate.
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Figure 5. Sample indentation curves for PET substrate and substrate + coating systems.
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Figure 6. Results of nanoindentation test, average values for each material: (A}—Martens hardness and (B}—maximum
penetration depth of the indenter.

4. Discussion

Based on the presence of characteristic bands in the FTIR spectra, one can conclude
that in the fabricated layers organo-silicate networks have been formed, which include
organic chains derived from organosilane precursors. All samples’ structure was based on
the silica oxide network enriched by the isooctyl group; therefore, all the spectra showed
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the presence of silica oxide bridges as well as alkyl and silanol groups. The low intensity
of the band around 3400 cm ! (Figure 52) indicated a much lower content of hydroxyl
groups (originating from the silanol groups or adsorbed water) in comparison to silica
materials heat-treated at low-emperature [47,45]. Moreover, the band at 1630 crn"], related
to the ~OH deformation vibrational mode of adsorbed water molecules, was very weak
in the cases of (CF)0, (CF)1, and {CF)6, and not observed for (CF)10. In the latter case, the
band at 3400 cm ! is not present either, indicating a significant reduction in hydroxyls and
adzorbed water molecules in fluorinated networks.

The FTIR spectra also confirmed the presence of the introduced fluoroalky] groups
in (CF)6 and (CF)10 (Figure 1) but the C-F wibration modes were not seen in the case of
{CF)1, indicating a much lower concentration of the terminal -CF; groups in this coating
material. However, in the other tbwo samples, when the number of fluorinated carbons in
the alkyl chain increased, noticeable changes in the FTIR characteristics were observed.
In comparison to (CF)0, the presence of the fluorinated groups can be confirmed by the
following absorption bands located in the ranges: 520-730 em ! (bands assigned to the
~CF; rocking and the —-CF; wagging vibrations) and 11201250 em ! (the C-F stretching
vibrations) [41,49,50]. The rocking bands were stronger in the case of (CF)10, which had
a higher content of fluorinated groups. Moreover, the longer fluorinated chain in this
sample caused a characteristic shift of the -CF; symmetric stretching vibrations” bands
toward a higher wavenumber (from 1142 em ! asin (CF)6 to 1149 em—1) [50]. Eventually,
the spectrum of (CF)10 was distinguished by two strong bands related to the stretching
vibrations observed at 1149 and 1204 cm ™1,

Hydrophobic (and especially super-hydrophobic) coatings have attracted great at-
tention because they can be useful in packaging, helping to avoid adhering liquids to
the inside walls of containers. The hydrophobic properties of the obtained layers can be
designed by using different fluorcalkyl-silane precursors. The non-fluorinated orgamcal]v
modified silica network with -CHz— and —CH3 groups ((CF)0) already demonstrated a
much higher water contact angle (103°) than silica and polymeric foil used as a substrate
(Table 2). A similar WCA was observed for the (CF)1 sample derived from the precursor
with one fluorinated carbon in the structure (Table 51}, but at the same time, lower sur-
face free energy was recorded for this coating. Longer fluoroalkyl chains introduced a
further increase in the WCA and decrease in the SFE values. The obtained SFE around
10,8 mN/m of the silica coatings with long polyfluoroalkyl chains is very low—Ilower than
in the case of commercial polytetrafluoroethylene, where it is equal to 18.0 mN/m [51]
or polyfluoroalkyl-silica coatings reported by Agustin-Sienz et al. with the 5FE in the
range of 15-20 mN/m [52]. In comparison, aocordmg to Nishino et al. [53], the lowest
surface free energy of any material based on the hexagonal closed alignment of -CF3
groups on the surface is 67 mN/m. The (CF)6 and (CF)10 samples showed similar SFE
but the WCA was higher for the latter coating and reached 113%. Such a value is similar to
polytetrafluorcethy lene [51] and polydimethylsiloxane coated with PFOTES (112%) [53],
but higher than in the case of other polyfluoroalkyl-silica porous coatings obtained with
PFDDTES precursor (1 08%)[54] or a layer of hybrid coating based on silica particles modi-
fied by methyl groups (108.7°) [55]. Furthermore, it is close to the values obtained for silica
coatings after vapor phase surface treatment causing a modification of the surface with
alkyl groups (109°-120) [56]. The more hydrophobic character of (CF)10 can be caused
by the significantly reduced content of hydroxyl groups in this sample’s structure. On the
other hand, the topography strongly affects the wetting of the surface and a rough surface
(like in the case of (CF)10) presents more hydrophobic properties [57,58].

The highest R, of 78.3 nm was observed for the (CF)10 sample, which has specific
surface topography visible in the SEM image (Figure 2). However, there was no obvious
direct relationship between the fluoroalkyl chain length and the roughness parameters.
The (CF)0 and (CF)6 samples showed roughness parameters below 1 nm that were lower
than for the PET foil (Table 2). Such a parameter is typical for sol-gel-derived silica coatings
and is similar to polyfluoroalkyl-silica porous coatings on glass substrates with antireflec-
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tion properties [54,59,60]. The smooth surfaces of these materials could be particularly
interesting in the application as covering and packaging materials.

The thermal expansion coefficient is an important parameter in polymer materials,
where polymers change their dimensions with increasing temperature. It is also erucial in
coatings deposited on polymeric substrates dedicated for packaging materials often stored
in changing thermal conditions. The difference between the substrate and coating materials
is crucial due to the individual phases (coating and substrate), which leads to differential
thermal contraction and expansion stresses during cooling and heating [61]. The expansion
coefficient is significant in silica-based coatings [62], adhesives [63], and coatings for optical
fiber sensors [64]. Here, the highest thermal expansion coefficient was observed for the
substrate itself and the lowest for the (CF)1 sample. With the increasing number of fluoric
atoms in the final coating structure, the thermal expansion coefficient was increasing,
Consolati investigated the relation between free volume fraction and thermal expansion
in perfluoropolyesters and showed that with the decreasing free volumes, the thermal
expansion coefficient increased [65]. In our work, we observed a similar relationship. The
dimensional changes in our samples were described by elongation, where the highest
elongation was recorded for the substrate (PET foil) and the (CF)6 sample. On the contrary,
the (CF)1 and (CF)10 coating samples showed the lowest elongation.

The glass transition temperature in polymers corresponds to the mobility of the
polymer chains, and more rigid regions in the poly mer structure cause an increase in the
TH temperature [66]. In other words, when the free volume in the amorphous structure
increases, the T, decreases. This value has an influence on gases’ permeation through
polymeric materials dedicated for packaging structures, thus, TMA analysis was used
for further understanding the correlation of these parameters. The T; of the investigated
systems increased after layers’ deposition on the PET foil, indicating that more rigid
structures were formed. However, no strict dependence of the Ts on the fluoroalkyl chain
length was observed. Looking at the TF values (Table 3}, one can assume that the bigger
—CgF13Hyg group in (CF)6 than ~C3F3Hy in (CF)1 might have reduced the chain mobility,
whereas the longer —Cy2F; Hy group in (CF)10 could induce a more flexible backbone chain,
causing the lowering of the TE of this structure in comparison to (CF)é but maintaining the
same level as for (CF)0 [67]. On the other hand, the higher T,, for the CF(6) sample may also
be related to the higher thickness of the coating [67,68]. A similar phenomenon has been
observed in other silica hybrids [69,70]. This can be explained due to complex molecular
dynamics including both large enhancement and drastic suppression of molecular motion
in the polymeric hybrids. Such molecular dynamics governing T, are related not only
to the polymeric chain length but also to the chemical strucl:une, hybrid composition,
homopolymerization, and phase separation [46,69,70].

Eventually, the permeation of gases through the polymeric structure also depends on
the free volume and it should decrease at higher Tl-'-' Such a correlation between the TH and
the OTE values was recorded looking at the samples: PET—{CF)0/{CF)1—(CF)6. However,
{CF)10 had a lower OTR despite lower T;.. Thus, the changes in the free volume fraction
were not the crucial parameter in the oxygen permeability of the obtained coatings. The
OTR of the reference coating sample (CF)0 was lower than for the substrate and similar
to the final structure of (CF)1. The oxygen transmission rate decreased further with the
increasing fluoroalky] chain length in the coatings” structure. In the case of the (CF)10
sample, a fourfold reduction in the oxygen permeability coefficient in comparison to the
bare PET foil (2.0vs. 85 cmg,n"{m -day-atm)) was achieved. A dependence of the oxygen
permeation on the water contact angle and the surface free energy of the coatings might also
be indicated, since it decreased with increasing WCA and was the lowest for the samples
with low SFE. The influence of other parameters, such as roughness and diffusion path,
cannot be excluded from factors modifying adsorption and diffusion of the gas molecules
through the barrier. With the higher roughness, the specific surface area increased, and a
higher amount of gas could diffuse into the polymer structure [71]. The barrier property
of PET foil was enhanced by Wang et al. due to the elongation of the diffusion path [72].

78



Coatings 2021, 11, 573

1Bofle

Furthermore, the increase in the diffusion path by the polymer structure combined with
the synergistic effect of hydrophobicity increased the barrier properties as well [72]. In the
studied structures, the roughness was not the key parameter reducing the permeability rate,
but long fluoroalky| chains increasing the diffusion path and the hy drophobic character of
the surface of the (CF)10 sample might have significantly modified the barrier properties of
the coating,.

The best scratch resistance was observed for the (CF)1 sample, which can suggest
that the addition of short fluoroalky] groups increased the cohesion and adhesion of the
coating. Total detachment of this coating appeared at a load almost four times higher than
in the case of (CF)0. Howewver, when the length of the fluorinated group increased, the
positive effect disappeared, which can be connected with the decrease in the surface energy
of the materials containing a lot of fluorinated carbons. For (CF)0 and (CF)10, cracking and
chipping of the coating were observed from the beginning of the scratch track, i.e., with a
load of 0.03 N or lower. For the (CF)6 sample, even total detachment of the coating was
observed from the beginning of the scratch track. The increase in the fluoroalkyl group
length caused also a decrease in the Martens hardness of the substrate-coating systems.
However, still, Martens hardness for the materials with the longest functionalized chains
was higher than for the non-fluorinated sample ({CF)0), but much lower than for the
uncoated PET substrate.

5. Conclusions

The use of silica precursors organically modified with fluorinated chains of different
lengths allowed for the investigation of the relationship between the chemical structure of
the coatings and their performance properties. One can easily observe that the polyfluo-
roalkyl chain length played an important role in the layers” properties, altering, first of all,
the wettability and the surface free energy. With longer chains in the coating structure, the
hydrophobicity (water contact angle) increased and the SFE values decreased at the same
time. Additionally, the roughmness, glass transition temperature, and thermal expansion
coefficient changed with different precursors. The correlation of these parameters with
the chain length was notevident, but the glass transition temperature increased and the
coefficient of thermal expansion significantly decreased when the foil was covered with
the coatings. The decreasing oxygen transmission rate was clearly exhibited with the in-
crease in the fluoroalky1 chain length in the structures. However, it was difficult to directly
correlate the adhesion of the coating with the precursor used. Considering all the results,
the (CF)1 sample with one fluorinated carbon in the layer structure would meet many
criteria of the functional coating, but at the same time, it achieved the lowest reduction in
the oxygen permeability coefficient. Good barrier properties were shown for the (CF)10
coating, but its mechanical properties should be improved.

Supplementary Materials: The following are available online at https:/ /www. mdpi.com /article /10
3390/ coatings 1105057 3 /51, Equation 51: The Oy gen Transmission Rate Equation, Table 51: Silica
precursors used for syntheses, Figure 51: Scheme of fabrication process and testing of coatings
deposited on PET foil with (CF)10 picture, Figure 52: FTIR spectra in the whole measurement range
of all coatings and bare PET foil.
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Supplementary Materials

Structural and functional properties of fluorinated silica
hybrid barrier layers on flexible polymeric foil

E. Startek, A Szezursk, TIN L. Tran, J. Erzak, A. Bachmatiuk, A. Lukowiak

Calenlafion of Oxygen Transmission Rafe (OTR)
The value of oxygen transmission rate was calculated om the basis of the pressure change in the
measuring chamber ? at ambient temperature according to the formula (4):

T 1 1 whsy  d * .
0?R={24x—“x—x—x—"x—p}x [WLJ, {51)
TR dPchambers; A dt 2 % 2ahx0. LM Pa

where:

To - temperature under standard conditions, (0 °C);

T - temperaturs under measurement conditions, (*C) ;

Po - pressure under standard conditions, (Fa) (100 000);

dPdusien) - pressure difference between chamber 1 (upper) and chamber 2 (bottom) at the beginning of
measurement, (Fa);

WV - volume of chamber 2 (bottom), {cm?) {10.6664);

A - sample surface, (cm?) (31.1);

C - chamber dependent constant value (dimensionless).

Taking into account the samples thickness the occygen permeation coefficient could be estimate by
multiplying OTR and thickness valua.

Table 51. 5ilica precursors used for syntheses (colours of particular atoms in structures: coygen-red,
silicome-gray, carbon-blue, fluorine-graemn).

Sample
Primary silica precursors 3 precursor with fluorinated alkyl chain .
4 - notation
Mone (CF)0
Ethyl silicate, ES Trifluoropropyltrimethoxsilans, TEFTMS (CFj1
Perfluorooctyltriethoscysilane, FEOTMS (CEpo

&

Isooctyltriethoxysilane, IOTMS

Perflucrododecyltriethoocysilane, FEDDTES (CF)10

g
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ARTICLEINFO ABSTRACT

Keywords: The prezented work aimed to i igate the depend of the f Iyl p used in the zol-gel
Sal-gel :ynxhenu of silica-bazed ials, on the ! 2nd optical properties of the final coanng deposited on
Hm'rinalnd coating pols hthalate foil The I prop ofdu fabri 3 2 were 1 } using Raman
2:;:' strwcoace Sp pv, X-ray Ph Sp py, and S g Electron Mi py with Energy Disperzive
e eiod Spectroscopy (SEM-EDS). The phology of the plez waz i i § using SEM and Atomic Force Mi-

P thoda. Optical p were lyzed uwsing e]lrpmu'y and reﬂ:ctomuv Additionally, the

bility properties with the surf: ﬁeem:gywmdetzmmd The cracls-free layers were obtained on the

elaztic substrate az proved by

The d chemical waz fi d using

zpectroscopic studies that showed ﬂumdkyl chainz build into du final structure. The coatings (except the one

btained from the p

with the il

lkyl chain) exhibited h surfaces and high transparency

with a transmittance of 92% in the vizible range. They hml low refractive indices, which could be tuncd in a wide

range from 1.435 down to 1.547 (at 635 nm) by ch g the fluori i p and & ing the
of fluorine in the ial A longer fl “W‘duma.lno proved the hydrophobic ch of the g
Such materialz have great p ial appli in flexible ph i (for ple in ph ltaicz).

1. Introduction

Flexible photonics iz an important technological and scientific
b:eakthrough opening the opportunity for the realization of highly
ive sy . The technological innovation and the scientific

throughs drive lly the develop of this fleld. The main
advantage is a high mechanical flexibility allowing applications, where
the fabricated systems should operate in several deformation condmons,
ie. bending, folding, rolling, twisting, stretching, and As
already done with flexible electronics, it is easy to image the pervasive
use of flexible photonics in the daily use products as well az in the
extremely specialized high-tech systems [!]. Many applications have

elements with main application in displays [5,6].
In addmon to the elastic propemes of materials dedicated to flexible
h , the appropriate 1 properties of the manufactured ma-
tenals are important The combination of the flexibility of polymers with
the good optical properties of oxides allows to obtain appropriate fea-
tures for applications in flexible and stretchable photonics. The range of
materials used in this field and their forms are still increasing [7]. Here,
the most popular polymer is polydimethylziloxane (PDMS), which is
used as a transfer film for other layers in printed photonic devices [8]. A
much wider group of polymer inorganic hybrid materials is suitable for
photonic application az well. Thin and flexible glasses can be used as
supports for the waveguides [9], while organic polymers (including

been already presented, such as various components in flexible displays,
solar cells, sensors and bioelectronics (to monitor health and facilitates
diagnostics), or light-emitting devices for wearable displays [2-4]. The
future of flexible devices will bring a much broader range of new ap-
plications. Flexible photonics iz mainly I to laser ., am-
plifiers, integrated optical circuits, and light generation, transmission,
and processing, whereas optoelectronics deals with light-emitting

* Corresponding author. Lukasiewicz R h N !
EB-mail address: Kamils Startek(@port lukaziewicz.gov.pl (K. Startek).

httpe://doiorg/10.1016/j.0ptmat. 2021111524

PORT Polizch Center for Technology Devel UL Stablowich

polyethyl terephthalate (PET)) are suitable for flexible sensors and
solar cells [2]. The silica-based coatings deposited on flexible polymeric
substrates are promising and they could be fabricated using sputtering
[10] or wet chemical methods like dip-coating or spin-coating [11].
The sol-gel pr g allows bining the properties of inorganic
materials, such as transparency, stability, or resistance to moisture and
oxygen, with the properties of organic materials, such as flexibility and
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hydrophobicity. Fabricating of such structures is possible thanks to the
proper demgmng of the hybnd materials at the molecular level during

h by int groups into the oxide
matrix. Silica sol-gel coauxms are used for example, in photovoltaic
application as antireflective (AR) layers deposited on glass [12]. The
sol-gel method allows precise control of the microstructure of the
fabricated materials and hence their homogeneity [12,13]. Most of the
AR coatings are based on the tetraethyl orthosilicate (TEOS) as the main
silica precursor [14], mixture of TEOS with methyl triethoxysilane
(MTES) [15,16], or colloidal silica ion [17]. M , the AR
coatings on glass dedicated to photovoltaic modules also show good
mechanical properties [18].

The hydrophobic character of the coatings dedicated as covering
material in photonic devices is one of few basic desirable properties.
Some sol-gel-derived structures — coatings obtained from poly-
fluoroalkyl alkoxysilanes — are known as hydrophobic materials for
anti-repellent applications [19,20]. The hydrophobic properties of the
sﬂ:ca coanngs were also achieved by siloxanes with branched per-

lkyl or modifi of silica ticles with high
length alkvl chains [21,22]. But in general, most of the works described
so far in the literature correspond to silica-based coatings deposited on
rigid substrates (glass, aluminum, alloys, etc.). Among sol-gel-derived
fl Linetal. aki y fabrication
bi fabrics ing using fluorine-free hy-
ysilane [23]. 'nus study showed that the
fabncated coau.ngs could be applied as a water repellant protection of
textile fibers. The material developed by Kwon et al. [24] showed
similar properties. when nanoparticles covemd with a ﬂuompolymer
were used as an toa b g that was
applied to the suxface of cotton fibers. In thiz way, fibers with waber- and
il were ob d. There are also known examples
of coanngs on polvmenc substrates with antireflective properties [25].
The AR and superhyd:ophoblc layers, which could be applied on
different substrates including poly . were loped by Ren et al.
[26]. The coatings prepared using perﬁuomoctylme(hoxysnlanz
-modified silica nanoparticles and silica precursor could be dedicated

Ve 1.

q
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collected in Table 1.
2.2. Layers preparation

Syntheses were carried out by the sol-gel process, where hydrolysiz
and condensation reactions of different silicon-based precursors
occurred. Ethyl silicate and izooctyltriethoxysilane were the main silica
precursors in all layers synthesis. The sample labelled az (CF)0 (a
reference sample without fluorinated groups) was synthesized only from

those precursors. For the other a third p with
different length of fluorinated alkyl chain was wused: wi-
fl propyltrimeth il in (CF)1, perfluorooctyltriethoxysilane in
(CF)6, and perfl lodecyltriethoxysilane in (CF)10. The details of the

coatings preparation and their basic characterisdc were described
elsewhere [29]). Two different materials were used as substrates. For
most of the analyses, a polyethylene terephthalate foil, Melinex St504
with 175 pm thickness, DuPont Teijin Films, Luxembourg) was chosen
but for Raman spectroscopy and elliprometry measurements, the sam-
ples were deposited on microscopic glass slides with dimensions of
2.5cm x 2.5 em. After deposition by a spi thod, the pl
were ditioned at room p ure for one day and dried at 60 °C for
2 weeks. The final coatings had thickness of about 1.5um [29].

2.3. Methods of layers’ characterization

The structural properties of the obtained coatings were analyzed
using Raman Spectroscopy method on WiTec Alpha 300 apparatus with
532nm excitation wavelength laser with 50 mW power. The spectra
were recorded from 100 to 4200cm ™’ range with 100x objective
magnification. Glass substrates were used for this measurements for
better recognition of the bands corresponding to alkyl and fluoroalkyl
groups.

The optical properties of the layers were tested by estimation of the
reflectance and transmittance spectra using Reflectometer Filmetrics
F10-RT. The spectra were recorded in a range of 200-1100 nm.

The xefracnve index (RI) measurement was performed using Spec-
Elip SENTECH SE850 DUV (SENTECH Instruments

for g ., optical devices, or solar cells appli
double-layer hydrophobic and AR ing with 11

b d

GmbH) The micro spots, which limited the light spot to 300-400 pym in

at visible region (:>99%) for poly (methyl ylate) was
by combining the colloidal silica and polymethylhydrosiloxane [27].
H , further studies on fl coatings showing not only good
optical and mechanical characteristics but also other functional prop-
erties {e.g. sup hobicity, t philicity, corrosion resis-
tance, specific barrier or logical etc.) are ded

In this article, there are presented fluorinated silica coatings depos-
ited on a flexible polymer foil. It is shown that the sol-gel technique is
suitable to produce smooth elastic layers with which sh
good optical and functional features with potential for application as
antireflective or protective coatings, for example in photovoltaics [2
The influence of the number of fluorinated carbon atoms in the alkyl
chain on the final chemical structure, surface properties, and optical
properties is discussed.

bl

P

1efe d

2. Materlals and methods

2.1. Materials

For the tings synth the following ch Iz were used: iso-
octyltriethoxysilane  (IOTES) and  perfl yltriethoxysilane
(PFOTES) from Merck KGaA, Darmstadt, Germany, tri-
fl pyltrimeth (TFPTMS) from TCl, Tokyo, Japan, per-

fluorododecyltriethoxysilane (PFDDTES) from Apollo Scientific,
Stockport, United Kingdom, ethyl silicate (ES) form Wacker Chemie AG,
Munich, Germany, deionized water, 96% ethanol and hydrochloric acid
both from Avantor Performance Materials Poland S.A, Gliwice, Poland.
The precursors used in the sol-gel process and their structures are
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di were uzed. The three-layered model of calculation was used:
substrate/layer/air. The coating layer was described by Cauchy's
equation. The precented refractive index values were the mean from ten
zingle measurements.

The curface logy and position of the layers
were examined using Scanning Electron Microscopy (SEM/FIB - FEI
Helios Nanolab 450HP). Prior to i the les were p d by
applying a layer of amorphous carbon with a thickness of about 20 nm
on their surface using a vacuum sputtering device (Leica EM ACE600).
The surface of the samples was imaged with a magnification of 5000x
and a beam of 5 kV energy. The SEM analysis with the Energy Dispersive
Spectroscopy (SEM-EDS) with back scattered electrons detector was
used to investigate the composition and uniformity of the layers and the
spectra were recorded for electron beam power of 10kV.

Top the topography of the o gs’ surfaces, Atomic Force
Microscopy (AFM) was used (FastScan, Bruker, working in the air con-
ditions and equipped with the SCM PIT probe, with spring constant 2.8
Nm ' and resonant frequency of 75 kHz; length 225 pm). The roughness
pa.rametexs (R; and R,) were calculated from the surface area of
100 pm?.

Surface composition was investigated with the X-ray Photoelectron
Spectroscopy (XPS). The spectra were recorded using ultrahigh vacuum
PREVAC 426 system configuration (PREVAC, Rogow, Poland) equipped
with SCIENTA R3000 hemizpherical spectrometer and X-ray Al Ka
source. The base chamber pressure during the measurements was at
1x 10 ¥ mbar level. The survey spectra were recorded with 1eV step
and 0.5 s acquisition time. To ensure a good measurements’ accuracy by
reduction of background noize for each elements, the resolution region
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Table 1
The I f laz of uzed in the syntheses.
Fundamental silica precursors 3rd precursors with fluorinated alkyl chain Sample notation
None (CF)0
Ethy] silicate, ES Trifluoropropyltrimethoxsilane, TFPTMS (CF)1
OTH, Hy
nsc,o—bsu—o—}—c.A : 2Hy Wo—0 ; N\,
OCH
Hy
Isvoctyltriethaxysilane, I0TES Perfluorooctyltriethoxysilane, PFOTES (CF)6
Gy Mg
-]
e AL Hey——O— i _/\1‘\‘;,-. e,
Q lu\ o 7
Gy Ln,
Perfluorododecyltriethoxysilane, PFDDTES (€N1o
CMs
Hyy——O i /\rc! I ©
°
I:"s
was ded with priate lysis conditions. The scans for single
elements were tzken wuh 125 meV step and acquisition tmes in the (CF)10 C»
range of 0.7-2.25z. The Flood Gun has been used for the charging n § | ‘2 ® o 7
mp ion during \ Ll o s & A 2
The wettability properties, water contact angle (WCA), and surface =357 i ) | ) e e
free energy (SFE) were d using angle G OCA — = Dot ;
35 (DataPhysics, Filderstadt, Germany). The contact angle value was (CF6
tested using a drop volume of 3 uL. The presented results were the mean
value of ten single measurements. The Surface Free Energy (SFE) was N e |
calculated using the Owens-Wendt hod based on angle SER WS N it -
values of two standard liquids with polar and non-polar character, i.e. '; — " + it
water and diiodomethane [30]. s | (CFn .
Mechanical properties of the structures (coatings adhesion and g A S v
hardness) have been reported previously [29]. 5 V0N
2 ol —
1
3. Results and discussion - ; B 0§ | i |
(CFy !
3.1. Raman Spectroscopy |
- A
o - AN N
The Raman spectra for the ! p d on glass sub were : \ ' :
recorded to verify the presence of alkyl groups and fluoroalkyl chains in glass substrate
the final coatings’ structurez (Fig. 1). The main bands present in the
spectra were d to specific vibrati of the appropriate bonds as SRR TN,
listed in Table 2. B | S ] .
It iz evident that the bands corresponding to the —~CHj st 4 -
vibrations (asymmetric at 2915-2058em ' and symmetric at 200 400 600 800 1000 1200 1400 2800 3000
2716-2882cm ') were present in all samples due to IOTES used as one Raman shift (cm')
of the main silica precursor [31]. Moreover, the band located at 3
Fig. 1. Raman spectra of dep d on glass zub

314cm ! corresponded to the -CH2 stremhmg vibration and toge!:het
with the band at 1429-1455cm ! d to the C-H vib from
isopropyl group (-~C(CH3),) were indicating that the alkyl chains were
present in the structures [32,33]. The —CH3 vibrations from the isopro-
pyl group were the strongest in (CF)0 where alkyl chains are the main
organic component of the coating. The Raman spectra of all samples
showed the bands in the ranges of 509-612cm ! and at 842-970 cm !
which are gned to the sil network

hing vi-

vibrations of the C-F bond of the CF3 group, was seen for (CF)6 and CF
(10). Other C-F vibrations (from -CF; and —CF,) observed at around
730cm ', 1100cm *, or 1300cm  overlapped the bands correspond-
ing to C-C or C-H vibrations (see Table 2); nevertheless, they could be
recognized in the spectra [32,26,37]. Looking at the prezence of char-
acteristic bands, one may conclude that the obtained coatings contain

il groups, alkyl chains, and fluoroalkyl chains in the structure.

brations originating from the main component of the final poly ic
structure [34,35].
The C-F vibrations were clearly visible in the samples containing

fluoroalkyl chains. The strong band at 385 cm ’, which came from the
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Thus, it was confirmed that the organo-silicate networks have been
formed, which included organic chains of different length derived from
organic silicon precursors.
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Table 2
Main band: or bands ranges with ponding bonds and vib in Raman
spectra.
Raman Shift (cm™")  Bonds and vibrations
314 C-C stretching vibration in -CHx- group
350.485 C-F in saturated —CF; group
509-612 Si-0-Si symmetric sretching
715.-750; C-H rocking vibration in Si-CH; group
11061254
750 C-F stretching vibration of -CF;3 group
730-819 C-F deformation vibration
842 970 $i-0 stretching vibration
1097-1104 C-F symmetric stretching in ~CF; group
1035-1104 C-C stretching in aliphatic chains
1216-1252 C-F asymmetric stretching of ~CF—
1291-1301; 1452 C-F asymmetric -stretching of -CF, group
13141334 C-F stretching
1371-1388 C-H asymmetric stretching in ~CH, aliphatic group
14291455 ~CH, group symmetric bending vibration in -C(CH,),
group
27162882 C-H symmetric stretching in -CHj group
29152958 C-H asymmetric stretching in —-CH; group
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layers like an ultra-thin silicon nitride lightguide layer fabricated and
described by Yakuhina et al. [41]. The authors used bilaterally polished
semiconductor quartz wafers with a surface roughness R, < 0.5nm.
Smooth surface allowed forming layers of a waveguide structure with
minimal roughness and, as a result, scattering at the interfaces was
neglected.

The recults of topographies of the analyzed samples measured with
AFM are presented in Fig. 3 (the details on the coating’s roughness pa-
rameters have been already reported by Startek et al. [29]). The (CF)
0 and (CF)6 samples had very smooth surface with roughness lower than
the PET foil (R, below 1 nm in comparizon to 1.4 nm). Slightly higher R,
value of 5.5 nm was obzerved for (CF)1. The surfaces’ topographies were
at similar levels as for polyfluoroalkyl-silica porous coatings on glass
substrates with i ction properties, that sh d R, para
below 1nm [42]. As compared to other antireflective coatings, the

values p d here were lower in comparison to Al,O3
layus deposited on glass using pulse deposition method where R, value
was equal to 10nm [43]. The P silica gs formed by a
UV-radiation and d ited on p ic substrate described by Aietal.

o

3.2. SEM imaging and EDS analysis

The sols deposited on the PET substrates formed hybrid organic-
inorganic continuous layer. The (CF)0, (CF)1, and (CF)6 camples were
characterized by h surface with any d. such as cracks or
other defects as observed by SEM (Fig. 2a presents surface of (CF)0 asan
example). The (CF)10 sample also showed a continuous layer which
additionally revealed a winkle-like structure (Fig. 2b).

The SEM i was ded by a position analysis using EDS
technique and the changes of atomic p age of each el (C,0,
Si, and F) in the zamples are presented in Fig. 2c. The element ratio of
fluorine to silica also is & duced b different of the
fluorinated carbons in the precursors were used for syntheses. The
presence of the higher length of alkyl chains in precursors’ structure
brings the possibility of p: g the steric hind. 1i ions [38,
39] during the condensation reaction, which can influence the final
chemical structure of the coating. One can observe that when the con-

[25] =h d 11 optical and mechanical properties with low

roughness parameters (Rq of 0.57 nm that was similar as obtained for

(CF)6)). However, for the (CF)10 h par

much higher values of 78 nm a.nd 63 nm of Ry and Ry, respectively. This

zample, except the h had specific surface

topography vmble in the SEM i unages as well (Figs. 2(b) and 3), which
g d the r of the layer.

Histograms of the height distribution (Fig. o) are relaued to the sur-
face texture. The rough (CF)10 ple sh d a asy TV
of the height distribution graph, that was also visible in the 3D image.
The most homogeneous height distribution revealed to the (CF)0 and
(CF)6 samples which also reached the lowest roughness.

hed

3.4. XPS analysis

The acquired XPS survey spectra are presented in Fig. 4 and the
atomic p ge of each el are shown on the graph in Fig. 5. It
can be seen from the spectra that in the final layers the atomic per-

of each el was different in various samples. The scans

tent of C, O, and Si elements decreased, the fluorine ation
significantly increased with the length of the fluoroalkyl chain. The
changes are clearly seen looking at the F:Si ratio (Fig. 2d) which is
almost ten times higher for (CF)10 in comparison to (CF)1 (ten vs. one
fluorinated carbons in the precursor molecules, respectively).

3.3. AFM imaging

The roughness is an important parameter in optical materials and in
many cases there is a need for reducing the roughness of the substrate by
introducing additive smooth primary layer for effective work of opti-
cally active matenals deposited on cheu' top [40]. For example in

1in Fig. 4 sh d the p of 8i2p, Si2s, Cls, Ols, and Fls

agnals The crucial in the resean:h is the amount of fluoric atoms in the
surface layers, which increased proportionally with the length of the
fluoroalkyl chain of the precursors. The (CF)1 and (CF)10 samples
chowed the lowest and the highest content of the fluorine atoms,
respectively (Fig. 5). The p of atomic of oxygen on the
surface of the layers was the highest for the (CF)0 and (CF)1 samples and
quently with the of the length of the fluorinated

chain. A similar tendency as oxygen chowed silicon and carbon (except
the case of carbon in (CF)10), which amount decreased with the fluo-
roalkyl chains length. Based on the atomic concentration of the ele-
ments, the F:Si and F:C ratios were calculated and put on the graph

lithography, the polyimide layer d d on the P
aluminum silicon oxide gl amic hed the rough at 0.2nm

level. The roughness of the substrate is especially important in thin

10 um

X5000

Fig. 2. SEM images of (CF)0 (3] and (CF)10 (b) coatings. Composition of sampl

d in Fig. 5. The ratios of these elements obviously increased
wnh the length of the fluoroalkyl chain. The survey spectra at the re-
gions of Flz and Cls signals, showing clearly their intensity changes, are

(c) (d)

# 60

{CFO = (CF)1 m (CF}6 m (CF)10

“© a
j |
g
10 '
c o si 3 e

(at.%) baced on EDS analyzis (c) and ratio between fluorine and silicon atoms (d).
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50 (CF)1 350 (CF)6 50 (CF)10 370.0
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Fig. 3. AFM images of surface topography (top panels) and histograms of the height distribution grapha from surface roughness analysiz (bottom panels) of coatings

deposited on PET substrate.
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Fig. 4. XPS survey scanz of all investigated samples.

presented in Figure Al in the Supplementary material. The same ten-
dencies in variation of samples composition were shown by the SEM-
EDS analysis.
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The deconvolution of the Cls and Si2p signals were performed as
presented in Fig. 6. A shift (on the order of several eV) toward higher
energies was observed due to polymer surface charging during the XPS
measurements. The Cls spectra were calibrated before deconvolution by
setting the major C-C peak at 284.7 eV [44]. The deconvolution of the
C1s signals revealed up to four carbons (as in the case of the (CF)6 and
(CF)10 samples) with different atomic concentrations. The C-C signal,
as the main one, was located around 284.7 eV (at the same spectral
range as CHy group [44]). The -CHCF5-, -CF-, and -CF; group sig-
nals were located at around 287 eV, 292 eV, and 294 eV, respectively
[45]. The (CF)0 sample showed two main carbon signals assigned to C-C
(97.0 at.%) and -O-CH - (3.0 at.%) bonds, respectively. The Cls peak of
(CF)1 was divided into three components assigned to C-C (74.6 at %),
—O-CHz (18.2 at.%), and —CF; (7.2 at.9) bonds, respectively. The (CF)
6 pl d five dec d peaks in the Cls region corre-
sponding to C-C (56.1 at%), -O-CH,~ (6.4 at.%). -CH»-CF, (3.3 at.
%), -CFx- (28.4 at.%), and ~CF; (5.8 at.%) bonds, respectively. The (CF)
10 sample also showed five carbon signals C-C (19.3 at.%), -O-CH-
(21.3 at.%), -CH,-CF- (12.3 at. %), -CF>- (40.5 at.%), and -CF; (6.5 at.
%)). The amount of the ~CF, bonds in total carbon bonds increased with
the increasing length of the fluoroalkyl chain as seen for (CF)6 and (CF)
10. This d proves the p of built-in various fluoroalkyl
chaing in the surface layer.

The deconvolution of the Si2p signal exposed the presence of two
different signals received from the Si-O and Si-C bonds at the range of
104-106eV. The (CF)1 sample showed 78.5at.% of Si-O bond and
21.52at.% of Si-C bond. The (CF)6 sample exhibited difference in Si
signal composition, where the S5i-O bond registered the amount of
48.2at% and the Si-C appeared at 51.8at.% level. For the (CF)10
zample, the Si2p peak composition indicated similar values to the (CF)1
zample, where the 5i-O and Si-C bonds participation reached 67.4 at.%
and 32.6 at.%, respectively. Due to the CPS intensity axiz, samples (CF)6
and (CF)10 showed higher intensity of the Si2p signals in comparison to
the (CF)0 and (CF)1 sample, which could be the result of a greater
presence of these bonds on the surface.

h .

3.5. Optical properties

Aiming to applications in such fields as flexible photonics or trans-
parent packaging, transparency of the hybrid barrier coatings is an
important factor [46-42]. Fig. 7a depicts the transmission and reflection
spectra of the hybrid layers in comparizon with the PET foil. Except the
(CF)10 coating, the transmission and reflection spectra of the samples
chowed interference fringes which are usually observed in fairly
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Fig. 6. Peak-fitted Clz and 5i2p XPS spectra of all investigated samples.
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Fig. 7. and refl spectra of coatingz dep
h g and h thin P layers [49,50]. These sam-
ples exhibited high transp v with ansmittance from 88% to 92% in

the 400-1100 nm spectral range and low roughness as discussed in
section 3.3. In particular, the highest transparency ( >90%) was obtained
for the (CF)0 and (CF)6 samples (Fig. 7b) which had the lowest rough-
ness parameters. The spectrum of the (CF)10 sample showed a signifi-
cant decrease in transmittance which was below 70% in the wisible
range. This effect is mostdy caused by the formation of a winkle-like
structure and much higher surface roughness of the (CF)10 sample as
revealed in the SEM and AFM images in Figs. 2b and 3, respectively.
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solar concentrator solar cell

d on PET foil (a); picture of (CP)6 (b); and scheme of posaible application (c).

The fluorinated polymers are widely used in optical structures due to
their low refractive index values [51,52]. The current study also showed
lower refractive indices of fluorinated samples in comparizon to (CF)0 or
dense silica. The RI values d d with the & ing length of the
fluoroalkyl chains, i.e. with the increasing number of fluorine atoms in
the samples’ structure (see Figure A2 in Supplementary material). Such
reladon was observed and described in hyperbranched fluorinated

poly , where the refractive indices and the fl g
linear relationship [53]. As d in Refs. [53,54], the introduction
of fluorinated groups in such matrices induced 3D globul. hi
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with higher b hed st q ly lowering density of the
materials. When the density of the material decreases, the refractive
index also decreases as expressed by Lorentz-Lorenz equation [55]:

-1
2

ap

3

~ (e8]
"+
where n is the refractive index of the material, p is the number density of
constituent molecules of the material, and « iz the mean molecular
polarizability.

Such rel P on the ¥ was d in the

d 4, les d
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WCA and clightly higher part of polar component (1.84mN/m wvs.
0.79 mN/m for (CF)10) most probably due to higher content of hydroxyl
groups [29,59]. The higher dispersive component in SFE of (CF)6 than
polar component part iz actributed to a change in van der Waals and
other ite specific i b the g surface and the
measurement liquid [60,61]. The non-fluorinated (CF)0 sample with
relatively high content of izooctyl groups showed the lowest share of the
polar component but with relatively high SFE.

The surface polarity was in all cases lower than 20% of the total
surface free energy which meant that the wetting was driven by the

1

investigated coatings. Among all samples, (CF)10 with the high
content of fluorine atoms reached the lowest Rl value equal to 1.3468 (at
633 nm) and the highest RI equal to 1.4354 was obtained for (CF)
0 without F in the final structure (Table 3, Fig. A2). In other words, it
has been demonstrated that the refractive index of the fluorinated silica
coatings can be tuned in a wide dynamic range by simply changing the
used precursor containing fluoroalkyl chains of a different length.

3.6. Wettability and surface free energy

'l'he wembu.lty depends on the surface roughness (structure) and

so ch in these p affect the
wettability. 'nle importance of wettability properties in adhesion lies in
the quality of adhesive bonding and coatings, which strongly depend on
the spreading of materials on the substrate [S6]. The surface energy is
important in antistatic properties of fabricated coatings. The water
contact angle was tested showing that all fabricated samples had hy-
drophobic character (Table 3). The WCA value for the bare substrate was
equal to 80° while for the coating samples it showed values in the range
of 103°-113" (as registered for the (CF)0 and (CF)10 samples, respec-
tively) — the longer the fluorcalkyl chain in the precursor, the higher
the hydrophobi of the le was observed. Moreover, the
WCA was almost equal in the case of (CF)0 and (CF)1. According to the
literature reports, structures containing branched a.lkyl chains are an
alternative to fluorinated carbon P ds forh coatings
[57,58]. The (CF)0 pl d branched and long hy-
drocarbon chains (—(CHz)sCH(CHy);), while the (CF)]1 sample addi-
tionally had shorter trifluoropropyl groups. The results would show that
the content of the fluorine atoms (one ~CF; group in the precursor

lecule) and the p of a short carbon chain contributed to the

h

P

hi

weak di 1 interactions [62]. In comparison, the surface
energy properties of pure poly (tetraflucroethylene) (PTFE), highly inert
and polar material, ob d by Wood et al. applying Owens-Wendt
method on a variety of ial PTFE 1 h d total SFE of
18.0 mN/m and 0 mN/m for the polar component [62].

3.7. Perspective application

According to the literature and precented results, the fluorinated
zilica-based polymers are a promizsing class of high-performance mate-
rials that take ad: ge of the ic network and strength
of the carbon-fluorine bond to provide excellent durability, weather
ability, chemical resistance, flexibility, and good optical properties [63].

Among the crucial properties of the described coatings, low rough-
ness should be mentioned because it is an important parameter in optical
materials allowing to achieve low scattering losses. The transmittance
and hydrophobic properties may provide UV screening, lack of absorp-
tion in the visible range, and easy cleaning abilities, which are partic-
ularly important for devices working in environmental conditions.

Consequently, various types of i may be
described str The most p pectives for such
are developing perovslute ﬂenble or dye -sensitized solar cells, where

t on PET p were akeady proposed [2]. The materials
could be used, for ple, as anti i for solar concen-
trators (Fig. 7¢) in dye-sensitized solar cells combined with low con-
centration systems. They are also suitable for other photovoltaic
structures as antireflecting, protective, or barrier coatings, especially, in
polymer and flexible solar cells or 1 solar rators that
need to be encapsulated to avoid degradation processes. Self-powered
portable electronic devices may also take benefit from protective coat-
ings. E . one should also mention other optical structures or

d for

ve

WCA value at a similar level as the presence of longer and b hed
hydrocarbon chains.

The determination of the surface free energy allowed comparison of
the dispersive and polar components of the SFE to chow the influence of
the particular component in the total SFE value for each layer. The
highest value of the SFE was shown for the untreated polymeric sub-
strate (PET foil) and reference sample (CF)0, which reach 31.5mN/m
and 26.7 mN/m, respectively (Table 3). It was observed that with the
increase of the WCA, the SFE was decreasing, and the surface revealed
more hydrophobic character. The (CF)10 sample had the lowest SFE
reaching 10.8 mN/m, where the main force component was the
dlspexs'we one (9.99 mN/m). It iz cor 1 with the p of the

P groups (fl Ikyl dum) on the coaun,gs surface
[59], which are responsible for the d ive forces. The (CF)6 zample
showed a similar value of SFE but, at the same time, a 5° lower value of

Table 3

Values of wettability (water contact angle, WCA), surface free energy (SPE) with dizp

subatrate for comparizon.

packaging materials, where barrier properties of the coating are
important. This approach, based on a low-temperature sol-gel tech-
nique, may further result in a prospective reduction of production costs.

4. Conclusions

Hybrid organic-inorganic coatings have been fabricated on elastic
polyethyl foil. The Raman spectra proved that fluori-
nated organo-cilicate networks have been formed. The EDS and XPS
h d the d the of the C, O, and Si elements,
wh.l!.e the F element amount increased with the length of the fluoroalkyl
chains of the p used for th The variadon was clearly
visible in the F:Si atomic ratio which was significantly increasing
reaching ten times higher value for (CF)10 in comparison to (CF)1.

and polar and refs index of obtained g= and PET

Sample WCA () SFE (mN/m) Dispersive component (mN/m) Polar component (mN/m) Refractive index at 633nm
PET 8005 3150 +0.86 2525 6.25 -

(W3 1) 103+ 0.6 26.71 095 26.68 0.03 1.4354 = 0.0108

cm 102+05 23.25+0.76 .76 0.49 1.4186 = 0.0086

(CF% 108+ 0.6 10.81 =0.77 898 184 1.4014 = (.0044

(€M1 113+ 09 10.78 = 0.69 9.9 0.79 1.3468 = 0.0024
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hin b

No direct rel the fl Ikyl chain length and the
roughness parameters has been observed. Most samples presented in this
work (except (CF)10) showed smooth surfaces and high transparency
(cra.nsvmtnme from 88% to 92% in 400-1100nm) which could be

larly g In application as covering materials for optical
structuzes or packzgmg The fluorine content significantly modified the
refractive indices of t.he mzmnals the RI value was decreasing with
the fuort . the water contact angle values
mcmasedandthesurface[meenetgy d with the & ng
concentration of the fluorine atoms in the surface structure. The SFE of
all 1 d low of polar t, which should aid
the cl 1g of the ing surfa

The results prezented in the article allowed to observe the relation-
ship between the precursors used for the synthesis and the final prop-
erties of the produced coatings. The resultz make it easier to design
functional coatings with the desired characteristics. The fabricated
coatings bring promising properties for use in flexible photonics.
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Plakat - ”“Correlation between microstructure and gas sensitive properties of zinc
oxide”, M. Fiedot-Tobota, P. Suchorska-WozZniak, K. Startek, O. Rac-Rumijowska, R.
Szukiewicz, M. Kwoka, H. Teterycz, 42nd International Microelectronics and

Packaging IMAPS Poland 2018 Conference, Gliwice

Referat - A. Lukowiak, K. Startek, et al., “Sol-gel synthesis route to mixed-metal

oxides”, Oxygenalia 2018, Wilno, Litwa

Referat - “Glass photonics: advancements and perspectives” A. Chiasera, A. Szczurek,
K. Startek, O. Sayginer, L. Thi Ngoc Tran, M. Bollani, S. Varas, A. Carpentiero, C.
Armellini, A. Chiappini, L. Zur, W. Blanc, B. Boulard, P. Gluchowski, D. Zonta, O.
Bursi, J. Krzak, A. Lukowiak, G. C. Righini, M. Ferrari, ICTON 2020, 16th International
Conference on Transparent Optical Networks, 19-23.07.2020, konferencja on-line;

wyktad proszony

Referat - “Flexible photonics: transform rigid materials into mechanically flexible and
optically functional systems”, A. Chiasera, A. Szczurek, L. T. N. Tran, K. Startek, O.
Saynger, S. Varas, C. Armellini, A. Chiappini, A. Carpentiero, D. Zonta, O. S. Bursi,
R. Ramponi, M. Bollani, F. Scotognella, G. Macrelli, J. Krzak, G. C. Righini, M. Ferrari,
A. Lukowiak, SPIE OPTO, 2021, konferencja on-line

Referat - “Luminescent bioactive nanoglasses and graphene-based composites”,
A. Lukowiak, M. Fandzloch, K. Halubek-Gluchowska, Y. Gerasymchuk,
L. Tahershamsi, K. Startek, B. Borak, SPIE Photonics West 2021, 6-11.03.2021,

konferencja on-line

Referat - “Photonic glass systems fabricated by RF sputtering on flexible substrates “A.
Chiasera, O. Sayginer, E. Iacob, A. Szczurek, K. Startek, L.T.N. Tran, S. Varas, J. Krzak,
OS. Bursi, D. Zonta, A. Lukowiak, GC. Righini, M. Ferrari, CLEO/Europe-EQEC 2021
- wyklad proszony

10) Referat - “Photonic glass ceramics for frequency conversion” L.T.N. Tran, K. Startek,

O. Sayginer, S. Varas, C. Armellini, A. Chiappini, A. Carpentiero, M. Bollani, F.
Scotognella, M. Ferrari, GC. Righini, P. Gluchowski, A. Lukowiak, A. Chiasera,
MCARE 2021, Materials Challenges in Alternative & Renewable Energy, 19-22.07.2021,

konferencja on-line, wyklad proszony
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Udzial w projektach

1) “Elastyczne polimerowe ogniwa stoneczne z ulepszong dtugookresowa stabilnoscig”,

LIDER, LIDER/09/129/L-3/11/NCBR/2012, 01.2014 - 08.2016;

2) “Wykorzystanie nanotechnologii w nowoczesnych materialach”, zadanie
,Opracowanie  metodyki barwnego znakowania szklanych  materialéw
konstrukcyjnych metoda rozpylania magnetronowego” NanoMat (POIG.01.01.02-02-
002/08), 2015;

3) ,Opracowanie innowacyjnej technologii personalizacji poliweglanowych blankietéw
panistwowych dokumentow”, 2017-2020, projekt finansowany przez Narodowe

Centrum Badar i Rozwoju w ramach konkursu nr 8/2016;

4) ,Flexible photonics” polsko-wloski wspélny projekt wymiany osobowej na lata:
2020-2022, w ramach porozumienia o wspotpracy naukowej miedzy Polska Akademia

Nauk i Consiglio Nazionale delle Ricerche;

5) ,Opracowanie technologii karbonizacji surowcéw organicznych przy wykorzystaniu
technologii mikrofalowych do wdrozenia innowacyjnego procesu produkcji wegli

aktywnych”; numer projektu: RPDS.01.02.01-02-0062/20; RPO WD; 04.2021-04.2022.

Wyréznienia

Nagrodzona w konkursie na sfinansowanie udzialu oraz zakwaterowania podczas konferencji

XX International Sol-Gel Conference, 25-30.08.2019, Sankt Petersburg, Rosja.
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