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2. Streszczenie
A. W jezyku polskim

Niniejsza praca doktorska stanowi krytyczne spojrzenie na problematyke wytwarzania uktadow
polimerowych zawierajacych w swoim skladzie dodatki funkcjonalne w  postaci
silseskwioksanow oraz ich bliskich pochodnych, sferokrzemianéw, ktore ze strukturalnego
punktu widzenia uwaza¢ mozna za podtyp silseskwioksanow. Modyfikatory krzemoorganiczne
przebadano zarowno pod katem dodatkéw do masy tworzywa, jak i czynnikow modyfikacji
powierzchniowej (srodkoéw sprzegajacych) pigmentu mineralnego TiO.. Analizie poddano
zasadnos¢ aplikacji badanych typow zwiazkéw krzemoorganicznych W réznych technologiach
przetworczych, mianowicie wtrysku, wytlaczaniu folii, druku 3D technika FDM oraz
odlewaniu pigmentowanych zywic epoksydowych. Pozwolito to na wskazanie obszarow,
w  ktorych dalszy rozw6] materiatow z modyfikatorami  silseskwioksanowymi
i sferokrzemianowymi uznano za  perspektywiczne oraz  zakresow  stezen
racjonalnych z ekonomicznego punktu widzenia. Omoéwiono takze koncepcj¢ napetniaczy
i nanonapetniaczy, jak i $rodkéw pomocniczych, celem wiasciwego zaklasyfikowania
omawianych zwiazkéw jako dodatkéw do tworzyw, z uwagi na rozbieznoSci wystepujace
w literaturze naukowej.

B. w jezyku angielskim

The presented doctoral thesis gives a critical view on the issues of the production of polymer
systems containing in their composition various functional additives in the form of
silsesquioxanes and their close derivatives, spherosilicates, which from a structural point of
view can be considered a sub-type of silsesquioxanes. Organosilicon modifiers were tested
both as additives used in the mass of the material and as surface modifiers (coupling agents)
for an inorganic pigment, TiO>. The validity of the application of the tested types of
organosilicon compounds in different processing technologies, namely injection moulding,
foil extrusion, FDM type 3D printing and casting of pigmented epoxy resins was subjected to
an analysis. This allowed to identify areas where the further development of materials with
silsesquioxane and spherosilicate modifiers is considered prospective, and the ranges of
additives loading rational from an economic point of view. The concept of fillers and
nanofillers, as well as processing aids, was also discussed in order to properly classify these
compounds as modifiers for plastics, due to the discrepancies in the scientific literature.
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3. Wykaz publikacji wchodzacych w sklad rozprawy doktorskiej

Zgodnie z art. 13 ust. 1 ustawy z dn. 14 marca 2003 r. 0 stopniach i tytule naukowym oraz
o stopniach i tytule w zakresie sztuki (tekst jednolity Dz. U. z 2017 r. poz. 1789) oraz § 5 ust.
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(Dz. U.z 2018 r. poz. 261); na podstawie art. 179 ust. 1 ustawy z dn. 3 lipca 2018 r. Przepisy
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4. Wprowadzenie

4.1 Silseskwioksany

Silseskwioksany to zwigzki krzemoorganiczne 0 wzorze ogdlnym [RSiOzp]n, gdzie ,,R”
stanowi atom wodoru, grupe alkilowa, arylowa lub inny podstawnik zawierajacy heteroatom
badz grupe funkcyjng, np. eterowa, estrowa, epoksydowa, a ,,n” oznacza liczb¢ merow
stanowigcych jednostki budulcowe zwigzku. Istnieje szereg struktur silseskwioksanowych
0 roéznym stopniu uporzadkowania przestrzennego, od catkowicie przypadkowych (zywice
silseskwioksanowe, zywice ,,T”, ang. ,, T resins), przez uktady drabinkowe i hybrydowe
zawierajace podjednostki 0 niedomknietych lub zdeformowanych klatkach [1-3], az po
roznorodne uktady klatkowe (Rys. 1) [4,5].
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Rysunek 1: Struktury wybranych silseskwioksanow 0 dobrze zdefiniowanej budowie: a —
przypadkowe; b — drabinkowe; c-i — klatkowe, w tym: ¢ — zamkniete; d — 0 powigkszonym
narozu; ¢ —0 dwoch przeciwleglych powiekszonych narozach (Double-Decker); f — tetrasilanol
drabinkowy; g — disilanol; h — trisilanol; i — tetrasilanol Double-decker.
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Dla molekularnych uktadow klatkowych ,,n” mieséci si¢ w granicach 4-32, przy czym
najwigksza do tej pory strukturg wyizolowang W postaci czystej byly pochodne 0 n=18 [6].
Wzor ogdlny [RSiO32]n jest poprawny jedynie dla prostych struktur (Rys. la-c), powstatych
w przypadku catkowitej kondensacji hydrolitycznej organotrifunkcyjnych silanéw RSiX3 (X
= alkoksyl, zwykle MeO, EtO; halogen, zwykle Cl), bedacych prekursorem jednostek
strukturalnych T.

Uktad przedstawiony na Rys. 1f to szczegolny przypadek, gdzie czasteczka ma cechy
strukturalne zaré6wno silseskwioksanu drabinkowego, jak i klatkowego. Jest ona ukladem
tricyklicznym, a jej wzor strukturalny mozna wyrazi¢ W sposob przedstawiony dla struktury
1b, dla n = 4. Obliczenia teoretyczne pozwolity okresli¢, ze czasteczka taka moze przyjmowac
dwie dynamiczne konformacje 1 wystgpowaé zarowno W postaci otwartej struktury
drabinkowej (konformacja egzo), jak i stabilizowanej wigzaniami wodorowymi struktury
klatkowej (konformacja endo), przy czym ta ostatnia charakteryzuje si¢ nizszg energia uktadu;
stabilizacja konformacji klatkowej nie wystepowata dla poréwnawczego uktadu zawierajacego
grupy funkcyjne Si-H zamiast Si-OH [7]. Przyjmowanie takiej konformacji przez uktady
drabinkowe 0 réznej dlugosci (Rys. 1b) stanowi prawdopodobnie jeden z mechanizméw
powstawania zamknigtych uktadéw klatkowych (Rys. 1¢) podczas syntezy silseskwioksandw,
jako, ze te dwie grupy zwigzkéw czesto powstajg rownolegle podczas kondensacji
hydrolitycznej organotrifunkcyjnych silanéow [8-10] oraz jako produkt uboczny reakcji
kondensacji silseskwioksanow drabinkowych [11,12].

Uktady 1d i le to tzw. homosilseskwioksany, czyli uktady klatkowe o klatce
powickszonej jednostkami D (lub T, jednakze zazwyczaj innym od jednostek T tworzacych
rdzen klatki) [13]. Uktady typu le sg znane jako tzw. silseskwioksany Double-Decker [14].

Ze wzgledu na ztozono$¢ i réznorodnos¢ budowy silseskwioksandéw, pewng trudnosé
moze przynosi¢ ich nazewnictwo czy zapis struktury. Uzyteczna i prosta notacj¢ wprowadzito
w latach 40. General Electric na potrzeby opisu silikonéw, a system zostat przyjety zarowno
przez przemyst, jak i $rodowisko naukowe, rowniez W zastosowaniu dla innych zwigzkow
krzemoorganicznych [5,15,16]. Jednostki strukturalne stanowigce bloki budulcowe nie tylko
silseskwioksanow, ale i innych zwigzkéw krzemoorganicznych (silikonow, olejow, czy zywic
silikonowych) sg opisywane jako M, D, T i Q, roznigce si¢ liczbg atomow tlenu otaczajacych
dang jednostke, odpowiednio jednym, dwoma, trzema lub czterema (R3SiO, R2SiO2, RSiO3
i SiO4). Ponadto okresla si¢ liczbe wigzan siloksanowych tworzonych przez dang jednostke
z jednostkami sasiadujacymi, umieszczajac odpowiednia liczb¢ w indeksie gornym.
Przyktadowo, jednostka T to ugrupowanie typu RSiOs, gdzie kazdy z trzech atoméw tlenu
taczy si¢ z kolejnym atomem krzemu [17]. Jednostki T2 stanowia jedyny mer strukturalny
idealnych klatek silseskwioksanowych typu 1c. Dla odmiany, jednostki T? tworza ugrupowania
silanolowe niedomknigtych klatek (silanoli silseskwioksanowych, 1f-i), gdzie jeden z atoméw
tlenu jest terminowany atomem wodoru. w ten sposéb mozna przedstawié¢ strukturg¢ 19
jako T3TZ, a strukture 1h jako T2TZ.

Silseskwioksany klatkowe, zar6wno 0 catkowicie, jak i niecatkowicie domknietych
klatkach, stanowia uktady policykliczne, ktorych nazewnictwo podlega konwencji opisanej
w ogoélnych zasadach ITUPAC dotyczacych tejze klasy zwiagzkéw. Jako, ze nazewnictwo
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uktadéw policyklicznych jest dos¢ ztozone, a poprawne nazwy silseskwioksanow
wygenerowane zgodnie z zasadami IUPAC sa diugie, w literaturze rzadko spotyka si¢ ich
zastosowanie, cho¢by w sekcji eksperymentalnej, gdzie zainteresowany czytelnik
spodziewalby si¢ pelnego opisu 1 charakterystyki omawianej pochodnej. Zamiast tego,
zazwyczaj spotyka si¢ notacje General Electric (najczesciej W najbardziej ogoélnej postaci, bez
dodatkowych wyznacznikow W indeksie goérnym) lub uproszczone nazwy, szczegolnie
zawierajace jako rdzen ,,POSS” oraz opis jego otoczenia chemicznego (POSS® to nazwa
zastrzezona przez Hybrid Plastics), a nawet oznaczenia numeryczne lub kodowe pochodnych,
stosowane W polaczeniu ze schematycznymi rysunkami strukturalnymi, bez jakiegokolwiek
nazewnictwa czy notacji. Rzadkie stosowanie systemu IUPAC moze by¢ spowodowane
niechecig autorow artykutdéw naukowych do adaptowania ustalonych dla niego zasad.
Tymczasem zasady nazewnictwa niektorych pochodnych silseskwioksanowych przyblizyt
pokrotce juz Voronkov w znakomitej pracy przegladowej z 1982r [13]. Opisat on zasady
numeracji narozy klatki oraz potaczen policyklicznych dla oktasilseskwioksanu Tg oraz
homosilseskwioksanu TgD. Na Rysunku 2 przedstawiono przyktadows struktur¢ prostego
oktasilseskwioksanu klatkowego typu Ts,
3,5,7,9,11,13,15-heptaizobutylo[9.5.1.13°.1515 1713 oktasiloksan-1-olu, wraz z o0znaczeniem
tzw. mostka pierwotnego (kolor czerwony) i mostkow wtornych (kolor niebieski), a takze
ukazanie struktury w postaci plaskiej, dla utatwienia wizualizacji rozktadu mostkow
odpowiedzialnych za tworzenie wiclopier$cieniowe;j struktury czasteczki.

i-Bu_ 5 3 _i-Bu
\’si/o\/&/

N o) o 1 3 7
! Bu\1§i'///0\s1i40H Si—O0— Sl—O—Sl—O—Sl
/ o \ o] ’\ \/ / ‘

N
o \7 0 l9 (0] \ (0) o__0 ©o

i-Bu—\"go g ~Ni.Bu \
13Sil 11Si/ —0— S| —O—Si
iBu— O TN 9

Rysunek  2: Struktura  przyktadowego oktasilseskwioksanu, 3,5,7,9,11,13,15-
heptaizobutylo[9.5.1.13°.151°,171%]oktasiloksan-1-0lu, wraz z oznaczeniem numeracji narozy
oraz pofaczen (mostkow) policyklicznych.

Szczegblng odmiang silseskwioksanéw sg sferokrzemiany. Charakterystycznym
motywem strukturalnym jest wystgpowanie jednostki typu M, potaczonej z rdzeniem klatki,
zazwyczaj z jednostka typu Q (Rysunek 3). Sferokrzemiany moga by¢ uznawane za pochodne
mono- lub oktasilanolanu silseskwioksanowego [16], natomiast przez niektérych uwazane sa
za oddzielng grupe zwigzkow i razem z silseskwioksanami klasyfikowane wspoélnie jako
siloksany klatkowe [18]. Pomimo pozornie znacznie bardziej ztozonej struktury,
Z powodzeniem stosowa¢ mozna oba opisane wyzej systemy nazewnictwa.
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Rysunek 3: Struktury mono- (a) i oktasferokrzemianu (b). Na niebiesko zaznaczono jednostki
M potaczone z rdzeniem silseskwioksanowym, na czerwono — jednostki T, na zielono —
jednostki Q.

Synteza silseskwioksanow oraz sferokrzemianow obejmuje otrzymywanie rdzenia (w
przypadku sferokrzemiandw rowniez korony) czasteczki na drodze hydrolitycznej kondensacji
(organo)silanéw, co decyduje 0 architekturze struktury klatkowej, oraz modyfikacje
podstawnikéw organicznych (grup funkcyjnych). Monofunkcyjne silseskwioksany klatkowe
otrzymuje si¢ zazwyczaj poprzez hydrolityczng kondensacje trichloro- lub trialkoksysilandw,
a rodzaj podstawnika decyduje o szybkosci reakcji, jej wydajnosci i selektywnosci
formowanych struktur T (Rys. 1c, Rysunek 4) [4,16].

o- ISI/O\OSI
_ H* lub OH" R~si70~si=cR
8 RS'X3 + 12 HZO woda, rozp. organiczny B é \ }) / + 24 HX

R\/Sl\o//&\R

_-Si SiZ
X = halogen lub grupa alkoksylowa R 07" ~p

Rysunek 4: Schemat reakcji otrzymywania silseskwioksanow klatkowych (na przyktadzie
struktury typu Ts) na drodze hydrolitycznej kondensacji organotrifunkcyjnych silanow.

Na szybko$¢ 1 wydajnos¢ reakcji wplywaja tez warunki syntezy, takie jak dobor
rozpuszczalnika, temperatura, kataliza kwasowa lub zasadowa. Dla ograniczonej puli
podstawnikow opracowano takze efektywne procedury otrzymywania di-, tri- oraz tetrasilanoli.
Silseskwioksany dwufunkcyjne syntezuje si¢ na drodze kondensacji hydrolitycznej poprzez
domykanie narozy (ang. corner capping) klatek silanolowych silanami o innych rodzajach
grup funkcyjnych (Rysunek 5).
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Rysunek 5: Schematy reakcji domykania narozy (corner capping) klatek silanoli
silseskwioksanowych silanami: trisilanolu (1), disilanolu (2) oraz tetrasilanolu (3).

W przypadku

mono- i

oktasferokrzemianow

synteza przeprowadzana jest

kilkuetapowo, obejmujac kolejno synteze rdzenia, a nastepnie wprowadzanie podstawnikow
organicznych w jego otoczenie (Rysunek 6).
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Rysunek 6: Schematy reakcji otrzymywania mono- (1) i oktasferokrzemianow (2).

Metody modyfikacji i wprowadzania podstawnikow organicznych do rdzenia klatki
podzieli¢ mozna na katalityczne i niekatalityczne. Do metod niekatalitycznych zaliczaja sie:
substytucja nukleofilowa, estryfikacja, amidowanie, utlenianie i redukcja (z zastosowaniem

reagenta stechiometrycznego,

np. NaBHj), nitrowanie,
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kondensacji, a dostepne prace syntetyczne dotyczace chemii silseskwioksanow opisujg setki
wariantow procedur typowych dla tradycyjnej chemii organicznej. Do metod katalitycznych
nalezy W szczegdlnosci hydrosililowanie olefin, ktore ze wzglgdu na fatwo$¢ prowadzenia oraz
iloSciowg wydajno$¢ uzyskiwanych produktow kwalifikuje si¢ do klasy reakcji ,.click
chemistry”. Ponadto wymieni¢ nalezy metatez¢ krzyzowa olefin, sililujace sprzgganie,
dehydrogenujace sililowanie terminalnych olefin i alkindw oraz alkoholi, cykloaddycje
azydkow do olefin i alkinow, redukcje i uwodornienie. Na dzien dzisiejszy najbardziej rzetelne
prace przegladowe zestawiajgce techniki syntezy i chemicznej modyfikacji silseskwioksanow
i sferokrzemianow stanowig opracowania Lickissa [4] i Claire-Thompson [16].

4.2 Reakcja hydrosililowania olefin

Reakcja hydrosililowania stanowi addycje wigzania Si-H do wigzan wielokrotnych
wegiel-wegiel alkenow, allenow i alkindw, a takze roznego rodzaju nienasyconych
ugrupowan heteroatomowych, w tym C=N, C=N, C=0, C=S [19], N=O [20] badz
homoatomowych N=N [21]. Pierwsze doniesienie literaturowe dotyczace hydrosililowania
sigga roku 1947, kiedy to Leo Harry Sommer przeprowadzit reakcje¢ okt-1-enu i trichlorosilanu
z  zastosowaniem nadtlenku acetylu jako inicjatora, obserwujac  formacj¢
n-oktylotrichlorosilanu [22] (Rysunek 7).

. Ac,0
HSiCl, + /\/\/\/ 22 CI3Si/\/\/\/\

Rysunek 7: Schemat reakcji hydrosililowania okt-1-enu trichlorosilanem inicjowanej
nadtlenkiem acetylu.

W konteks$cie stosowanych substratow reakcji, najwicksze, przemystowe znaczenie ma
hydrosililowanie olefin oraz ich funkcyjnych pochodnych, poniewaz stanowi to wydajna
metode syntetyczng otrzymywania monomerow silanowych do produkcji funkcjonalizowanych
kopolimerow siloksanowych, a takze szerokiej gamy silanowych §rodkow sprzegajacych [19].
Ponadto, reakcja hydrosililowania w skali przemystowej stosowana jest do sieciowania
polisiloksanéow w produkcji elastomerow silikonowych (Rysunek 8). Rozpuszczalnikami,
stanowigcymi rownoczesnie ligandy stabilizujace Kkatalizator, sg dla tej aplikacji oleje
winylosiloksanowe, ulegajace reakcji sieciowania wraz z substratowymi prepolimerami
siloksanowymi, dzigki czemu w usieciowanej masie nie wystepuja lotne pozostatosci.
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Rysunek 8: Schemat reakcji sieciowania polisiloksanow W produkcji elastomerow
silikonowych.

Reakcja przebiega¢ moze na drodze rodnikowej, jak W przyktadzie syntezy Sommera, badz tez
katalitycznej. Katalizatorami hydrosililowania olefin 0 najwyzszej aktywnosci w rozumieniu
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wartosci TON i TOF sg kompleksy Pti Rh, a dalej Ir, Rui Pd (znane jako pierwiastki z grupy
platynowcéw), przy czym metali tych nie mozna uszeregowaé aktywno$cia W sposob
jednoznaczny, poniewaz jest ona zalezna od wielu czynnikow, jak chemiczna postac
katalizatora (heterogeniczna lub homogeniczna; sol badz kompleks), dobdr ligandoéw
w przypadku formy kompleksowej, rodzaj substratow (silanu 1 olefiny), czy tez
rozpuszczalnika reakcji [19]. Tym samym, dobierajac wiasciwy katalizator hydrosililowania do
wybranego procesu, nalezy kierowaé si¢ specyfika stosowanych reagentow, warunkami,
w jakich odbywaé bedzie si¢ reakcja, a takze chemo-, regio- czy stercoselektywnoscig
katalizatora, co moze mie¢ decydujace znaczenie 0 wydajnos$ci produktu koncowego. Ponadto,
oprocz przedstawicieli grupy platynowcow, znane sg katalizatory na bazie Ni, Co, Cu, Fe, Mo,
Mn, Au, Y, a takze lantanowcOw oraz pierwiastkow 0 charakterze kwasow Lewisa (B, Al, Sn,
In, Ga). Na dzien dzisiejszy najpowszechniejszym katalizatorem hydrosililowania, ze wzgledu
na wysoka aktywnos$¢, stabilno$¢ na powietrzu oraz wzglednie dobra tolerancj¢ na obecnos¢
roznych grup funkcyjnych substratowm, jest kompleks Karstedta, [Pt2(dvds)s]. Wykazuje on
aktywnos¢ katalityczng w temperaturze pokojowej lub nizszej, a wysokie wartosci TON
pozwalaja na jego stosowanie W ilo$ciach na poziomie pojedynczych ppm Pt w stosunku do
masy olefiny. w praktyce przemystowej przy wytwarzaniu gum i elastomerow silikonowych
stosowane sg preparaty, gdzie katalizator Karstedta wystgpuje w postaci roztworu w olejach
winylosiloksanowych [23,24]. Do samodzielnego przygotowywania formulacji 0 pozadanym
sktadzie i wlasciwosciach uzytkowych kompozycji usieciowanej dostgpne sg uktady
0 wysokich stezeniach platyny [25]. z kolei oligomery siloksanowe zawierajgce ugrupowanie
Si-H noszg nazwe czynnika sieciujgcego (ang. crosslinker).

4.3 Polimery i tworzywa polimerowe

Syntetyczne materiaty polimerowe towarzyszg zyciu cztowieka I umozliwiajg rozwoj techniki
juz od ponad stu lat. w XIX wieku, po odkryciu nitrocelulozy w 1847r. przez Schonbeina,
wynalezione zostaly pierwsze potsyntetyczne tworzywa termoplastyczne, pod nazwami
,Parkesine” (1862r.), ,,Xylonite” (1869r.), czy najbardziej rozpoznawalny ,,Celluloid”
(celuloid, 1869r.) [26-28]. John Wesley Hyatt, wynalazca celuloidu, opatentowat w 1872 r. ze
swoim bratem urzadzenie do ekstruzji pretow i rurek z celuloidu, co stanowi prawdopodobnie
najstarszy udokumentowany przyktad wyttaczania tworzyw termoplastycznych w historii [28].
Za moment odkrycia pierwszego w pelni syntetycznego tworzywa polimerowego przyjmuje
si¢ rok 1907, kiedy to Leo Hendrik Baekeland ztozyt wniosek 0 patent na metodg wytwarzania
zywicy fenolowo-formaldehydowej (bakelitu), ktory to przyznano mu w roku 1909 [29]. Byt
to trudny w produkcji i wzglednie kruchy duroplast, wymagajacy uzycia toksycznych
i rakotworczych prekursorow, jednakze W dwczesnym okresie nie miat w skali przemystowe;j
zadnej znaczacej konkurencji. Nastepnie, w roku 1912 Fritz Klatte opisat proces wytwarzania
PVC, a w 1926 Waldo L. Semon z Goodrich Company opracowal metode jego
plastyfikowania, co nadato polimerowi realny potencjat aplikacyjny jako pierwszemu w petni
syntetycznemu tworzywu termoplastycznemu [26].

Jeden ze stosowanych systemow klasyfikacji tworzyw syntetycznych dzieli je wedtug
wlasciwosci fizykochemicznych na termoplastyczne i duroplastyczne [30]. Tworzywa
termoplastyczne charakteryzuja si¢ mozliwosciag swobodnego przetwarzania (prasowania,
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walcowania, wytlaczania, wtryskiwania, rozdmuchu i innych) w odpowiedniej dla danego
tworzywa temperaturze, zwanej temperaturg przetworcza. Do tworzyw tej grupy nalezg m.in.
polietylen, polipropylen, polilaktyd, polistyren, czy rézne typy poliamidow. Tworzywa
duroplastyczne natomiast ulegaja w warunkach przetwarzania (np. odlewania, natryskiwania)
reakcji sieciowania, co prowadzi do znacznego wzrostu $redniej masy czasteczkowej
i utworzenia zwartej sieci polimerowej, a materiat traci zdolno$¢ do dalszej obrobki
plastycznej pod wptywem ciepta. Wyjatkiem jest stan po przekroczeniu temperatury zeszklenia
tworzywa, ktory dla niektorych materiatow (np. wybranych gatunkéw zywic epoksydowych)
prowadzi do nadania mu w ograniczonym zakresie wiasciwos$ci plastycznych i umozliwia
niewielkie jego odksztatcanie.

4.3.1 Zywice epoksydowe

Za poczatek historii zywic epoksydowych czgsto podaje si¢ 1891r., kiedy Aleksandr Dianin
otrzymat po raz pierwszy w historii Bisfenol a (ang. BPA, Bisphenol A) [31-34]. z tego
wzgledu, jak podaje profesor Rabek, zywice epoksydowe na bazie Bisfenolu a znane sg pod
0g06Ing nazwa zywic dianowych [35]. Dopiero jednak w 1936r. Pierre Castan z De Trey Fréres
Company opracowal pierwszg kompozycje utwardzanej zywicy epoksydowej na bazie eteru
diglicydylowego bisfenolu a (DGEBA) utwardzanego bezwodnikiem ftalowym, na co uzyskat
patent w 1938r., a licencj¢ patentu wykupilo szwajcarskie Ciba AG. Sylvan Greenlee
z DeVoe and Raynolds opatentowat w 1943r. zblizong kompozycje przeznaczong do
wytwarzania powlok ochronnych i réznigcg sie $rednig masg czasteczkowa zywicy [33,34,36].
Zywice epoksydowe znajduja zastosowanie jako powloki ochronne, kleje dwusktadnikowe,
surowce do wytwarzania kompozytow i laminatow, surowce do produkcji ptytek drukowanych
do elektroniki, czy materiat izolacyjny (np. do uzwojen silnikow elektrycznych oraz
transformatorow) [35].

Najpowszechniejszymi na rynku masowym zywicami epoksydowymi (tak zwanymi
zywicami bazowymi, W odroznieniu od zywic usieciowanych, stanowigcych material
gotowych wyrobow), zaréwno ciekltymi, jak i stalymi, sg te oparte na DGEBA i jego
oligomerycznych pochodnych [36]. Jego produkcja, przedstawiona na Rysunku 9,
w zaleznos$ci od typu wytwarzanej zywicy, przeprowadzana jest w réznych warunkach, co
prowadzi do mieszanin produktow 0 zmiennej strukturze czasteczkowej (od zblizonych do
czystego DGEBA do produktéw oligomerycznych, gdzie ,,n” dla wyrobow handlowych wynosi
od 1 do ok. 35) i tym samym lepkosci. W szczego6lnosci rozroznia si¢ zywice ciekte i state,
gdzie ,,n” wynosi od ~0.1 do ~0.2 dla zywic ciektych (ang. LER, Liquid epoxy resins) i od ok.
~2 w gore dla zywic stalych (ang. SER, Solid epoxy resins). Glownym czynnikiem
decydujacym 0 $redniej masie czasteczkowej uzyskiwanego produktu jest stosunek molowy
epichlorohydryny do bisfenolu A. DGEBA mozna rowniez przeksztatca¢ do zywic 0 wyzszej
sredniej masie czasteczkowej W tzw. procesie poliaddycji w stopie badz tzw. reakcji
przedtuzania tancucha (ang. Fusion proces, Advancement process), gdzie DGEBA poddaje si¢
dziataniu nadmiaru BPA w obecnosci katalizatora [37].
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Rysunek 9: Schemat syntezy DGEBA oraz jego oligomerycznych pochodnych.

Zywice epoksydowe nieusieciowane, zwane takze zywicami bazowymi, poddawane sa
dziataniu wybranego utwardzacza, co prowadzi do uzyskania zywic usieciowanych. Na rynku
dostepne sg uktady jedno- i dwusktadnikowe [36]. Uktady jednosktadnikowe zawierajg zywice
bazowag wymieszang W odpowiedniej proporcji z utwardzaczem, a sieciowaniu ulegaja
powyzej okreslonej temperatury aktywacji. Charakteryzuja si¢ rowniez tzw. okresem trwatosci
(ang. shelf life), czyli okresem zdatno$ci do uzycia, powyzej ktoérego kompozycja nabiera
lepkosci przekraczajacej zakres okreslony w karcie technicznej produktu, co uniemozliwia jej
poprawng aplikacje W przewidzianym obszarze zastosowan (np. wykonywanie laminatow).
Kompozycje dwuskladnikowe zawieraja zywicg bazowag i utwardzacz w oddzielnych
opakowaniach, a ich mieszania w okreslonej proporcji dokonuje si¢ tuz przed procesem
odlewania. Takie uklady ulegaja sieciowaniu juz W temperaturze pokojowej, charakteryzuja
si¢ tzw. czasem pracy (ang. pot life), czyli okresem czasu, po uptynigciu ktorego kompozycja
osigga lepkos¢ uniemozliwiajaca jej odlewanie. W jezyku polskim parametr ten bywa tez
nazywany czasem zycia lub czasem zelowania kompozycji. W zaleznosci od koncowego
zastosowania wyrobu epoksydowego, stosowane sa rozne typy utwardzaczy, przy czym
podzieli¢ je mozna na trzy zasadnicze grupy:

a) utwardzacze aminowe,
b) utwardzacze karboksylowe,
c) utwardzacze katalityczne.

Utwardzacze aminowe dziataja poprzez nukleofilowe otwarcie pier§cienia oksiranowego
zywicy epoksydowej (Rysunek 10, reakcja 1). Czasteczka utwardzacza, posiadajaca dwie lub
wiecej grup aminowych, powoduje sieciowanie tancuchow zywicy bazowej poprzez atak
nukleofilowy na pier§cienie oksiranowe sasiednich fancuchow, co powoduje szybki i znaczny
wzrost $redniej masy czasteczkowej zywicy oraz stopnia usieciowania uktadu. Utwardzacze
karboksylowe bazuja glownie na bezwodnikach kwasowych i poliestrach. Utwardzacze
poliestrowe zbudowane sg z *tancuchow zakonczonych grupami kwasowymi, zdolnymi do
tworzenia estrow z zywica epoksydowa poprzez otwarcie pierscienia oksiranowego lub
kondensacj¢ z grupami -OH zywicy (Rysunek 10, reakcja 2). Utwardzacze bezwodnikowe
reagujg z grupami -OH zywicy epoksydowej z formacjg wigzan estrowych (Rysunek 10,
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reakcja 3), a takze katalizujgc formacje wigzan eterowych pomiedzy grupami -OH
I pierScieniami oksiranowymi (Rysunek 10, reakcja 4). Kompozycje epoksydowe
z utwardzaczami bezwodnikowymi zazwyczaj zawierajg katalizatory, bez ktérych reakcja
sieciowania przebiega efektywnie dopiero powyzej 200°C (np. aminy trzeciorzedowe lub sole
fosfoniowe). Utwardzacze katalityczne powoduja homopolimeryzacje¢ z otwarciem pierscienia
epoksydowego i bazujg na kwasach (kompleksy trihalogenkoéw boru z aminami, chlorki glinu,
cynku, cyny, zelaza) lub zasadach (aminy trzeciorzgdowe, pochodne imidazolu,
czwartorz¢dowe sole fosfoniowe) Lewisa (Rysunek 10, reakcja 5) [36].
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Rysunek 10: Schemat podstawowych mechanizméw utwardzania zywic epoksydowych
w zaleznosci od typu zastosowanego utwardzacza. Jako przykladowe utwardzacze
zaprezentowano trietylenotetraamine (reakcja 1) i bezwodnik ftalowy (reakcje 3, 4).

4.3.2 Poliolefiny

Polietylen, najprostszy strukturalnie polimer z grupy poliolefin, ze wzglgdu na niski koszt
surowca, fatwos¢ przetworstwa I stosunkowa wysoka inertno$¢ chemiczng, znajduje liczne
zastosowania w masowej produkcji wyrobow uzytkowych. Wytwarza si¢ z niego folie, rury,
izolacje kablowe, butelki i inne opakowania, powloki do laminacji, wtokna czy obudowy
akumulatorow [35]. Jest odporny praktycznie na wszystkie rozpuszczalniki organiczne
w temperaturze pokojowej, a takze na roztwory zasad 1 kwasoéw nieutleniajacych.
Polipropylen (PP), inny powszechnie stosowany polimer, w zalezno$ci od metody produkcji,
moze wystepowac W postaci ataktycznej (aPP), syndiotaktycznej (sPP) lub izotaktycznej (iPP),
przy czym na dzien dzisiejszy przewazajace znaczenie przemystowe ma iPP. Charakteryzuje
si¢ on mniejszg odpornosciag chemiczng, za to wyzszg temperaturg topnienia czy wyzsza
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sztywnoscig od LDPE oraz nizszg gestoscig I wyzsza wytrzymalo$cig na rozcigganie od HDPE.
Wytwarza si¢ Z niego wyroby cienko$cienne, profile, rury, zbiorniki i skrzynie transportowe,
wlokna czy materiaty spienione. Polietylen zaczat by¢ produkowany w Imperial Chemical
Industries (ICI) w Wielkiej Brytanii, gdzie w 1939r. opracowano proces wysokoci$nieniowej,
wolnorodnikowej polimeryzacji etylenu, a uzyskiwany wtedy materiat stanowil wedtug
dzisiejszej klasyfikacji LDPE [28].

W roku 1954 Giulio Natta otrzymat izotaktyczny polipropylen, iPP, a badania Karla
Zieglera rowniez z poczatku lat 50. zaowocowaly opracowaniem pierwszej technologii
produkcji polietylenu wysokiej gestosci (HDPE) [38,39]. Za swoje osiagniecia zostali oni
wspodlnie uhonorowani Nagroda Nobla w 1963r., a odkryte przez nich systemy katalityczne
znane sg od tamtej pory pod nazwa katalizatorow Zieglera-Natty. Olabisi i Adewale podali
w 2016r., ze poliolefiny stanowity ponad 50% $wiatowej produkcji tworzyw [40]. w roku
2018 produkcja globalna PP wynosita 69 min ton, HDPE — 44 min ton, LDPE — 63 min ton,
obok okoto 180 mln ton innych rodzajoéw poliolefin [41]. Prognozy Inkwood Research z 2017r.
przewidywaly osiagniecie w 2025r. §wiatowej kombinowanej produkcji PE na poziomie 256
min ton rocznie, a wedtug raportu Transparency Market Research Company z 2016, Swiatowe
zapotrzebowanie na PP do 2023r. ma wynie$¢ niemal 130 mln ton rocznie [42].

4.3.3 Polilaktyd

Polilaktyd (PLA) jest tworzywem znanym od pierwszej potowy XX wieku, jednakze
zainteresowanie tym polimerem zaczeto wzrasta¢ dopiero w latach 90. [43]. Pierwsze
doniesienie historyczne dotyczace syntezy PLA sigga 1845r., kiedy Théophile-Jules Pelouze
zaobserwowal zestalong pozostalo§¢ na dnie kolby, w ktérej destylowal kwas mlekowy,
wydzielajac przy tym sublimujacy produkt, dimeryczny laktyd [44]. Doktadniejsze
eksperymenty przeprowadzil uznawany na wynalazce nylonu i neoprenu Wallace Hume
Carothers, opracowujac metode¢ jego polimeryzacji w 1932r., a firma z DuPont, dla ktorej
pracowat, uzyskata patent na wytwarzanie PLA w 1954r. [43]. Dopiero w latach 90. Cargill
Inc. opracowato technologi¢ wytwarzania PLA metoda polimeryzacji z otwarciem pier$cienia
laktydu, a w 1997r. utworzono we wspolpracy z The Dow Chemical Company firmg¢ Cargill
Dow LLC, ktora rozpoczeta produkcje polilaktydu pod markg NatureWorks. Wzrost
zainteresowania PLA spowodowal fakt, ze jest to biopolimer, produkowany z kwasu
mlekowego, naturalnego produktu procesow fermentacyjnych, a wigc monomerem do jego
produkcji nie jest zaden surowiec pochodzenia petrochemicznego. Ponadto ze wzgledu na
poliestrowy charakter tancucha polimerowego, ulega on powolnej degradacji w kontakcie ze
srodowiskiem wodnym, czy enzymami wytwarzanymi przez mikroorganizmy i tkanki zywe.
Polilaktyd jest biodegradowalny, co spowodowato, ze z jednej strony stat si¢ atrakcyjna opcja
jako ekologiczny zamiennik tworzyw sztucznych pochodzenia catkowicie syntetycznego, jak
poliolefiny, migdzy innymi w przemysle opakowaniowym, a z drugiej stanowi jeden
z akceptowanych i stosowanych w medycynie materiatow biokompatybilnych, do produkcji
szwOw chirurgicznych, a takze syntetycznych materiatow kosciozastepczych ulegajacych
resorpcji [43].

PLA stanowi powszechny wybor jako tworzywo do druku 3D technikag FDM (osadzanie
topionego materiatu, ang. Fused Deposition Modeling). Wynika to z tatwosci jego stosowania,
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W tym niskiego skurczu przetworczego, stosunkowo niskiej temperatury przetworczej, czy
niskiego ryzyka wytworzenia toksycznych oraz draznigcych oparow w przypadku przegrzania
I degradacji materiatu. Ostatnie zjawisko jest realnym zagrozeniem podczas stosowania innego
popularnego w FDM polimeru, ABS [45,46].

4.4 Techniki addytywne

Druk 3D, czyli technika wytwarzania przyrostowego, sklada si¢ z szeregu technologii
addytywnych, skategoryzowanych i opisanych ogélnie w normie ISO/ASTM 52900, przy
czym ze wzgledu na dynamiczny rozwor branzy, zaré6wno na rynku, jak i w literaturze
naukowej spotyka¢ sie¢ mozna z kolejnymi propozycjami lub prototypami rozwigzan, nie
zawsze wpasowujacymi si¢ W prosty sposdb w kategorie w niej ustanowione. Cho¢ pierwszy
artykut opisujacy technologi¢ druku z zastosowaniem stereolitografii (SLA) wydat w 1981 r.
Hideo Kodama, cz¢sto mowi sig, ze druk 3D narodzit si¢ w 1986 r., kiedy to Charles Hull
uzyskat, po dwoéch latach od ztozenia wniosku, pierwszy na $wiecie patent na technologie
przyrostowa SLA [47,48]. Ze wzgledu na koszt licencji na t¢ i inne opracowane technologie
(SLS, Carl Deckard; FDM, Scott Crump, ten sam rok), techniki druku tréjwymiarowego byly
dostepne przez kolejne lata jedynie dla duzych firm lub jednostek naukowych. Dopiero
wygasniecie oryginalnych licencji spowodowalo otwarcie rynku ekonomicznych rozwigzan dla
matych odbiorcow, a takze publicznego dostepu do darmowego oprogramowania i modeli
obiektow 3D, czy schematéw urzadzen. Na dzien dzisiejszy nowg drukarke 3D w technologii
FDM zakupi¢ mozna za okoto tysigc ztotych, a model obiektu do wydruku w postaci pliku .stl
pobra¢ z jednej z kilkudziesigciu dostepnych baz modeli tréjwymiarowych lub zaprojektowaé
samodzielnie. Liczba zastosowan druku 3D jest ogromna, przede wszystkim stosuje si¢ go do
szybkiego prototypowania oraz produkcji niskoseryjnej i projektow indywidualnych.
Natomiast istotna jest mnogos¢ branzy korzystajacych z technologii addytywnych [49]:

a) przemyst maszynowy: najwazniejsza funkcjg druku 3D w przemysle maszynowym jest
utrzymanie ruchu w zaktadach produkcyjnych, polegajacym na zachowaniu ciggtosci pracy
linii produkcyjnej — odbywa sie to poprzez szybkie wykonanie zamiennika uszkodzonego
elementu (tymczasowego badz trwatego) z uzyciem drukarki 3D. Element taki moze petni¢
funkcje zastgpcza do momentu otrzymania wilasciwego zamiennika z serwisu lub do
momentu kolejnej wymiany;

b) przemyst motoryzacyjny: na potrzeby testowania podzespotow i elementéw ozdobnych
oraz konstrukcyjnych nowych modeli pojazdow, pozwala to na szybkie testowanie
podzespotow bez koniecznosci drogiego oraz skomplikowanego projektowania
I wykonywania form wtryskowych, czy czasochtonnego recznego wykonywania elementow
lub form do termoformowania prézniowego. Techniki addytywne umozliwiajaw ten sposob
szybka weryfikacje waloréw  wizualnych projektu pojazdu czy spasowania
zaprojektowanych elementow;

C) przemyst lotniczy i kosmiczny: na Migdzynarodowej Stacji Kosmicznej znajduje si¢
drukarka 3D, pozwalajgca na wydruk niezbgdnych czgsci, co jest kluczowe ze wzgledu na
trudnosci logistyczne zwigzane Z wysytaniem tam zaopatrzenia,
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d) branza medyczna i protetyka: druk 3D pozwala na drukowanie obiektow stanowigcych
pomoce naukowe dla studentdow medycyny, a takze na modelowanie oraz odtwarzanie
ztozonych struktur anatomicznych. Chirurdzy maja mozliwo$¢ przeprowadzenia symulacji
operacji chirurgicznej na wydrukowanym modelu 3D, a takze na zaprojektowanie idealnie
dopasowanej protezy dla konkretnego przypadku (np. w traumatologii, chirurgii
rekonstrukcyjnej). Na potrzeby rehabilitacji drukowa¢ mozna odpowiednie przyrzady
i aparaty dopasowane do konkretnego pacjenta;

e) edukacja, szkolnictwo wyzsze: Druk 3D umozliwia wytwarzanie pomocy dydaktycznych,
modeli przestrzennych (np. bryly w matematyce, struktury komorkowe czy anatomiczne
w biologii);

f) przemyst dekoratorski: mozliwo$¢ uzyskiwania obiektow 0 skomplikowanym ksztatcie,
wedhug indywidualnej wizji artysty;

g) hydraulika, pneumatyka: drukowanie ztaczy, uszczelek, elementow zaworow;

h) elektronika: m.in. do wykonywania obudéw i innych elementow urzadzen elektrycznych
i elektronicznych, stosowana jest takze W badaniach nad elastyczng elektronikg, sensorami
naprezenia/rozciggania.

4.5 Skladniki dodatkowe do tworzyw

Tworzywa stosowane i produkowane przemystowo rzadko sktadajg si¢ z czystego polimeru
I zazwyczaj zawieraja szereg skladnikow dodatkowych. Zgodnie z  podziatlem
przedstawionym przez profesora Koszkula, sktadniki te dzielimy na napetniacze (wypehiacze)
oraz $rodki pomocnicze ($rodki modyfikujace, modyfikatory) [50]. Sktadniki dodatkowe
W najszerszym rozumieniu majg na celu poprawe wilasciwosci uzytkowych (uzyskanie
pozadanych wlasciwosci mechanicznych, nadanie barwy i zachowanie jej stabilnosci
w czasie, zwigkszenie odpornosci na promieniowanie UV i inne czynniki $rodowiskowe oraz
mikroorganizmy, ulatwienie czyszczenia i hydrofobizacja powierzchni oraz inne) lub
przetworczych (reologia przetwoércza, tatwos¢ tworzenia filmu, wyrzut wypraski z formy
wtryskowej, kompatybilizacja napetniaczy i sktadnikow blend polimerowych). Napetniacze
odpowiadajg przede wszystkim za zmiane wlasciwosci fizycznych tworzyw, w tym
wlasciwos$ci mechanicznych (sztywnos$¢, tj. modul Younga, modut zginania; wytrzymatos¢ na
rozcigganie, udarnos¢), termicznych (wspdiczynnik przenikania ciepta), elektrycznych (stata
dielektryczna, wytrzymato$¢ elektryczna na przebicie), a takze obnizenie palnosci tworzywa.
Czesto stosowane s3 rowniez dla obnizenia kosztow produkcji wyrobow. Srodki modyfikujace
petnig szereg zadan, w tym: przeciwutleniajace, kompleksujace §ladowe zanieczyszczenia
metaliczne po procesie polimeryzacji, pigmentujace, hydrofobizujace, antymikrobiologiczne,
czy smarne. Niektore modyfikatory, tzw. promotory adhezji lub $rodki sprzegajace, zmieniaja
charakter powierzchniowy napetniaczy dla poprawy ich dyspersji w osnowie (zmniejszenia
efektu aglomeracji czastek) oraz efektu zwilzania napetniacza polimerem, czyli kontaktu
pomiedzy polimerem, a powierzchnig czastek napetniacza [50].
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4.5.1 Pigmenty

Pigmenty to sktadniki dodatkowe majace na celu nadanie wyrobowi pozadanej barwy,
uczynienie go nieprzejrzystym lub zatrzymujacym s$wiatto, badz maskujacym przebarwienia
wynikajgce ze sktadu badz jako$ci zastosowanego materiatu [51,52]. Ponadto, pigmenty moga
spetnia¢ funkcje blokera UV, co zwigksza zywotno$¢ tworzywa. Przyktadowo, uzycie
pigmentu w zywicach epoksydowych umozliwia zamaskowanie zéttawej barwy pochodzace;j
od produktow utleniania utwardzaczy aminowych, ktora to poglebia si¢ wraz z czasem
przechowywania utwardzacza. Pigmenty, w odroznieniu od barwnikow, stanowiag materialy
praktycznie catkowicie nierozpuszczalne W medium, w ktérym pehnig funkcjg barwiaca, a ich
mieszanie z osnowa (polimerem, zywicg) polega na rozpraszaniu (dyspersji), a nie
rozpuszczaniu pigmentu w materiale. z tego tez wzgledu parametry takie jak dystrybucja
rozmiaru czastek pigmentu, czy poziom jego dyspersji W tworzywie stanowig krytyczne
czynniki decydujace 0 sile krycia dodatku, a wigc iloéci pochtanianego lub odbijanego $wiatla.
Bezposrednio przektada si¢ to na efektywne stezenie okreslonego pigmentu W 0snowie, a wiec
jego ilos¢ potrzebna do uzyskania pozadanego stopnia zabarwienia materialu 0 okreslonej
grubosci. Niemal wszystkie dostgpne handlowo pigmenty to substancje nieorganiczne Z grupy
tlenkow, soli (m. in. siarczkow, weglanow), soli mieszanych oraz uktadow hybrydowych, gdzie
substancja barwna jest stragcana lub adsorbowana na powierzchni nosnika 0 sktadzie innym od
wlasciwej substancji barwnej. Pigmenty hybrydowe wytwarzane sg Z zastosowaniem zaréwno
substancji pigmentujacych pochodzenia nieorganicznego, jak i organicznego. Istotng
z przemystowego punktu widzenia klasg materialdw sa nieorganiczne formy wegla (czern
weglowa, sadza).

W kontekscie Swiatowego zapotrzebowania na wszystkie stosowane pigmenty, na czele
znajduje si¢ biel tytanowa (TiO2), ktorej produkcja w roku 2000 stanowita 69% rynku
$wiatowego [51],a w roku 2009, wraz z tlenkami Zelaza i czerniami weglowymi, 90% rynku
$wiatowego [52]. Biel tytanowa znajduje zastosowanie w produkcji farb rozpuszczalnikowych
i proszkowych, tworzyw termoplastycznych i duroplastycznych (w tym zywic
epoksydowych), papieru, lekow tabletkowanych oraz innych wyrobow.

4.6 Silseskwioksany jako nowa klasa dodatkéw do tworzyw

Wsrod modyfikatorow tworzyw wazng rolg¢ odgrywaja zwiazki krzemoorganiczne,
w szczegolnosci dwie ich grupy, tj. silany oraz polisiloksany (oleje silikonowe). Pierwsza
grupa pelni role silanowych S$rodkow sprzegajacych, poprawiajacych efekt zwilzania
napetniacza polimerem [53]. Zwiazki z pozostatej grupy moga petni¢ podobna rolg, natomiast
dodatkowo stuzg jako czynniki smarujgce (poslizgowe) czy antyspieniajace. Od konca lat 90.,
wyraznie wzrosto zainteresowanie zwigzkami silseskwioksanowymi jako potencjalnie nowa
klasg krzemoorganicznych sktadnikow dodatkowych do tworzyw polimerowych. z uwagi na
charakter tej pracy, w Tabeli 1 sporzadzono zestawienie zwigzkow silseskwioksanowych
i sferokrzemianowych, ktorych kompozycje na osnowie polietylenu byty przedmiotem
doniesien literaturowych.
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Tabela 1: Zestawienie zwigzkow silseskwioksanowych oraz sferokrzemianowych stosowanych
jako modyfikatory w uktadach na osnowie polietylenu lub polipropylenu.

L.p. Wzor Uwagi Matryca/
Odnos$niki
Meg PP: PE:
W [54] stosowano [59-70]
metylopolisilseskwiok | PP:
san. [54-56,71-78]
W [55] jako
1 kompatybilizator
napetniacza — maczki
Z tupiny kokosa
W [56] w blendzie
polimerowej PP/POM
W [57,58] jako
kompatybilizator SiO>
iBug PE: PE:
W [79] jako [59-62,79,
kompatybilizator SiO; | 80,84-92]
w kompozytach PP:
z UHMWPE [71,75,77,78,
W [80] kompozytach | 81-83.93-95]
z HDPE, EVA oraz
2 blenach HDPE/EVA
PP:
W [81] w reakcji
z PP-g-MA
i zwyktym PP
W [82] w reakcji
z PP-g-MA
W [83] w blendzie
polimerowej PP/PAG
L iOcg PE:
[59-63]
3 ’ PP:
[71,75,77]
) PE:
4 8 [96]
) PE:
5 8 [96]
) PE:
6 | & ’ [96]
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Cys PE:
7 [68]
Phg PP: PE:
8 W [84] stosowano [68-70]
’ fenylopolisilseskwio- | PP:
ksan [54,72,97,98]
W reakcji z PP-g-MA | PP:
9 oraz zwyktym PP [99]
§—0 P? o Ph PP:
04 \P \Si/PT\O/Si/ [100]
Ph\Si/ o s
I\\ \ )
10 VN /\s| OO\S/_Ph
=S #/0/ |
7
i
=) PE: PE:
Jako dodatek do [101-104]
EPDM w [101] PP:
W przypadku [102] [54,105-110]
otrzymany
11 silseskwioksan to
mieszanina struktur Tg
I Tio
PP:
W [54] stosowano
winylopolisilseskwio-
ksan
0 > PP:
12 4 07, [111]
~gi—O0—si PP:
[6-git0 0 [112]
13 R ol / R = l‘%{\/\o)]\]/
—Si~of SI~R
o\/Si o n=23
R
. PP:
u | A £ wwr) [98,113,114]
Q\ﬂ Ph> PP:
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2 PE:
Ao~ NH
16 3 N 2>s [115]
4/\/\ M) PE:
Q\ﬂ > PP:
18 | TS [117]
—r W [118] jako PE:
19 m monomer [118-119]
< kopolimeryzacii
iBu, polimeryzacj
etylenu
A PE: PE:
— Jako monomer do [104,118,120,
20 \/iBu7 kopolimeryzacji 121]
etylenuw [118,120] | PP:
[122,123]
— TS Jako monomer do PE:
21 - kopolimeryzacji [118,124]
"NiBu, etylenu w [118,124]
— TN Jako monomer do PE:
22 - kopolimeryzacji [118,124]
"NiBu, etylenu w [118,124]
0 PE: PE:
o Jako monomer do [125-127]
23 - kopolimeryzacji PP:
"NiBu, etylenuw [125-127] | [128]
——~ ""NH, PE: PE:
- W [129] jako [70,129-131]
"NiBu, kompatybilizator PP:
wegliku krzemu do [83,98,130,
kompozytow 132-135]
z UHMWPE.
W reakcji
z HDPE-g-MA oraz
zwyktym HDPE
24 w [130,131]
PP:

W [83] w blendzie
polimerowej PP/PAG
W reakcji z PP-g-MA
oraz zwyktym PP

w [130,132,133]

W reakcji z PP-g-MA
z dodatkiem
uniepalniaczaw [134]
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W kompozytach
warstwowych
PP/Nylon 6 w [135]

_ _~""N-C-S PP:
25 | (1~ [136]
"iBu,
— " "SH PP:
26 - [93,137]
"NiBu,
2 PP:
_/\/\S/\)J\o OH [93]
27 | (1) %ﬁ(
"NiBu, jij)\o
g OH OH PP:
_ \/K/O OY@( [137]
28 \/iBu7 IJ/?\O
A M W blendzie PP:
29 - polimerowej PP/PA6 | [83]
"NiBu,
— 0"y TOH PP:
30 | (=1~ OH [138]
"NiBu,
AN NH: PE: PE:
H W reakcji [121,130,
ey z HDPE-g-MA oraz | 131]
! zwyktym HDPE PP:
31 w [121,130,131] [94,130,133]
PP:
W reakcji z PP-g-MA
oraz zwyktym PP
w [94,130,133]
— 0T PP:
32 1) [138]
\iOc7
—— " "NH, PE: PE:
- W reakcji [70,130,131]
"Nioe, z HDPE-g-MA oraz | PP:
zwyktym HDPE [130,133]
33 w [130,131]
PP:
W reakcji z PP-g-MA
oraz zwyktym PP
w [130,133]
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— N Jako monomer do PE:
34 - kopolimeryzacji [120,139]
"Cyp, etylenu
— Jako monomer do PE:
35 - kopolimeryzacji [139]
“Cypy etylenu
/\/@ PE: PE:
— Jako monomer do [139-143]
- kopolimeryzacji PP:
36 *Cypy etylenu [139]
PP:
Jako monomer do
polimeryzacji
propylenu
— Jako monomer do PE:
37 — kopolimeryzacji [118]
ey, etylenu
— TS Jako monomer do PE:
38 y= kopolimeryzacji [118,124]
ey, etylenu
PE:
39 [70]
PE:
40 [144]
PE:
41 [144,145]
PE:
42 [144]
PE:
43 [144]
PE:
[144,146]
44 PP:
[146-148]
PP:
45 [147]
PP:
46 [119]
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PE:

47 I[Dllj-6’l49]
[146-148]
PE:
48 [144,145]
PE:
49 [144]
PE:
50 [144]
PE:
51 [146]
PP:
52 [119]
PP:
53 [150]
osi Jako monomer do PE:
54 T kopolimeryzacji [118,124]
) etylenu
\iBU7
o8 Jako monomer do PE:
- T TN kopolimeryzacji [118,124]
- etylenu
\iBU7
osi Jako monomer do PE:
56 l o~ kopolimeryzacji [118,124]
T--/ etylenu
\iBU7
osi Jako monomer do PE:
57 ! o kopolimeryzacji [118,124]
etylenu
\/Cy7 Y
N [< j Jako monomer do PE:
58 —r ¥ kopolimeryzacji [140]
etylenu
4
Cypy
_ O\Si/: Jako monomer do PE:
59 PH ‘Ph kopolimeryzacji [120]
< etylenu
Cyp;
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Bu o ‘B‘;H Jako ligand PE:
- Bu\sl/ol\sl ?. e katalizatora [151-153]
60 / L 0. on w polimeryzacji
Si~ /S|
-B (o)
|BI /ugp\o/s/l “i-Bu etylenu
| -Bu
HBu_ Bu By -Bu Jako katalizator PE:
Bu_ 05 0 ——° 0TSO Fia i polimeryzacji etylenu | [154]
61 79 e m SR
\ /
,Bu\ﬁs|\o//s|~o o— SI\\O/SIO_/I Bu
i-Bu— l\o/SI o\ \-Bu i-Bu SIEO/SI\' Bu
|Bu i-Bu
iBu O\SI/O\TI _OiPr PP:
Bu~gP0~5i %L iBu [155]
62 / \ /
B SI\O -Si
IBL/“%‘P\O/S/I\ BuBu
ioo\s./o 1i-OFr Jako katalizator PE:
0 - )" - —L - -
63 §. ?0 s\. (/)|0c polimeryzacji etylenu | [154]
ioc- \6SI\0//SI Oc
iOc I\O/SI\ ioc
. ) :
|BuIBu S(I)/O\OY/ P
64 79 o™ [155]
IBu\ﬁSI\O/’S' Bu
iB SI\O/SI IBU
/\/C[OTiR Jako katalizator PE:
- o R polimeryzacji etylenu | [156]
65 i
-
e 1%
L iBuy R = OEt, OiPr, OBu
i _ON(CH3) .
iBu Sl/o\oA 33 PP:
66 IBlj\?|6c>\s\|—\o—|3u [157]
\ /
IBu\‘gSI\O/’SI Bu
SI\O/SI\ iBu
s s./O\T-% |[31P57]
67 IBU\? /0’0\s|_|0‘|Bu
o\ ol
iBU\__GSI\O/:SI\|Bu
iBu— I\O/SI\iBu
iBu .
. ~gj~0O-g;—IiBu PP:
iBu / ?CI)\Sigs\l'Bu [158]
O—Si c,)i'iBU\O /
— Al----- — Y~ /S\
63 Bu_ .o Al--0 o&/;.’o' iBu
iBu_ Q5 _g O A0 NiBu

Jey b

? S
|Bu\‘63'\0/ '“iBu
IBu/SI\O/SI IBLI
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iBu_ —iBu PP:
iBu 0 SI/O\fllBu
{\Z _____ c|,\\s,/ éﬁ;ﬁn) [158]
a /(IJ—Zn o/s'\o%gl\,su
69 iBu\Sf;?/so\sl o— Zn— O/SI ~iBu
/ QiBu"\ <|,
0 \ O _sil ..
iBu\p S™~0/75""~iBu .
IBu/SI\O/SI\ iBu n
"?"J\s,,/o\s,,/\/\un2 W reakcji z PP-g-MA | PP:
IBu\Sl//O\Sl’\'Bu [82]
70 Y7
IBU%SI\OSQOS'\iBu
ipro~ 07 NiBu
iBu s,/OH PP PE
HBu~gi o~ 8y W [83] w blendzie [91]
71 I é/s/l polimerowej PP/PA6 | PP
. |Buél/\o\/°s/l\ i-Bu W [159,160] jako [83,93,
e -Bu kompatybilizator TiO, | 159-161]
10c ;—OH Jako kompatybilizator | PP:
e~ g7 0~ s ioe kaolinitu do [162]
/ \ OH ,
72 o\ o/ kompozytéw PP
IOc\/S'\O//S' i0c
10c— SI\O/SI ~ioc
CYP ;oM PP:
erp~ o5 Meyp [163,164]
73 IS N T
Cyp\/s'\o/’s'\c
CyP/SI\o/SI\Cyp P
Ph<gi—oH PE: PE:
Ph~gP o~ 2Hen W [165-167] jako [165-168]
d \ \S/ kompatybilizator TiO. | PP:
Phig o e W [168] jako [97,135,163,
o kompatybilizator 164]
74 nanorurek weglowych
do kompozytow
z UHMWPE
PP:
W kompozytach
warstwowych
PP/Nylon 6 w [135]
Ho\s,i:h—o —Pn PP
T [163,164]
75 MEY
Phi/,\Si\o /sli’Ph
o “OH
Ph/SI\O\Si\OH
pH
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[o}

_/LA

PP:

[138]
_s||/_/ JA
76 it A
IBu\Sl/O\sl/lBu
0 0 0 ;4/_/
|Bu\/s'\°/’s' Bu
'BU/SI\O/SI\iBu
HO o@—som PP:
o o ol Hson [113]
77 _%iﬁfojj o—(_)-son
e /S \s/. J_/
4 [o}
E‘\sl/O\sl/Et
W
e\g 0/ S, |
Et/Si\o/s'\
Ho OQSOSH PP:
o v ol )som [98]
| D
78 _s'i/J/ " p{ Do
iBu__ L ~si
|BU\SO/S(IJ\SO//SIBLI 04)_/
ISV o ad
Bu\Go~0/ -5~ 5
iBu— Sl\o/SI ~iBu
Rig, o[ si- A /S'/O\os' Jako ligandy PE:
Jo-si o\ ~si0~si=R immobilizowanego [169,170]
RY| 7 \ 5 L r katalizatora
i i / i~ /— - .-
_Si~ofT7~R ; °/ o polimeryzacji etylenu
O—g;j o =23 R— I\O\SI /
; n ?1~0—Si—OH
R R é
. O
R =
HO OH

W konteks$cie tworzyw termoplastycznych semikrystalicznych, jakimi sa PE oraz iPP,
obserwowano wptyw dodatkéw silseskwioksanowych i sferokrzemianowych na parametry
takie jak:

a) wiasciwos$ci mechaniczne (wytrzymalo$¢ na rozcigganie i zginanie, modut Younga,
modut zginania, udarno$¢ [71,93,133], modut zachowawczy i stratno$ci [84]);

b) wiasciwosci termiczne |
temperatura zeszklenia [146,157], mechanizm i
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krystalizacyjne (temperatura topnienia i

krzepnigcia,

Kinetyka krystalizacji [102], poziom
krystaliczno$ci [133], profil rozktadu termicznego [145,146,157]);



¢) mikro- i nanostruktura tworzywa (morfologia i wielkos¢ sferolitow [146], lokalizacja
obszarow koncentracji dodatku [131], uporzadkowanie tancuchoéw polimeru [145]);

d) wiasciwosci elektroizolacyjne (przenikalnos¢ elektryczna, wytrzymato$¢ elektryczna

[60]);

e) wlasciwosci reologiczne stopu polimerowego (wspotczynnik szybkosci ptynigcia, krzywa
lepkosci [99,116,119]).

W odniesieniu do analizy tworzyw duroplastycznych, w tym zywic epoksydowych,
czg$¢ parametréw podlegajacych badaniom pokrywa si¢ Zz wymienionymi powyzej, np.
wilasciwo$ci mechaniczne, elektroizolacyjne, nanostruktura czy profil rozktadu termicznego.
Natomiast szczego6lnie istotng i swoistg dla tej grupy tworzyw wiasnoscia jest charakterystyka
procesu sieciowania (kinetyka i ciepto sieciowania, temperatura aktywacji, maksymalna
temperatura sieciowania). Dostepne sg doniesienia literaturowe, gdzie silseskwioksany pehnity
role dodatku niereaktywnego [171], katalitycznego [172], jak i1 sieciujacego, zarbwno jako
sktadnik epoksydowy (oksiranowy) [173], jak i utwardzajacy (aminowy [174,175] lub
bezwodnikowy [176]).

Ostatnim aspektem poruszanym w pracy jest modyfikacja powierzchni napetniaczy
I pigmentow do tworzyw. Napelniacze zarowno mineralne, jak i organiczne, a takze pigmenty
nieorganiczne charakteryzuja si¢ zazwyczaj duza polarnoscig powierzchniowa (obecno$¢ grup
-OH lub jonowy charakter napetniacza), co obniza kompatybilnos¢ sktadnika z niskopolarnymi
lub niepolarnymi matrycami polimerowymi, w szczegdlnosci poliolefinowymi. Jak
wspomniano wczesniej, celem poprawy dyspersji napetniaczy, a takze pigmentéw W 0osnowie
polimerowej stosuje si¢ odpowiednie sktadniki dodatkowe, czesto na bazie silanowych
srodkow sprzegajacych (silanow) oraz olejow silikonowych, ktorych zadaniem jest zmiana
charakteru chemicznego powierzchni materialu, zazwyczaj obnizenie jego polarnosci [53].
Ze wzgledu na wspolne cechy strukturalne, silseskwioksany byly réwniez badane pod katem
zastosowania jako analogi tradycyjnych silanowych srodkow sprzegajacych.
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5. Cel badan

Celem badan stanowigcych tre$¢ rozprawy doktorskiej byto okreslenie wplywu udziatu
silseskwioksanow oraz sferokrzemianow na uktady polimerowe termoplastyczne (polietylenu,
polipropylenu i polilaktydu) oraz duroplastyczne (zywicy epoksydowej pigmentowanej TiOy),
z uwzglednieniem Struktury stosowanych silseskwioksanow (rdzenia oraz podstawnikow) oraz
natury polimeru. Szczegélng uwage nalezalo przy tym poswigci¢ aspektom metodyki
przetworczej, stezenia stosowanych silseskwioksanow, charakteru fizykochemicznego
sktadnikow uktadu oraz rozproszeniu dodatkow w osnowie na zdolnos¢ interakcji sktadnikow
I zmiany we wlasciwo$ciach przetworczych oraz uzytkowych zmodyfikowanych tworzyw.
Polietylen, polipropylen i zywice epoksydowe stanowig powszechnie stosowane polimery
0 ogromnym znaczeniu przemystowym, natomiast polilaktyd zyskuje popularno$¢ ze wzgledu
na pochodzenie z surowcow naturalnych, biodegradowalno$¢ oraz zastosowanie jako jeden
Z najczgsciej wybieranych materiatow do druku 3D technika FDM (Fused deposition
modeling).

Silseskwioksany i  sferokrzemiany  stanowig  wyspecjalizowane  zwiazki
krzemoorganiczne, ze wzgledu na szereg wiasciwosci odrozniajacych je od silanowych
srodkow sprzegajacych oraz polisiloksandéw mogg stanowi¢ nie tylko alternatywe dla
wspomnianych substancji, ale takze wypetnia¢ luke w procesach technologicznych lub
zastosowaniach, w ktorych aplikacja powyzszych bytaby trudna, niemozliwa lub
niebezpieczna. Jednakze, z uwagi na odmienne wiasciwosci fizykochemiczne, a wigc
I zachowanie w uktadach polimerowych, a takze wysoki koszt produkcji, niezbedne jest
doglebne zbadanie natury oddzialywan silseskwioksanow i sferokrzemianéow z osnowami
polimerowymi i napelniaczami, ich zdolnosci dyspersji lub mieszania z tworzywami, czy
zmiany charakteru powierzchniowego modyfikowanych nimi napeiniaczy badz pigmentow.
Zrozumienie tych oddziatywan wraz z eksperymentalnym odnalezieniem optymalnych stezen
i metodyki przetworczej, pozwoli na wskazanie realnych obszaréw zastosowan tychze
zwigzkoéw, gdzie ich aplikacja bedzie nie tylko korzystna, ale co istotne, zasadna
z ekonomicznego punktu widzenia w aspekcie zastosowan przemystowych.

Z powyzszych wzgledow jednym z kluczowych aspektow pracy jest badanie
omawianych zaleznoéci W obszarze niskich st¢zen (od 50 ppm do 1.5% w/w) stosowanych
pochodnych krzemoorganicznych oraz poré6wnanie ich wtasciwosci z komercyjnie dostepnymi
silanowymi $rodkami sprzggajacymi (Rysunek 11).

Wyzej wymieniony problem badawczy stanowil przedmiot grantu PRELUDIUM,
ktorego kierownikiem byt autor tejze rozprawy doktorskiej. Realizacja projektu zaowocowata
serig publikacji naukowych sktadajacych si¢ na dorobek omawiany w dalszej czgsci pracy.
Pomimo przewazajacego charakteru badan podstawowych, celem glownym byla ocena
zasadnosci koncepcji stosowania silseskwioksanow i sferokrzemianow jako modyfikatorow do
materialow polimerowych w kontekscie realnego uzycia takich uktadow do zastosowan
przemystowych lub specjalistycznych.

Teze pracy mozna ujgé nastgpujaco: zwigzki w  postaci pochodnych
silseskwioksanowych oraz sferokrzemianowych moga by¢ stosowane W roli dodatkéw
przetworczych do tworzyw syntetycznych i ukladow polimerowych na bazie tworzyw
omawianych w pracy, przy czym z racji kosztow ich otrzymywania, zakres ich stosowania
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w realnych aplikacjach przemystowych ogranicza si¢ do utamka procenta wagowego
W przeliczeniu na mas¢ tworzywa I przy takim ich udziale nalezy doszukiwac si¢ poprawy
cech funkcjonalnych modyfikowanych tworzyw. Najbardziej przyszio$ciowym kierunkiem
zastosowania silseskwioksanow 1 sferokrzemianoéw jest mozliwos¢ ich aplikacji jako nowej
klasy s$rodkow sprzegajacych, a wigc chemicznych modyfikatorow powierzchni, gdzie
niewielka ilo$¢ czynnika W przeliczeniu na mase tworzywa przektada si¢ na istotne zmiany
fizykochemii uktadu, a takze wykazanie obszaréw, W ktorych systemy te oferujg przewage
w stosunku do klasycznych preparatow silanowych (Rysunek 11).

powierzchnia TiO,

powierzchnia TiO,
Rysunek 11: Porownanie organofunkcyjnych silanéw oraz Silseskwioksanow/

sferokrzemianow jako §rodkow sprzggajacych do modyfikacji powierzchni pigmentéw na
bazie bieli tytanowej.
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6. Omoéwienie publikacji skladajacych sie¢ na rozprawe doktorska

W ramach realizacji planu badawczego rozprawy doktorskiej otrzymano i scharakteryzowano
szereg pochodnych silseskwioksanowych, mono- oraz oktasferokrzemianowych. Dwie z nich
(31 5) stanowila nowe, wczesniej niepublikowane struktury, pozostate natomiast nie zostaty
wczesniej przebadane pod katem aplikacji jako dodatkéw w omoéwionych ponizej osnowach
polimerowych, badz tez inny byt zakres prowadzonych badan (stosowane stgzenia, techniki
przetworcze i pomiarowe, wykorzystane osnowy polimerowe).

W pracy Pl przedstawiono syntez¢ oktasferokrzemianéw funkcjonalizowanych
sterycznie rozbudowanymi grupami funkcyjnymi celem zbadania wptywu podstawnika na
kompatybilnos¢ dodatku z osnowa polimerowg oraz wiasciwosci funkcjonalne
modyfikowanego tworzywa. Zestawienie otrzymanych pochodnych przedstawiono w Tabeli
2.

Tabela 2: Pochodne oktasferokrzemianowe zastosowane w pracy P1.

Rdzen Zwiazek Oznaczenie Podstawnik R
1 SS-H H
2 SS-Vi Vi
_E\_Lb
57%
R-§i—0, | 3 SS-Norbornene E_
| ,S|/0\§| ‘T R 10%

R- ﬁl\ob |/0\ |4\0 |

,\SI\O /SZ’ ? _E‘\_h
" ﬁl o(;g'o\o/s/'wo ° ﬁ E_

R- ﬁl— _T.R 33%

Wl
4 SS-Limonene > < >

5 SS-Pinene

T

Pochodne 4 i 5 zostaty wczes$niej omowione jako modyfikatory do membran zelowych
PVDF/HFP, jednakze w pracy przedstawiono jedynie analiz¢ FT-IR [177]; synteza pochodnej
3 nie byta wczesniej publikowana. w publikacji P1 omoéwiono szczegdtowa analiz¢ NMR,
MALDI-TOF-MS, DSC i TG otrzymanych zwigzkéw. Poréwnawczo w badaniach
wykorzystano réwniez bazowy oktawodorosferokrzemian 1 bedacy substratem do syntezy
pochodnych 3-5 na drodze hydrosililowania oraz oktawinylosferokrzemian 2. Obydwa zwiazki
cechuja si¢ niskg zawadg steryczng wplywajaca na ostanianie polarnego rdzenia czasteczki.



Otrzymane zwigzki poddawano mieszaniu w stopie z LDPE, a nastepnie wyttaczano granulat
modyfikowanego tworzywa oraz folie i wtryskiwano normalizowane ksztattki do badan
wytrzymalosciowych.

Analiza DSC umozliwita zaobserwowanie zjawiska polimeryzacji 1 Sieciowania
zwigzkow SS-Limonene i SS-Norbornene w warunkach przetworstwa LDPE. Ponadto,
analiza TG wykazata dwuetapowy przebieg rozkladu SS-Norbornene, gdzie pierwszy etap
rozkladu spowodowany byl reakcjg retro-Dielsa-Aldera (rDA). Na podstawie NMR
potwierdzono réwniez aktywno$¢ wewnatrzpierScieniowego wigzania podwdjnego
winylonorbornenu w reakcji hydrosililowania, co powodowato tworzenie dodatkowych
wigzan inter- oraz intramolekularnych i nowych ugrupowan cyklicznych podczas syntezy,
a formacje policyklicznych produktéw ubocznych potwierdzono za pomocg MALDI-TOF-MS

o
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Rysunek 12: Struktury czqsteczlq czystego, monomerycznego SS-Norbornene (a) oraz struktur
produktow policyklicznych powstatych w wyniku odpowiednio jednej, dwoch oraz trzech (b-
d) reakcji intramolekularnej addycji Si-H do wewnatrzpier§cieniowego wigzania podwdjnego
winylonorbornenu.

Omowiono rowniez wptyw dodatkdw na wlasciwosci termiczne otrzymanych uktadow
polimerowych. Zaobserwowano, Ze pozytywnie wplywaja one na stabilno$¢ termiczng
tworzywa, podwyzszajac temperatury poczatku rozkladu, 5% ubytku masy oraz punktu
najwigkszej szybkosci rozktadu (ang. DTG peak), szczegdlnie w atmosferze utleniajace;.
Jednoczesnie zwrdcono uwage, ze efekt ten zwigzany jest najprawdopodobniej z rekombinacjg
wolnych rodnikow przez czasteczki modyfikatora, a nie formowaniem ochronnej warstwy
popiotu na powierzchni degradujacego tworzywa, co stanowi czgsto powtarzane W literaturze
wyjasnienie. To wytlumaczenie wydaje si¢ niezasadne z dwodch przyczyn: jedna jest



skuteczno$¢ otrzymanych dodatkow juz przy niskim stezeniu na poziomie 0.1% w/w, zbyt
niskim do wytworzenia opisywanej warstwy popiotowej; drugim jest fakt, ze polietylen,
w trakcie rozkladu termicznego, tworzy ruchliwg mase wydzielajaca gazy, co dodatkowo
utrudnia uformowanie warstwy ochronnej.

Szczegdlnym osiggnieciem pracy Pl w aspekcie metodologii badawczej byto
zastosowanie wtryskarki do tworzyw celem przygotowania wysoce jednorodnych
I powtarzalnych wymiarowo probek do badan wytrzymato$ciowych, zgodnie z normg EN ISO
527-2. w kontekscie kompozytéw i nanokompozytéw PE zawierajacych dodatek zwigzkow
silseskwioksanowych badz sferokrzemianowych, takie podejscie zostatlo wczesniej opisane
w literaturze zaledwie raz [146]. Zazwyczaj wytwarzanie probek realizowano na drodze
wytlaczania lub prasowania na goraco, badz tez analiza mechaniczna byla zupelie pomijana.
Tak przygotowane probki zostalty wykorzystane do obrazowania mikrostruktury wewnetrznej
tworzywa.

W pracy udowodniono istotny wplyw otoczenia chemicznego rdzenia siloksanowego
(silseskwioksanowego) na zdolno$ci dyspersyjne sferokrzemianow oraz obecno$ci wigzan
nienasyconych w czasteczce modyfikatora na jego zachowanie podczas mieszania w stopie
tworzywa, co zostato zbadane z zastosowaniem technik obrazowania SEM oraz SEM-EDS.
w poréwnaniu do krystalicznych, nietopliwych SS-H i SS-Vi, pozostate pochodne
charakteryzowaty si¢ podwyzszona mieszalno$cia z tworzywem, w szczegoélnosci SS-
Limonen, ktoéry to na skutek sieciowania termicznego tworzyt najprawdopodobniej blende
polimerowa z LDPE. Uzyskane modyfikowane tworzywo charakteryzowalo si¢ zauwazalnie
poprawionymi wlasciwosciami mechanicznymi dla ksztattek wtryskiwanych pomimo niskiego
udzialu dodatku (<1% w/w). w przypadku folii obserwowano glownie pogorszenie
wlasciwos$ci mechanicznych, co wyjasniono na podstawie zaburzenia orientacji polimeru
w probkach. Wyjatkiem byt SS-Pinene, ktory dla stezenia 1% w/w podwyzszyt nieznacznie
warto$¢ odksztalcenia przy zerwaniu. Istotnym aspektem pracy jest tez badanie wptywu
omawianych dodatkow w zakresie niskich stgzen (0.1%-1% w/w), w odrdznieniu od licznych
doniesien literaturowych, w ktorych pochodne silseskwioksanowe czy sferokrzemianowe
stosowano w roli napelniaczy w ilosciach do 10, a nawet 20% w/w. Pozwolito to
zaobserwowac, ze optymalne stezenie stosowanych dodatkow, w zalezno$ci od konkretnego
zwigzku czy cechy funkcjonalnej stosowanego tworzywa, znajduje si¢ za kazdym razem na
pewnym poziomie ponizej 1%., co wiagze si¢ Z ograniczong kompatybilnoscig tego typu
dodatkow z LDPE.

W pracy P2 zbadano wptyw mono- i difunkcyjnych silseskwioksanow na wlasciwosci
modyfikowanego nimi LDPE. Zastosowano metodyke badawcza analogiczng do pracy P1.
w Tabeli 3 zestawiono zastosowane modyfikatory. Podobnie do P1, stosowane zwigzki
krzemoorganiczne badano w zakresie niskich stgzen (0.1-1.5% w/w), obserwujac przy tym
optimum stezenia dodatku w granicach 1%.

Zaobserwowano zblizone wiasciwosci dyspersyjne pochodnych 6-8 w matrycy
polimerowej, co zwigzane bylo z obecnoscig wspolnego motywu strukturalnego, tj. klatki
heptaizobutylosilseskwioksanowej, a takze krystalicznym charakterem czgsteczek. Dla
odmiany, lepsza dyspersja charakteryzowaly si¢ SSQ-8Cl oraz iBu;SSQ-30H. Efekt
wyjasniono na podstawie amorficznej postaci dodatkéw. Kod SSQ-8Cl reprezentowat
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wyidealizowang strukture zwigzku, W rzeczywisto$ci stanowigcg mieszaning oligomerycznych
silseskwioksanow (ang. cage mix, cage mixture). iBu;SSQ-30H natomiast w wyniku
mieszania W stopie polimeru tworzyl seri¢ produktéw kondensacji, ktorych obecnosc
potwierdzono za pomocg MALDI-TOF-MS, a wykryte wartosci m/z byly zgodne
z przewidywanymi strukturami zwigzkéw. w obydwu przypadkach amorficzny charakter
dodatkéw wptywal na poprawe ich mieszalno$ci z osnowa, poniewaz nie dochodzito do
formowania przez nie polikrystalicznych aglomeratoéw. Réwnoczesnie, produkty kondensacji
iBu7SSQ-30H charakteryzowaly si¢ nizszg polarnoscig czasteczki co dodatkowo tlumaczy
dobrg mieszalno$¢ z tworzywem.

Tabela 3: Pochodne silseskwioksanowe zastosowane w_pracy P2.

Rdzen Zwigzek Oznaczenie Podstawnik R
Ri o 0o Re 6 iBu7SSQ-Vi Ri1 = iBu, R, = Vi
Ri— 70— g OuR, 7 iBu7SSQ-NH; R1 = iBu, Rz = (CH2)sNH;
éc{ \ 0 8 iBusSSQ-CI R1= iBu, Ry = (CH2):Cl
__Si~g/-Si
R1f§i°\o/%/i£ 1R1 9 $SQ-8Cl R1 = R2 = (CH2):Cl
iBu__ ._OH
"B”\S?L.’S(I)\Si'o/"'isu
é ? }) ?H 10 iBuzSSQ-30H zgodnie z rysunkiem
iBu\g-S"™~0/" 8~ gy
iBu/Si\o/Si\iBu

W pracy P2 wykazano takze pozytywny wplyw techniki wtryskowej na dyspersje
dodatkow w tworzywie. w wyniku poréwnania obrazow SEM-EDS probek wyttaczanych
I wtryskiwanych, zaobserwowano spadek udzialu aglomeratow modyfikatora w tych
ostatnich, co spowodowane byto udziatem duzych sit $cinajacych generowanych w cyklu
przetworczym. Podobnie, jak w P1, obserwowano gtdéwnie niekorzystny wptyw dodatkow na
wlasciwo$ci mechaniczne folii, za wyjatkiem Bu7SSQ-30H, gdzie dochodzito do
podwyzszenia warto$ci wytrzymatosci na rozcigganie.

Dodatkowo zaobserwowano, ze IBu7SSQ-NH2 szczegdlnie skutecznie zwigkszat
stabilnos¢ termiczng LDPE w warunkach utleniajacych, co przypisano antyoksydacyjnym
wiasciwos$ciom grupy aminowej W strukturze modyfikatora. SSQ-8CI oraz iBu7SSQ-30H
wykazywatly przy wyzszych st¢zeniach niewielki efekt plastyfikujacy na tworzywo.

Istotnym efektem naukowym pracy P2 bylo wykazanie, ze zwigzki typu
silseskwioksan6w nie powinny by¢ uznawane za napeiniacze badz nanonapetniacze, a za
szeroko pojete modyfikatory. Wynika to z
multifunkcjonalno$ci omawianych dodatkow (wplyw na wilasciwo$ci mechaniczne,
krystalizacyjne, przetworcze, stabilno$¢ termiczng/oksydacyjng), ale réwniez ceny tych
systemow, co decyduje 0 konieczno$ci szukania ich skutecznych zastosowan w zakresie
niskich stezen. Dodatkowo jest to spowodowane zjawiskiem aglomeracji obserwowanej przy

szeregu czynnikdw, mianowicie
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wyzszych stezeniach modyfikatoréw, co zmniejsza efekt ich oddziatywania na osnowe i moze
wplywaé na pogorszenie wlasciwosci uzyskanych tworzyw lub kompozytow.

W pracy P3 zbadano wpltyw opisanej wyzej pochodnej sferokrzemianowej 4, tj. SS-
Limonene, na wlasciwos$ci PLA stosowanego W technologii addytywnej FDM. Wykazano, ze
mieszanie dodatku z PLA powoduje sieciowanie 4, z uformowaniem kompozytu na osnowie
polilaktydu (Rys. 13).

Rysunek 13: Drukarka 3D w technologii FDM i wytworzone na niej probki.

Szczegdlnym osiagnigciem naukowym pracy jest uzyskanie znacznej poprawy
wlasciwosci mechanicznych otrzymanych materialow. Wzrostowi ulegly wytrzymato$¢ na
rozcigganie 1 zginanie oraz wydluzenie przy zerwaniu i udarno$¢. Dwa ostatnie efekty
sugeruja wilasciwosci plastyfikujace dodatku, co jest szczegdlnie pozadane ze wzgledu na
kruchos¢ PLA, stanowigca jedng z cech szczegdlnie ograniczajacych perspektywy
zastosowania tego tworzywa jako materiatu konstrukcyjnego. Przy udziale 0.25% 4, probki
wytwarzane z tworzywa modyfikowanego w technologii FDM charakteryzowaty sie
w granicach odchylenia standardowego wytrzymato$cia na rozcigganie rowna odpowiednikom
wykonanym technikg wtrysku, a takze probkom wtryskiwanym z czystego PLA. Wydluzenie
przy zerwaniu dla omawianego materiatu wzrosto srednio 0 73% dla uktadow drukowanych,
co jest znaczgcg poprawg W kontekscie badanego polimeru. Na podstawie mikroskopii
optycznej udowodniono ponadto, ze obiekty wytworzone z PLA z dodatkiem 0.25% 4
charakteryzowaly si¢ zwigkszonym przetopem warstw materiatu, co byto jedng z gltownych
przyczyn poprawionych wlasciwosci wytrzymato$ciowych tworzywa. Kolejng negatywna
cechg polilaktydu w aspekcie zastosowan konstrukcyjnych jest podatno$¢ na degradacje
w wyniku dziatania wilgoci. Tymczasem wytworzone kompozyty charakteryzowaty sie¢
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zwiekszonymi warto$ciami kata zwilzania woda, CO stanowi punkt wyjscia do badan stabilnosci
hydrolityczne;j tej klasy materiatbw w czasie. Ostatecznie zaobserwowano rowniez znaczacy
wzrost wskaznika ptynigcia tworzywa (ang. MFR, melt flow rate), co przektadato si¢ na
poprawiong przetwarzalnos¢ tworzywa i zmniejszenie wspotczynnika odpadowosci probek
podczas druku 3D probek. Podwyzszenie tego parametru przeklada si¢ tez w wymiarze
praktycznym na wydajnos¢ procesu druku W rozumieniu szybkosci drukowania, a wigc ilosci
ckstudatu opuszczajacej dysz¢ W kontrolowany sposéb w jednostce czasu, badz na
prowadzenie procesu z zastosowaniem nizszych temperatur.

W pracy P4 zbadano wptyw dodatkow mono- i oktasferokrzemianowych oraz
silseskwioksanowych na wlasciwos$ci izotaktycznego polipropylenu (iPP). w Tabeli 4
przedstawiono pochodne krzemoorganiczne wykorzystane w pracy.

Tabela 4: Pochodne sferokrzemianowe i silseskwioksanowe zastosowane w pracy P4,

Rdzen Zwigzek Oznaczenie Podstawnik R
1 SS-H H
|
RS o odiR| 2 SS-Vi Vi
5./ \§|

R- ﬁl\Ob |/O\ |4l |

AR e
R- &T' 0\\05'\0/’3' 10— 4 SS-Limonene
I\O/Sl\o ﬁ

R- T_ _ﬁ,.R

13 SS-Glycidyl v~ 0 _<J
Rivy 0g -2 8 iBu7SSQ-CI R1=iBU, Rz = (CH2):Cl
Ri—¢?Yo—g;: 0L : : :
s 8° N 11 iBuSS-H R = iBu, Rs = OSiMe;H
o\ o/
R \6_Sl\o//SI\R
R,—SI~0—Si 12 iBusSS-Vi R1=1iBu, R2 = OSiMeyVi
1
iBu\Si/OH
'BU\SQ/OIO\Si'/OIBu
/ \ \ /H 10 iBu7SSQ-30H zgodnie z rysunkiem
IBU\,GSI\O//SI Bu
—Si~—Sic

iB \Bu

Podobnie, jak w przypadku pracy P1, zaobserwowano, ze dodatki bedace produktami
hydrosililowania oktawodorosferokrzemianu 1, (pochodne 4 i 13) charakteryzuja si¢ wyzsza
zdolnoscig dyspersji W osnowie, niz wyjSciowy 1, czy tez oktawinylosferokrzemian 2. Na
podstawie mapowania SEM-EDS potwierdzono tez, ze sposréd pochodnych badanych
w pracach P1 i P2, wszystkie zastosowane do przygotowania kompozycji z IPP
charakteryzowaly si¢ lepsza mieszalnosciag z osnowa, niz dla LDPE. Do analizy porownawczej
zastosowano przy tym ukltady zawierajgce zwigzki 1, 2, 4, 8 1 10. Ponadto, SS-Glycidyl ulegat
tatwemu mieszaniu W stopie z polipropylenem, w czasie, gdy proby wprowadzenia go do
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osnowy LDPE skutkowaly widocznym tzw. wypacaniem dodatku (jego migracji do
powierzchni) z tworzywa nawet przy stezeniu 0.25% w/w, co skutkowalo jego eliminacja
z badan. Wszystkie powyzsze obserwacje wyjasniono na podstawie wyzszych parametrow
polarnosci iPP w poréwnaniu do LDPE, wyrazonych jako parametr rozpuszczalno$ci
Hildebrandta oraz parametr dyspersyjny Hansena. Efekt lepszej mieszalnosci z osnowa
przektadal si¢ na wigckszy wpltyw dodatkéw na wlasciwosci termiczne, mechaniczne
I przetworcze polipropylenu w stosunku do polietylenu.

Amorficzne dodatki SS-Limonene, SS-Glycidyl oraz iBy;SSQ-30H pozytywnie
wplywaly na wlasciwosci mechaniczne, szczegdlnie wytrzymalo$¢ na rozcigganie 1 zginanie.
Dwa ostatnie zwigzki charakteryzowaly si¢ rowniez wlasciwosciami smarnymi, co
wywnioskowano na podstawie MFI.

Zaobserwowano rowniez, ze we wszystkich przypadkach, bez wzgledu na zastosowang
pochodna, dodatki krzemoorganiczne wywotywaly spadek stabilno$ci termicznej uktaddw,
przeciwnie do wynikéw uzyskanych dla LDPE. Wnioskowa¢ mozna, ze w warunkach
degradacji cieplnej, modyfikatory biorg udziat w rekombinacji wolnych rodnikow, przy czym
zaobserwowane roznice spowodowane sg odmienng charakterystyka procesu rozktadu iPP
w odniesieniu do LDPE, w rozumieniu parametrow takich jak kinetyka tworzenia,
przenoszenia i terminacji rodnikow. Tym samym badane pochodne silseskwioksanowe
i sferokrzemianowe moga petni¢ rolg katalizatorow recyklingu termicznego polipropylenu.
Interesujacym efektem byta ponadto niewielka, ale zauwazalna na podstawie pomiaréw DSC
zdolnos¢ wszystkich pochodnych izobutylowych (6, 7, 8, 10), jak i krystalicznej pochodnej
sferokrzemianowej 1, do nukleacji iPP do odmiany polimorficzne;j f.

Istotnym wnioskiem koncowym plynacym z pracy P4 jest niepoprawnos¢ nazywania
zwigzkow typu silseskwioksanow nanonapetniaczami. Pierwszg kwestig jest wysoka ich cena,
zajmujaca pulap 0 dwa rzgdy wielkosci wyzszy w stosunku do omawianych poliolefin (PE,
iPP), co powoduje, ze nawet 1% w/w dodatku takiej substancji prowadzi¢ bedzie do co najmniej
dwukrotnego wzrostu kosztow produkcji modyfikowanego tworzywa. Drugi aspekt stanowi
multifunkcjonalnos$¢ silseskwioksanow i sferokrzemianéw, W zwigzku z czym zamiast
napetniaczami lub nanonapetniaczami, wtasciwsze jest okreslenie ich mianem modyfikatorow,
zgodnie z podziatem i definicjami przytaczanymi przez prof. Koszkula. Trzecig kwestig jest
poprawnos¢ samego okreSlenia ,,nanonapetniacz”, poniewaz zgodnie 2z normg
ISO/TS 80004-2:2015, obiekty moga by¢ okreslane przedrostkiem ,,nano-", gdy ich rozmiary
W Co najmniej jednym z trzech wymiarow mieszczg si¢ mniej wiecej W granicach 1-100 nm
[178,179]. Tymczasem wyniki badan z prac P1-P4 udowodnily, ze zazwyczaj nawet przy
stezeniach <1% w/w dochodzi do agregacji tych materiatow w matrycy polimerowej powyzej
wspomnianego zakresu, a wraz ze wzrostem ich udziatu w osnowie, efekt ten ulega nasileniu.
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W pracy P5 zbadano wplyw pochodnych silseskwioksanowych i sferokrzemianowych
na stabilno$¢ i zdolno$¢ dyspersji czastek pigmentu, bieli tytanowej (TiO2), w zywicy
epoksydowej Epidian 5. Otrzymane zwigzki zestawiono W Tabeli 5.

Tabela 5: Pochodne sferokrzemianowe i silseskwioksanowe zastosowane w_pracy P5.
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,Bu\/SI\O//SI iBu

iBu SI\O/SI\IBU

Jako, ze wyzej wymienione pochodne badano w roli krzemoorganicznych
modyfikatorow powierzchni, dla porownania zastosowano dwa stosowane przemystowo
I dostepne handlowo silanowe $rodki sprzegajace 0 analogicznych grupach funkcyjnych, tj.
izobutylotrimetoksysilan (iBuTMOS), oraz 3-glicydoksypropylotrietoksysilan (GPTES).
Wszystkie otrzymane zwigzki charakteryzowaly si¢ obecno$cia grup funkcyjnych
alkoksysililowych (SiOEt lub Si(OMe)s). Ugrupowania te byly odpowiedzialne za
kowalencyjne wigzanie modyfikatora z powierzchnig czastek TiOz.

Istotnym osiggnig¢ciem pracy byto opracowanie metodyki ekologicznej funkcjonalizacji
powierzchniowej pigmentu w $rodowisku wodnym poprzez ucieranie go z wybranymi
dodatkami krzemoorganicznymi w miynach kulowych. Dotychczasowe prace dotyczace
modyfikacji powierzchniowej TiO,, a takze innych materiatbw nieorganicznych, jak SiO»,
podobnymi zwigzkami, prezentuja metodyke z uzyciem rozpuszczalnikow organicznych,
a wykorzystanie mediow na bazie wody ogranicza si¢ do silanowych $rodkéw sprzegajacych.
Analiza FT-IR potwierdzita skuteczng funkcjonalizacje bieli tytanowej zastosowanymi
czynnikami poprzez reakcje z powierzchniowymi grupami funkcyjnymi -OH, a analiza kata
zwilzania proébek woda wykazata superhydrofobowy charakter uktadow modyfikowanych
iIBUTMOS oraz iBusSSQ-OEt. Nalezy przy tym zaznaczyé, ze bazowy pigment
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charakteryzowal si¢ silng hydrofilowoscig. Kolejnym aspektem byto opracowanie metodyki
dyspergowania bieli tytanowej w pompie z¢batej, wytwarzajacej wysokie sity oraz szybkosci
$cinania, co powodowalo znaczng poprawe dyspergowania czastek TiO2 w zywicy.
Zaobserwowano takze efekt synergiczny obrobki chemicznej i mieszania mechanicznego, co
prowadzito, w zalezno$ci od uktadu, do kilkudziesigciokrotnego wzrostu sity krycia uktadow,
a takze do kilkudziesigciokrotnego wzrostu stabilno$ci pigmentowanych zywic W czasie,
zapobiegajac sedymentacji bieli tytanowej (Rys. 14).

&l

]

Rysunek 14: Probki cieklej (nieusieciowanej) zywicy epoksydowe] zawierajacej
modyfikowang biel tytanowa po 6 miesigcach od przygotowania. Trzy lewe probki sa wyraznie
rozdzielone z duzg iloscig sedymentu TiO, ostatnia z prawej stabilna.

W konteks$cie pordwnania do silanowych srodkow sprzegajacych, istotny byt wiekszy
efekt stabilizacji TiO2 oraz sity krycia uktadow przygotowanych z uzyciem iBu7SSQ-OEt.
Jednocze$nie, pochodne sferokrzemianowe nie wykazywaty w tym zakresie przewagi nad
analogicznym silanem wykorzystanym w badaniu, oferujac bardziej poréwnywalne wyniki.
Sit¢ krycia uktadow oceniano na podstawie analizy prze$§wietleniowej z zastosowaniem
specjalnie  zaprojektowanej i wykonanej do tego celu przystawki do aparatu
spektrofotometrycznego.

Wyniki przeprowadzonych badan pozwalaja stwierdzi¢, ze funkcjonalizowane silseskwioksany
oraz  sferokrzemiany stanowia nowa klas¢ silanowych, a  precyzyjniej —
silseskwioksanowych/sferokrzemianowych srodkoéw sprzegajacych (Rysunek 15).
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Rysunek 15: Schemat modyfikacji powierzchni TiO2 z uzyciem iBu;SSQ-OEt oraz iBuTMOS.
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7. Podsumowanie i wnioskKi

W wyniku realizacji pracy doktorskiej otrzymano szereg pochodnych silseskwioksanowych,
mono- oraz oktasferokrzemianowych. Zbadano wplyw otoczenia chemicznego czasteczki na
kompatybilno$¢ dodatkow z osnowa polimerowa 1 zmiany we wlasciwosciach
fizykochemicznych oraz funkcjonalnych tworzyw, a takze wptyw metodyki przetworczej na
zdolno$¢ mieszania modyfikatoréw z polimerami. w badaniach wykorzystano trzy rozne
metody przetworcze. W pierwszej z nich skupiono si¢ na przetworstwie poliolefin (LDPE
i iPP), stanowigcych materialty wyjSciowe do produkcji masowej szerokiej gamy wyrobow
uzytkowych. Dalej, badano zastosowanie wybranej pochodnej sferokrzemianowej
w technologii FDM celem poprawy wiasciwosci PLA, materialu stosowanego do druku 3D
oraz obiektow z niego wytwarzanych. w ostatniej metodzie zweryfikowano mozliwo$é
wykorzystania silseskwioksanow oraz sferokrzemiandw jako $rodkow sprzegajacych
zmieniajacych charakter powierzchniowy bieli tytanowej do pigmentowania zywic
epoksydowych, celem poprawy dyspersji i stabilnosci TiO2 W zawiesinie oraz sity krycia tak
uzyskanych uktadow.

Wyniki przeprowadzonych badan pozwalaja stwierdzi¢, ze silseskwioksany
i sferokrzemiany charakteryzowaty si¢ wigksza mieszalnoscig z iPP w poréwnaniu do LDPE,
co wyjasniono na podstawie wyzszego parametru rozpuszczalnosci Hildebrandta oraz
dyspersyjnego Hansena. Ponadto, na kompatybilno$¢, a zarazem poziom interakcji z osnowg
I wplyw na jej wlasciwosci pozytywnie wptywaly dwa rodzaje motywow strukturalnych.
Jednym z nich byto otoczenie chemiczne ostaniajace polarny rdzen klatki (przede wszystkim
sterycznie rozbudowane, alkilowe podstawniki, ale réwniez obecno$¢ identycznych grup
znoszacych lokalne momenty dipolowe). Drugim natomiast byta struktura amorficzna
pochodnych, niewykazujaca tendencji do krystalizacji w tworzywie. Taki charakter
wykazywaty SSQ-8CI typu polisilseskwioksanowego i produkty kondensacji termicznej
iBu7SSQ-30H z uwagi na nieuporzadkowang strukture rdzenia, ale rowniez SS-Limonene, SS-
Pinene, SS-Norbornene czy SS-Glycidyl, majace W temperaturze pokojowej postac cieczy
0 roéznej lepkosci. Charakter krystaliczny zwigkszat efekt agregacji pochodnych w tworzywie.
Praktycznie bez wzgledu na rodzaj wybranej pochodnej, wzrost stezenia dodatku w osnowie
przyczyniat si¢ do efektu aglomeracji, ktory zmniejszal oddziatywanie pomigdzy
modyfikatorem, a polimerem.

Powyzsze wnioski, W potaczeniu z analizg cen poliolefin oraz handlowo dostepnych
silseskwioksanow 1 sferokrzemiandow, pozwolily oceni¢, ze gérna granica stosowania tych
zwigzkéw W charakterze modyfikatoréw do PE i iPP wynosi 1% w/w. Wskazane jest przy tym
operowanie w zakresie mozliwie najnizszych stezen, zaleznych od koncowego zastosowania
wybranego tworzywa oraz jego cechy przetworczej czy uzytkowej bedacej przedmiotem
modyfikacji. Alternatywnie, kierunki aplikacji omawianych pochodnych powinny skupiac si¢
na wyrobach o stosunkowo malej masie, gdzie na jednostke wyrobu przypada wagowo
niewielka ilo$¢ dodatku, a takze na wyrobach specjalistycznych, gdzie cena surowca stanowi
niewielki utamek ceny koncowej produktu. Stwierdzenie to prowadzi do kolejnego wniosku,
odnoszacego si¢ do badan zwigzanych z technologia przyrostowa FDM, gdzie filamenty
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termoplastyczne dostepne na rynku charakteryzujg si¢ typowo cenami 0 rzad wielkoSci
wyzszymi od bazowych tworzyw, z ktorych sg wytwarzane. Zastosowanie dodatku
podwyzszajacego koszt surowca jest w tym przypadku ekonomicznie tatwiejszy do
uzasadnienia nie tylko ze wzglgdu na mniejszy udzial w cenie koncowej materiatu
handlowego, ale réwniez z uwagi na specyfike samego procesu druku trojwymiarowego. PO
pierwsze, technologia FDM nie tylko ma znaczaco mniejszy udzial W $wiatowym zuzyciu
tworzyw termoplastycznych w  stosunku do dojrzatych technologii wytwarzania
wielkoseryjnego, jak wtrysk i wyttaczanie, co przektada si¢ na mniejsze zuzycie dodatkow
przetworczych. Po drugie, z uwagi na niedoskonato$¢ omawianej technologii, przektadajace;j
si¢ na niska wytrzymato$¢ mechaniczng obiektow drukowanych, czy tez duzy wspdtczynnik
odpadowos$ci wyrobow, koniecznym jest jej udoskonalanie czy to na drodze procesowej
(aparatura, oprogramowanie), czy tez surowcowej (materiat filamentu). W efekcie, nawet przy
zastosowaniu drozszego tworzywa, mozliwe jest obnizenie kosztéw produkcji ze wzglgdu na
mniejszg odpadowos$¢ oraz czas pracy urzadzenia i obstugi. Poprawa wiasciwosci uzyskanych
obiektéw drukowanych w odniesieniu do prob referencyjnych, omoéwiona w pracy P3, byta
znaczaco wigksza od zmian ilosciowych obserwowanych dla rezultatow prac P1, P2 i P4, gdzie
probki wytwarzano metoda wtryskowa. Wigze si¢ to ze znacznie wigkszg jednorodnos$cia
1 ciggloscia mechaniczng materiatu w ksztattkach wtryskiwanych.

Kolejnym aspektem jest zastosowanie silseskwioksanow 1 sferokrzemianéw jako
modyfikatorow powierzchni materiatow nieorganicznych (praca P5). w tym przypadku nie
tylko udato si¢ potwierdzi¢ teze, ze zwiagzki te stanowig nowa klase srodkow sprzegajacych,
obok powszechnie stosowanych silanow i polisiloksanow, ale tez mogg stanowi¢ atrakcyjna
alternatywe pod katem poprawy wybranych wilasciwosci. Kluczowa tu jest mozliwosé
stosowania ich w znacznie nizszych st¢zeniach, niz miato to miejsce w pracach P1-P4,
poniewaz pozytywny wplyw na zmian¢ wlasciwosci obserwowano przy ilosci 50 ppm
W przeliczeniu na mas¢ kompozytu, a 150 ppm przyczyniato si¢ do znacznej poprawy
parametrow uktadu (stabilno$¢ zawiesiny, sita krycia, dyspersja TiOz). z tego wzgledu jest to
najbardziej obiecujacy kierunek zastosowan silseskwioksandéw i sferokrzemianéw — jako
modyfikatorow powierzchni napelniaczy, pigmentow badZz kompatybilizatoréw blend
polimerowych, a wigc tam, gdzie niewielka ilo$¢ dodatku znajduje si¢ na granicy faz (ang.
interphase), prowadzac do istotnych zmian fizykochemii uktadu na tej granicy.

Ostatnim wnioskiem ptyngcym z doktadnej analizy literatury dotyczacej uktadow
polimerowych z dodatkiem silseskwioksanoéw i/lub sferokrzemianéw w odniesieniu do
rezultatow realizacji pracy doktorskiej jest konieczno$¢ zrozumienia rdznic strukturalnych
i fizykochemicznych pomigdzy napelniaczami i nanonapelniaczami, a wspomnianymi
zwigzkami krzemoorganicznymi. Wszystkie napelniacze maja albo budowe¢ nieorganiczna
(tlenki, sole, materialy weglowe), gdzie w skali atomowej za wysoka sit¢ oddzialywan
W materiale odpowiada sie¢ krystaliczna lub kowalencyjna, albo tez organiczng (wldkna
naturalne lub syntetyczne), gdzie material jest polimerem kowalencyjnym. Natomiast
silseskwioksany i sferokrzemiany to (poza zwigzkami typu polisilseskwioksanéw) substancje
molekularne, a czastki widziane podczas obrazowania mikroskopowego (SEM, TEM)
pochodzg od krysztatéw Iub krystalitow tego zwigzku w matrycy. o ile standardem dla
napetniaczy nieorganicznych jest podawanie dystrybucji rozmiaréw czastek, poniewaz metody
przetworcze obejmujace procesowanie termoplastow nie prowadza do zmniejszania rozmiaru



czastek tych napelniaczy ze wzgledu na site ich kohezji (wynikajacych z opisanych
oddzialywan), nie mozna metodyki tej przektada¢ na omawiane uktady krzemoorganiczne.
w tym przypadku, w zalezno$ci od zastosowanej metodyki przetworczej, czy tez doboru
tworzywa, mozliwe jest w teorii rozpraszanie dodatku do poziomu molekularnego,
a obserwowanie jego krysztalow lub agregatow amorficznych w matrycy polimerowej jest
dowodem na nickompatybilno$¢ sktadnikow uktadu lub ich niska zdolnos¢ przetwarzania
W wybranym procesie.
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3. Dariusz Brzakalski, Bogna Sztorch, Mitosz Frydrych, Daria Pakuta, Kamil
Dydek, Rafat Kozera, Anna Boczkowska, Bogdan Marciniec, Robert E.
Przekop, ,Limonene Derivative of Spherosilicate as a Polylactide Modifier for
Applications in 3D Printing Technology”, Molecules, 2020, 25(24), 5882.

ul. Uniwersytetu Poznanskiego 10, 61-614 Poznai
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Méj udziat polegat na interpretacji danych DSC, TG, SEM i SEM-EDS,
mikroskopii optycznej, MFI, reologii kapilarnej, analizy mechanicznej, udziat w
dyskusji wynikdbw w manuskrypcie, przygotowaniu manuskryptu w zakresie
techniki wirysku i odpowiedzi na recenzje

4. Dariusz Brzgkalski, Robert E. Przekop, Bogna Sztorch, Mitosz Frydrych, Daria

Pakuta, Marek Jatbrzykowski, Grzegorz Markiewicz, Bogdan Marciniec, ,Why
POSS-Type Compounds Should Be Considered Nanomodifiers, Not
Nanofillers—A Polypropylene Blends Case Study”, Polymers, 2021, 13(13),
2124.
Méj udziat polegat na syntezie wykorzystywanych pochodnych
krzemoorganicznych (poza SS-H), ich analizie NMR i FT-IR, interpretaciji
danych DSC, TG, SEM i SEM-EDS, Vicat, MFI, analizy mechanicznej,
dyskusji wynikéw w manuskrypcie, przegladzie literaturowym, przygotowaniu
manuskryptu i odpowiedzi na recenzje

5. Dariusz Brzakalski, Robert E. Przekop, Mitosz Frydrych, Daria Pakuta, Marta
Dobrosielska, Bogna Sztorch, Bogdan Marciniec, ,Where ppm Quantities of
Silsesquioxanes Make a Difference—Silanes and Cage Siloxanes as TiO2
Dispersants and Stabilizers for Pigmented Epoxy Resins”, Materials, 2022,

15(2), 494.
Mo6j udziat polegat na syntezie wykorzystywanych  pochodnych
krzemoorganicznych, ich analizie NMR, FT-IR i MALDI-TOF-MS,

przygotowaniu modyfikowanych bieli tytanowych i ich dyspersji w zywicy
epoksydowej, interpretacji danych DSC, TG, SEM i SEM-EDS, analizy
mechanicznej, dyskusji wynikébw w manuskrypcie, przegladzie literaturowym,
przygotowaniu manuskryptu i odpowiedzi na recenzje.
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM Centrum Zaawansowanych Technologii
e S e gV e g PV e e e e S e e G |

Poznan, 12.04.2022

Prof. zw. dr hab. Bogdan Marciniec

Centrum Zaawansowanych Technologii UAM w Poznaniu
Ul. Uniwersytetu Poznanskiego 10

61-614 Poznan

Oswiadczenie o wspétautorstwie

Potwierdzam swéj wktad w nastepujace publikacije:

1. Dariusz Brzgkalski, Robert E. Przekop, Marta Dobrosielska, Bogna Sztorch,
Piotr Marciniak, Bogdan Marciniec, “Highly bulky spherosilicates as functional
additives for polyethylene processing — influence on mechanical and thermal
properties”, Polymer Composites, 2020, 41(8), 3389-2302

2. Dariusz Brzgkalski, Robert E. Przekop, Bogna Sztorch, Paulina Jakubowska,
Marek Jatbrzykowski, Bogdan Marciniec, ,Silsesquioxane Derivatives as
Functional Additives for Preparation of Polyethylene-Based Composites: A
Case of Trisilanol Melt-Condensation”, Polymers, 2020, 12(10), 2269

3. Dariusz Brzgkalski, Bogna Sztorch, Mitosz Frydrych, Daria Pakuta, Kamil
Dydek, Rafat Kozera, Anna Boczkowska, Bogdan Marciniec, Robert E.
Przekop, ,Limonene Derivative of Spherosilicate as a Polylactide Modifier for
Applications in 3D Printing Technology”, Molecules, 2020, 25(24), 5882.

4. Dariusz Brzakalski, Robert E. Przekop, Bogna Sztorch, Mitosz Frydrych, Daria
Pakuta, Marek Jatbrzykowski, Grzegorz Markiewicz, Bogdan Marciniec, ,Why
POSS-Type Compounds Should Be Considered Nanomodifiers, Not
Nanofillers—A Polypropylene Blends Case Study”, Polymers, 2021, 13(13),
2124.

5. Dariusz Brzakalski, Robert E. Przekop, Mitosz Frydrych, Daria Pakuta, Marta
Dobrosielska, Bogna Sztorch, Bogdan Marciniec, ,Where ppm Quantities of
Silsesquioxanes Make a Difference—Silanes and Cage Siloxanes as TiO2
Dispersants and Stabilizers for Pigmented Epoxy Resins”, Materials, 2022,
15(2), 494.

Méj udziat w przygotowaniu niniejszych publikacji obejmowat sprawdzenie prac pod
katem poprawnosci merytorycznej i naniesienie niezbednych poprawek.

ul. Uniwersytetu Poznaiiskiego 10, 61-614 Poznan

|‘ r ? tel.: 61 82919 00
bogdan.marciniec@amu.edu.pl
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
uAM Centrum Zaawansowanych Technologii

Dr hab. Robert Przekop

Centrum Zaawansowanych Technologii UAM w Poznaniu

Poznan, 12.04.2022

Ul. Uniwersytetu Poznarskiego 10
61-614 Poznan

Oswiadczenie o wspoétautorstwie

Potwierdzam swoj wkiad w nastepujace publikacie:

1. Dariusz Brzgkalski, Robert E. Przekop, Marta Dobrosielska, Bogna Sztorch,
Piotr Marciniak, Bogdan Marciniec, “Highly bulky spherosilicates as functional
additives for polyethylene processing — influence on mechanical and thermal
properties”, Polymer Composites, 2020, 41(8), 3389-2302

2. Dariusz Brzakalski, Robert E. Przekop, Bogna Sztorch, Paulina Jakubowska,
Marek Jatbrzykowski, Bogdan Marciniec, ,Silsesquioxane Derivatives as
Functional Additives for Preparation of Polyethylene-Based Composites: A
Case of Trisilanol Melt-Condensation”, Polymers, 2020, 12(10), 2269

3. Dariusz Brzgkalski, Bogna Sztorch, Mitosz Frydrych, Daria Pakuta, Kamil
Dydek, Rafat Kozera, Anna Boczkowska, Bogdan Marciniec, Robert E.
Przekop, ,Limonene Derivative of Spherosilicate as a Polylactide Modifier for
Applications in 3D Printing Technology”, Molecules, 2020, 25(24), 5882.

4. Dariusz Brzakalski, Robert E. Przekop, Bogna Sztorch, Mitosz Frydrych, Daria
Pakuta, Marek Jatbrzykowski, Grzegorz Markiewicz, Bogdan Marciniec, ,Why
POSS-Type Compounds Should Be Considered Nanomodifiers, Not
Nanofillers—A Polypropylene Blends Case Study”, Polymers, 2021, 13(13),
2124,

5. Dariusz Brzagkalski, Robert E. Przekop, Mitosz Frydrych, Daria Pakuta, Marta
Dobrosielska, Bogna Sztorch, Bogdan Marciniec, ,Where ppm Quantities of
Silsesquioxanes Make a Difference—Silanes and Cage Siloxanes as TiO2
Dispersants and Stabilizers for Pigmented Epoxy Resins”, Materials, 2022,
15(2), 494.

Méj udziat w przygotowaniu niniejszych publikacji obejmowat udziat w opracowaniu
metodologii eksperymentalnej obejmujacej wytwarzanie prébek materiatéw, a takze
w interpretacji wynikow badar mikroskopowych (mikroskopia elektronowa SEM i
SEM-EDS oraz $wietlna) i termicznych (TG, DSC) wraz z interpretacjg wynikow i

ul. Uniwersytetu Poznaiskiego 10, 61-614 Poznan
‘r _{ tel.: 61 829 18 83
bogdan.marciniee@amu.edu.pl
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dyskusja merytorycznag. We wszystkich pracach bratem udziat w przygotowaniu
manuskryptéw i odpowiedzi do recenzentéw oraz sprawowatem czynny nadzor
merytoryczny nad pracami mgra Dariusza Brzakalskiego.

83



UNIWEESY TET IM. . ADAMA MICKIEW iim wpP OZNANIU

Centrum /"unan sowanych Technologii

R S e e s T R U A DR A e e o S

Poznan, 12.04.2022
Dr Bogna Sztorch

Centrum Zaawansowanych Technologii UAM w Poznaniu
Ul. Uniwersytetu Poznanskiego 10
61-614 Poznan

Oswiadczenie o wspoétautorstwie

Potwierdzam swoj wktad w nastepujgce publikacje:

1. Dariusz Brzakalski, Robert E. Przekop, Marta Dobrosielska, Bogna Sztorch,
Piotr Marciniak, Bogdan Marciniec, “Highly bulky spherosilicates as functional
additives for polyethylene processing — influence on mechanical and thermal
properties”, Polymer Composites, 2020, 41(8), 3389-2302

Mo6j udziat polegat na wielkolaboratoryjnej syntezie prekursora
krzemoorganicznego - oktawodorosferokrzemianu oraz syntezie
sferokrzemianowej pochodnej limonenu na drodze hydrosililowania. Udziat w
przygotowaniu kompozytéw na osnowie PE do nastepczych badan.

2. Dariusz Brzakalski, Robert E. Przekop, Bogna Sztorch, Paulina Jakubowska,
Marek Jatbrzykowski, Bogdan Marciniec, ,Silsesquioxane Derivatives as
Functional Additives for Preparation of Polyethylene-Based Composites: A
Case of Trisilanol Melt-Condensation”, Polymers, 2020, 12(10), 2269

Moj udziat polegat na wielkolaboratoryjnej syntezie trisilanolu POSS oraz
interpretacji danych w zakresie analizy termograwimetrycznej TG i DSC.

3. Dariusz Brzgkalski, Bogna Sztorch, Mitosz Frydrych, Daria Pakuta, Kamil
Dydek, Rafat Kozera, Anna Boczkowska, Bogdan Marciniec, Robert E.
Przekop, ,Limonene Derivative of Spherosilicate as a Polylactide Modifier for
Applications in 3D Printing Technology”, Molecules, 2020, 25(24), 5882,

Moj udziat polegat na syntezie prekursora (oktawodorosferokrzemianu) oraz
pochodnej limonenu - gtéwnego modyfikatora, opracowaniu metodologii

otrzymywania probek w technologii FDM, oraz na interpretacji danych DSC,
TG, SEM i SEM-EDS, mikroskopii optycznej, MFI, reologii kapilarnej, analizy

A ol. Uniwersytetu Poznafiskiego 10, 61-614 Poznan
,_\ tel.: 61 829 19 13
*J bogna.sztorch @ amu.edupl
BLZELNIA
BRURWCIA ’ www.amu.edu.pl gy
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mechanicznej, dyskusji wynikow w manuskrypcie, przygotowaniu manuskryptu
w zakresie granulatu i wykorzystania go w technologii FDM

. Dariusz Brzgkalski, Robert E. Przekop, Bogna Sztorch, Mitosz Frydrych, Daria
Pakuta, Marek Jatbrzykowski, Grzegorz Markiewicz, Bogdan Marciniec, ,\WWhy
POSS-Type Compounds Should Be Considered Nanomodifiers, Not
Nanofillers—A Polypropylene Blends Case Study”, Polymers, 2021, 13(13),
2124.

. Dariusz Brzgkalski, Robert E. Przekop, Mitosz Frydrych, Daria Pakuta, Marta
Dobrosielska, Bogna Sztorch, Bogdan Marciniec, ,\Where ppm Quantities of
Silsesquioxanes Make a Difference—Silanes and Cage Siloxanes as TiO>
Dispersants and Stabilizers for Pigmented Epoxy Resins”, Materials, 2022,
15(2), 494.

W pracach 4 i 5 bytam odpowiedzialna za synteze prekursora
krzemoorganicznego (oktawodorosferokrzemian), przeprowadzenie pomiarow
reologicznych MFI, DMTA
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
uAM Centrum Zaawansowanych Technologii

Dr Piotr Marciniak

Poznan, 12.04.2022

Centrum Zaawansowanych Technologii UAM w Poznaniu
Ul. Uniwersytetu Poznanskiego 10
61-614 Poznan

Oswiadczenie o wspodtautorstwie

Potwierdzam swdj wktad w nastepujace publikacje:

1. Dariusz Brzgkalski, Robert E. Przekop, Marta Dobrosielska, Bogna Sztorch,
Piotr Marciniak, Bogdan Marciniec, “Highly bulky spherosilicates as functional
additives for polyethylene processing — influence on mechanical and thermal
properties”, Polymer Composites, 2020, 41(8), 3389-2302

M¢j udziat w przygotowaniu niniejszej publikacji obejmowat korekte artykutu pod
katem jezykowym i stylistycznym.

e Voo d.

. @ E.b ul. Uniwersytetu Poznanskiego 10, 61-614 Poznan
r\ tel.: 61 829 19 77
\tj‘ piomar@amu.edu,pl
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
uAM Wydzial Chemii

Mgr Daria Pakuta

Wydziat Chemii UAM w Poznaniu
Ul. Uniwersytetu Poznariskiego 8
61-614 Poznan

Poznan, 12.04.2022

Oswiadczenie o wspoétautorstwie

Potwierdzam swoj wktad w nastepujgce publikacje:

1. Dariusz Brzgkalski, Bogna Sztorch, Mitosz Frydrych, Daria Pakuta, Kamil
Dydek, Rafat Kozera, Anna Boczkowska, Bogdan Marciniec, Robert E.
Przekop, ,Limonene Derivative of Spherosilicate as a Polylactide Modifier for
Applications in 3D Printing Technology”, Molecules, 2020, 25(24), 5882.

2. Dariusz Brzakalski, Robert E. Przekop, Bogna Sztorch, Mitosz Frydrych, Daria
Pakuta, Marek Jatbrzykowski, Grzegorz Markiewicz, Bogdan Marciniec, ,Why
POSS-Type Compounds Should Be Considered Nanomodifiers, Not
Nanofillers—A Polypropylene Blends Case Study”, Polymers, 2021, 13(13),
2124,

3. Dariusz Brzakalski, Robert E. Przekop, Mitosz Frydrych, Daria Pakuta, Marta
Dobrosielska, Bogna Sztorch, Bogdan Marciniec, ,Where ppm Quantities of
Silsesquioxanes Make a Difference—Silanes and Cage Siloxanes as TiO2
Dispersants and Stabilizers for Pigmented Epoxy Resins”, Materials, 2022,
15(2), 494.

Moj udziat w przygotowaniu niniejszych publikacji obejmowat wykonanie pomiaréw
skaningowej kalorymetrii réznicowej wraz z obrébkg danych i wykonaniem
wykresow, a takze udziat w przygotowaniu manuskryptéw (przeglad literatury pod
katem najnowszych prac, udziat w pisaniu wstepow literaturowych).

Jhna MQ/

E‘s ul. Uniwersytetu Poznaiskiego 8, 61-614 Poznaii
tel.: 61 82919 77

‘ r 11 darpak@amu.edu.pl
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
uAM Wydzial Chemii

Mgr Mitosz Frydrych

Wydziat Chemii UAM w Poznaniu
Ul. Uniwersytetu Poznanskiego 8
61-614 Poznan

Poznan, 12.04.2022

Oswiadczenie o wspoétautorstwie

Potwierdzam swoj wktad w nastepujgce publikacje:

1. Dariusz Brzgkalski, Bogna Sztorch, Mitosz Frydrych, Daria Pakuta, Kamil
Dydek, Rafat Kozera, Anna Boczkowska, Bogdan Marciniec, Robert E.
Przekop, ,Limonene Derivative of Spherosilicate as a Polylactide Modifier for
Applications in 3D Printing Technology”, Molecules, 2020, 25(24), 5882.

2. Dariusz Brzgkalski, Robert E. Przekop, Bogna Sztorch, Mitosz Frydrych, Daria
Pakuta, Marek Jatbrzykowski, Grzegorz Markiewicz, Bogdan Marciniec, ,Why
POSS-Type Compounds Should Be Considered Nanomodifiers, Not
Nanofillers—A Polypropylene Blends Case Study”, Polymers, 2021, 13(13),
2124,

M¢j udziat w przygotowaniu niniejszych publikacji obejmowat wykonanie pomiaréw
termograwimetrycznych wraz z obrébkg danych i wykonaniem wykreséw, a takze
udziat w przygotowaniu manuskryptu (korekty i formatowanie).

3. Dariusz Brzgkalski, Robert E. Przekop, Mitosz Frydrych, Daria Pakuta, Marta
Dobrosielska, Bogna Sztorch, Bogdan Marciniec, ,Where ppm Quantities of
Silsesquioxanes Make a Difference—Silanes and Cage Siloxanes as TiOz
Dispersants and Stabilizers for Pigmented Epoxy Resins”, Materials, 2022,
15(2), 494.

M¢j udziat w przygotowaniu niniejszej publikacji obejmowat wykonanie pomiaréw
kgta zwilzania woda wraz z obrébkg danych oraz wykonanie widm FT-IR z
przygotowaniem wykreséw, a takze udziat w przygotowaniu manuskryptu (korekty i

formatowanie).
L7 0t %

ul. Uniwersytetu Poznanskiego 8, 61-614 Poznaii

tel.: 61 82919 13
Cu'l frydrych@amu.edu.pl
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\Vydziat Inzynierii
Materiatowej

: Warszawa, 12.04.2022
Mgr Marta Dobrosielska

Wydziat Inzynierii Materiatowej Politechniki Warszawskiej
Ul. Wotoska 141
02-507 Warszawa

OSWIADCZENIE O WSPOLAUTORSTWIE

POTWIERDZAM SWOJ WKLAD W NASTEPUJACE PUBLIKACJE:

1. Dariusz Brzgkalski, Robert E. Przekop, Marta Dobrosielska, Bogna Sztorch,
Piotr Marciniak, Bogdan Marciniec, “Highly bulky spherosilicates as functional
additives for polyethylene processing — influence on mechanical and thermal
properties”, Polymer Composites, 2020, 41(8), 3389-2302

2. Dariusz Brzgkalski, Robert E. Przekop, Mitosz Frydrych, Daria Pakuta, Marta
Dobrosielska, Bogna Sztorch, Bogdan Marciniec, ,Where ppm Quantities of
Silsesquioxanes Make a Difference—Silanes and Cage Siloxanes as TiO»
Dispersants and Stabilizers for Pigmented Epoxy Resins”, Materials, 2022,
15(2), 494.

Méj udziat w przygotowaniu niniejszych publikacji obejmowat przeprowadzenie
pomiaréw wytrzymatosciowych (statyczne rozcigganie dla pracy 1 i 2, testy udarmoéci
dla pracy 2) wraz z opracowaniem danych i wykonaniem wykresow.

W aso %bﬂ@aﬂ(@&{@,

Politechnika
Warszawska

ul. Woloska 111

02-507 Warszawa
www.inmat.pw.edu.pl
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..-_Q_f WYDZIAL MECHANICZNY 15-351 Bialystok, ul. Wiejska 45C, tel. +48 85 746 92 00, fax +48 85 746 92 10
W'T POLITECHNIKI BIALOSTOCKIE) e-mail: wm@pb.edu.pl, www.wm.pb.edu.p!

Biatystok, 06.04.2022
Dr hab. inz. Marek Jatbrzykowski
Politechnika Biatostocka
Wydzial Mechaniczny
Katedra Inzynierii Materiatowej i Produkc;ji
Ul. Wigjska 45C
15-351 Bialystok

Oswiadczenie o wspolautorstwie

Potwierdzam swoj wkiad w nastepujgce publikacie:

1. Dariusz Brzgkalski, Robert E. Przekop, Bogna Sztorch, Paulina Jakubowska, Marek
Jatbrzykowski, Bogdan Marciniec, ,,Silsesquioxane Derivatives as Functional
Additives for Preparation of Polyethylene-Based Composites: A Case of Trisilanol
Melt-Condensation”, Polymers, 2020, 12(10), 2269

Moj udzial w przygotowaniu niniejszej publikacji obejmowal pomoc w zakresie
metodologii i wytwarzania prébek technikg wiryskiwania.

2. Dariusz Brzgkalski, Robert E. Przekop, Bogna Sztorch, Mitosz Frydrych, Daria
Pakuta, Marek Jatbrzykowski, Grzegorz Markiewicz, Bogdan Marciniec, ,,Why
POSS-Type Compounds Should Be Considered Nanomodifiers,
Not Nanofillers - A Polypropylene Blends Case Study”, Polymers, 2021, 13(13),
2124.

M¢j udzial w przygotowaniu niniejszej publikacji obejmowat przeprowadzenie badan
tribologicznych materiatéw polimerowych wraz z dyskusjg wynikow.

.
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WYDZIAL MECHANICZNY 15-351 Biatystok, ul. Wiejska 45C, tel. +48 85 746 92 00, fax +48 85 746 92 10
POLITECHNIKI BIAEOSTOCKIE) e-mail: wm@pb.edu.pl, waw.wm.pb.edu.pl

§

Bialystok, 06.04.2022
Mgr inz. Grzegorz Markiewicz
Politechnika Biatostocka
Wydzial Mechaniczny
Katedra Inzynierii Materiatowej i Produkcji
Ul. Wiejska 45C
15-351 Bialystok

Oswiadczenie o wspoélautorstwie

Potwierdzam swoj wklad w nastepujgce publikacje:

1. Dariusz Brzgkalski, Robert E. Przekop, Bogna Sztorch, Milosz Frydrych, Daria
Pakula, Marek Jalbrzykowski, Grzegorz Markiewicz, Bogdan Marciniec, » Why
POSS-Type Compounds Should Be Considered Nanomodifiers,
Not Nanofillers - A Polypropylene Blends Case Study”, Polymers, 2021, 13(13),
2124.

Mdj udziat w przygotowaniu niniejszej publikacji obejmowatl wytwarzanie probek
do badan mechanicznych technikg wirysku oraz przeprowadzenie badan
mechanicznych w zakresie statycznego rozciggania.
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\Vydziat Inzynierii
Materiatowej

Warszawa, 12.04.2022
Prof. dr hab. inz. Anna Boczkowska
Wydziat Inzynierii Materiatowej Politechniki Warszawskiej
Ul. Wotoska 141
02-507 Warszawa

Oswiadczenie o wspoétautorstwie

Potwierdzam swdj wkiad w nastepujace publikacje:

1. Dariusz Brzgkalski, Bogna Sztorch, Mitosz Frydrych, Daria Pakuta, Kamil
Dydek, Rafat Kozera, Anna Boczkowska, Bogdan Marciniec, Robert E.
Przekop, ,Limonene Derivative of Spherosilicate as a Polylactide Modifier for
Applications in 3D Printing Technology”, Molecules, 2020, 25(24), 5882.

M¢j udziat w przygotowaniu niniejszych publikacji obejmowat pomoc w interpretaciji
wynikow analizy mechanicznej probek drukowanych 3D w technologii FDM oraz
wiryskiwanych.

Politechnika
Warszawska
ul. Wotoska 141

02-go7 Warszawa
wwwinmat. pw.edupl
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Warszawa, 12.04.2022
Dr inz. Rafat Kozera
Wydziat Inzynierii Materiatowej Politechniki Warszawskie;
Ul. Wotoska 141
02-507 Warszawa

Oswiadczenie o wspotautorstwie

Potwierdzam swoj wktad w nastepujace publikacje:

1. Dariusz Brzakalski, Bogna Sztorch, Mitosz Frydrych, Daria Pakuta, Kamil
Dydek, Rafat Kozera, Anna Boczkowska, Bogdan Marciniec, Robert E.
Przekop, ,Limonene Derivative of Spherosilicate as a Polylactide Modifier for
Applications in 3D Printing Technology”, Molecules, 2020, 25(24), 5882.

Moj udziat w przygotowaniu niniejszych publikacji obejmowat wykonanie obrazowania
SEM-EDS.
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\Vydziat Inzynierii
Materiatowej

Warszawa, 12.04.2022
Mgr inz. Kamil Dydek
Wydziat Inzynierii Materiatowej Politechniki Warszawskiej
Ul. Wotoska 141
02-507 Warszawa

Oswiadczenie o wspétautorstwie

Potwierdzam swoj wktad w nastepujgce publikacje:

1. Dariusz Brzgkalski, Bogna Sztorch, Mitosz Frydrych, Daria Pakuta, Kamil
Dydek, Rafat Kozera, Anna Boczkowska, Bogdan Marciniec, Robert E.
Przekop, ,Limonene Derivative of Spherosilicate as a Polylactide Modifier for
Applications in 3D Printing Technology”, Molecules, 2020, 25(24), 5882.
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Abstract

In this work, a series of cage siloxanes (spherosilicate [SS] type) was tested as func-
tional additives for preparation of polyethylene (PE)-based nanocomposites. For this
purpose, the compounds were prepared by condensation and olefin hydrosilylation
reactions. The effect of these products on properties of obtained nanocomposites
was analyzed by means of mechanical, microscopic (scanning electron microscopy-
energy dispersive spectroscopy), crystallographic (X-ray diffraction), thermal
(differential scanning calorimetry, thermogravimetry), rheological Melt flow rate
(exchangeable with MFI) (MFR), and thermomechanical (heat deflection
temperature) analyses. The results were compared with similar reports on
silsesquioxane- and SS-reinforced PE systems. Effects of SS functional group struc-
ture on the behavior of the additive and properties of the composite system were
discussed. Aspects of thermal decomposition of PE-containing SS were studied and
a probable mechanism of these polymer systems degradation was proposed.

KEYWORDS

additives, composites, polyethylene (PE), processing, thermal properties

these simple polyolefins have a number of limitations,
such as low temperature stability, relatively low mechani-

Polyolefins play a huge role in polymer industry, as they
make up a significant fraction of all thermoplastics used
for mass production of different goods. Polyethylene (PE)
is the most widely used, as it serves for production of
foils, packages, furniture films, pipes, containers, battery
separators, and more. Polypropylene is typically applied
as material for fibers, coatings, tapes, and molded objects,
for example, automotive parts, medical equipment, and
other products.!’! Some of their properties are especially
desirable, like low glass transition temperatures, easy
processability, relatively good chemical inertness, wide
spectrum of different grades available, or low price.
Although cheap and easy in production and processing,

cal strength, or very poor flammability resistance.’! Most
of these issues may be overcome by choosing different
thermoplastics, for example, fluorinated hydrocarbons,
poly (acrylonitrile-co-butadiene-co-styrene) (ABS) ter-
polymer or poly(ethylene terephthalate), depending on
the intended use of the final product.*! Another strat-
egy is introduction of functional additives and fillers serv-
ing different purposes, for example, increasing abrasion
resistance, flame resistance, thermal stability, compres-
sion strength, Young's modulus, improving rheological
properties or crystallization behavior etc.*!

Cage siloxanes are a subject of potential application as
either fillers/nanofillers or functional additives, as they are
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known for properties such as good dispersion, low polarity
and volatility, or relatively high melting and/or boiling
points, as well as high thermal stability and dielectric proper-
ties. They can be divided into two main subgroups, namely
polyhedral oligomeric silsesquioxanes and spherosilicates
(SS), showing some structural similarities, mainly the silox-
ane core, with SS having an additional siloxane linker
between the core and the functional groups.*! Due to
abovementioned properties, their application as additives or
building blocks for preparation of special materials has been
a subject of extensive studies. A recent review by Du and Liu
presents a comprehensive overview of both synthetic and
processing strategies concerning preparation of cage
siloxane-containing hybrid materials of high variety.!®! There
are a number of papers covering application of
octasubstituted silsesquioxanes and SS as additives for poly-
olefins, including PE, where the organosilicon agents contain
different functional groups. These substituents include small
alkyl groups, branched and nonbranched alkyl chains of dif-
ferent length (up to 18 carbon atoms),/’>* phenyl**!! and
cyclohexyl'®! rings, unsaturated groups,'®**! or heteroatom-
containing groups.!'®?¢=% Most of these compounds were
chosen either on the basis of their simplicity of preparation
or commercial availability (eg, Me-, iBu-, iOc-, Ph-
octasubstituted silsesquioxanes), or designed towards the best
obtainable compatibility with polyolefins (eg, long alkyl
chain-substituted derivatives). However, the library of up-to-
date tested derivatives is poor of examples of silsesquioxanes
or SS with bulky functional groups, rendering the inorganic
siloxane core sterically hindered.

In this work, new SS derivatives containing highly
bulky substituents were compared to simple, well-known
compounds (octhydro- and octavinylspherosilicate) as func-
tional additives for PE at different concentrations and their
impact on the properties of obtained SS/PE composites,
that is, thermal stability, crystallinity index (CI), melting
and crystallization temperatures, Young's modulus, tensile
strength, and additive dispersion, was examined. The cho-
sen olefins are relatively low-priced and abundantly used in
industry, and of which two ((R)-(+)-limonene and p-pinene)
are natural products. SS-limonene and SS-pinene were pre-
viously tested as modifiers for poly (vinylidene difluoride-
co-hexafluoropropylene) (PVDF/HFP) gel membranes,
however in terms of synthesis and analysis, only their Fou-
rier transform-infrared (FT-IR) spectra were reported.!*"’

C:
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2 | EXPERIMENTAL

2.1 | Materials and instrumentation
The chemicals were purchased from the following sources:

tetraethoxysilane from Unisil (Poland), chlorodimethylsilane,
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chlorodimethylvinylsilane, triethylamine, and tetrameth-
ylammonium hydroxide 25% methanol solution from
ABCR, olefins (5-vinylnorborn-2-ene, (R)-(+)-limonene,
and f-pinene), tetrahydrofuran, toluene, chloroform-d,
Karstedt's catalyst xylene solution from Aldrich, P,Os
from POCH (Poland). 5-Vinylnorbornene was a mixture
of endo and exo isomers, which was confirmed by g
nuclear magnetic resonance (NMR) to be in 68:32 M
ratio. Low-density polyethylene (LDPE) type Malen E
FABS 23 D022 from Basell Orlen Polyolefins. Its charac-
teristics are MFR (190; 2.16 kg) = 2 g/10 minutes and
density 0.921 g/cm’. Toluene was degassed and dried by
distilling it from P,Os under argon atmosphere.

Octahydro- and octavinylspherosilicates were pre-
pared according to a literature procedure.*!! The detailed
synthesis of the derivatives obtained by hydrosilylation is
described in a separate section (see Section 2.2).

PE concentrates were prepared on a two-roll mill
ZAMAK MERCATOR WG 150/280 operating at the
175°C to 185°C temperature range. The concentrates
were ground in SHINT SG-1417 low-speed mill and dried
for 6 hours at 90°C. Prepared concentrates were then
diluted to final additive concentrations in an extrusion
process with cold granulation using Thermo Fisher Sci-
entific HAAKE PolyLAB OS extrusion setup equipped
with a single screw (D = 19.05 mm, L/D: 25) working at
60 rpm. The temperature zones for extrusion were set as
follows: 120°C, 160°C, 180°C, and 180°C. For foils pro-
duction, the setup was equipped with foil extrusion die
and chill-roll system. The foils prepared were of 0.2 mm
thickness. Dumbbells were prepared on ENGEL E-
Victory 170/80 injection molding machine equipped
with a double socket mold for preparation of normalized
testing specimens consistent with the PN-EN ISO 527-2
norm (type 1A). The parameters for injection molding
were as follows: temperature profile of plastification
unit: 170°C, 180°C, and 190°C, mold temperature: 22°C,
injection time: 2 seconds, cooling time: 20 seconds,
injection pressure pl: 1200 bar, p2: 500 bar, mold com-
pression profile: 1200 bar/1s, 1000 bar/4 seconds,
300 bar/5 seconds.

MFR index was measured on INSTRON CEAST
MF20 plastometer equipped with 2.16 kg weight at tem-
perature of 190°C.

For tensile strength tests, a universal testing machine
Instron 5969 was used, in accordance to the norm EN
ISO 527-2:1996. The speed of traverse was set to 50 mm/
min for dumbbells and 100 mm/min for foils.

The 'H, *C, and *°Si NMR spectra were recorded at
25°C on a Bruker Ascend 400 and Ultra Shield 300 spec-
trometers using CDCl; as a solvent. Chemical shifts are
reported in ppm with reference to the residual solvent
(CHCl;) peaks for 'H and °C.
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The FT-IR spectra were recorded on a Nicolet iS 50
Fourier transform spectrophotometer (Thermo Fisher
Scientific) equipped with a diamond attenuated total
reflectance (ATR) unit with a resolution of 0.09/cm.

Scanning electron microscopy-energy dispersive spec-
troscopy (SEM/EDS) analyses were recorded on a Quanta
FEG 250 (FEI) instrument; SEM at 5 kV and EDS at
30 kV, respectively. The samples were frozen in liquid
nitrogen and fractured with pliers to reveal satisfactory
surface for analysis.

Thermogravimetry (TG) was performed using
NETZSCH 209 F1 Libra gravimetric analyzer. Samples of
5.0 + 0,2 mg were cut from each granulate and placed in
Al,O5 crucibles. Measurements were done under nitro-
gen and air in 30°C to 800°C temperature range and at
20°C/min temperature rise. Differential scanning calo-
rimetry (DSC) was performed using NETZSCH 204 F1
Phoenix calorimeter. Samples of 5.0 + 0,2 mg were cut
from each granulate and placed in aluminum crucible
with punched lid. Measurements were done under nitro-
gen in 20°C to 220°C temperature range and at 10°C/min
temperature rise. Each sample was treated by three
melting-cooling cycles to erase its thermal history and
further observe the thermal behavior of the samples. As
the third melting-cooling cycle was basically identical to
the second one, the data presented were measured for the
second melting-cooling cycle.

X-ray diffraction (XRD) measurements were carried
out using a Philips PW1050 diffractometer, working in 0
to 20 geometry with Ni-filtered CuK,, radiation. The fol-
lowing measurement conditions were applied: 26 3 to
80°, voltage 40 kV, current 30 mA, scan step 0.013°. The
raw data were processed with OriginPro software.

2.2 | General procedure for
hydrosilylation process of olefins with SS-H

All hydrosilylation syntheses were conducted under
argon atmosphere in round-bottom flasks equipped with
condensers, gas bubblers, and magnetic stirrers. In a
typical procedure, a 500 mL three-neck, round-bottom
flask was charged with 25 g of SS-H, 250 mL of toluene
and olefin. A thermometer and condenser equipped
with an argon inlet and oil bubbler were attached; the
flask placed in a heating mantle and the system was
purged with argon. The reaction mixture was set on
110°C and before reaching boiling, Karstedt's catalyst
solution (107> eq Pt/mol Si-H) was added, which
resulted in quick increase of temperature and the sys-
tem starting to reflux. The reaction mixture was kept at
the boiling temperature and samples were taken for FT-
IR control until full Si-H group consumption was

I
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observed. Then, the solvent was evaporated under vac-
uum to dryness to obtain an analytically pure sample.
For 5-vinylnorborn-2-ene hydrosilylation, the tempera-
ture was maintained at 40°C to prevent polymerization
of the olefin, which was observed at reflux temperature.

2.3 | General procedure for composites
preparation and characterization

In a typical procedure, about 200 g of PE was rolled on
two-roll mill until complete melt, after which the chosen
modifier was added in a quantity corresponding to 5% of
the final composite content, and the composition was
rolled together at temperature range of 175°C to 185°C
until it became completely homogeneous or until no more
improvement of homogeneity was observed. After that,
the composition was taken off the rolls and set to cool
down. It was ground in the low-speed mill and the
obtained masterbatch granulate was then diluted to a final
concentration of SS additive to be either 1% or 0.5% by
mixing it with the granulate of neat PE in a proper propor-
tion and extruding it on a single-screw extruder, and the
extrudate being simultaneously granulated. 0.1% concen-
tration composites were obtained by diluting 0.5% granu-
late in the same manner. For octahydrospherosilicate
(SS-H) and octavinylspherosilicate (SS-Vi) systems, the
concentrations of 0.1% were not prepared, as SEM-EDS
showed poor dispersion of the additives at concentrations
as low as 0.5% and no significant improvement was
expected to be observed. In addition, the SS-H/PE and
SS-Vi/PE systems served only as a reference, and more
data on such composites are available in literature. For SS-
Vi system, only 0.5% concentration was prepared. The
obtained granulates were then measured by TG, DSC, and
XRD techniques, and processed into standard dumbbell
specimens and foils. Foils were cut into proper specimens
using a sample cutter, equipped with a knife in a form of a
dumbbell. Tensile strength tests for dumbbells and foil
specimens were performed to measure stress and elonga-
tion at break, as well as Young's modulus.

3 | RESULTS AND DISCUSSION
3.1 | Characterization of obtained
modifiers and compositions

All the modifiers obtained were prepared according to
the Scheme 1.

They were investigated by NMR and IR spectroscopy
to prove their purity and completion of hydrosilylation
reactions (~99% for all examples). NMR analysis allowed
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for verification of hydrosilylation selectivity, both in all the isomers produced, together with the exo/endo iso-
terms of reactivity of the particular double bond (met- mers of the commercial 5-vinylnorborn-2-ene starting
hylidene moiety for limonene, vinyl moiety and internal material, it was difficult to perform a complete resolution
double bond for 5-vinylnorborn-2-ene), as well as of "H NMR signals even with the aid of correlation spec-
regioselectivity of Si-H addition to the specified double troscopy (COSY) NMR. On IR, the most important absor-
bond (see Scheme 1 and Data S1). In addition, SS-limo- bance bands of SS-Vi were at 3068 and 1603 cm™,
nene and SS-pinene were obtained as mixtures of diaste- corresponding to C—H and CC stretching of vinyl group,
reoisomeric products, as (R)-(+)-limonene and p-pinene respectively, and 1408 c¢cm™', corresponding to CC—H
are enantiomers and hydrosilylation introduces another  scissoring. For SS-H, the characteristic signals were at
stereogenic center, but no stereoselectivity control was 2141 and 889 cm ™", from stretching and bending of Si-H
maintained under reaction conditions applied in this = moiety, respectively, and  disappearing upon
work. The existence of diastereomeric products can be hydrosilylation reactions. The derivatives obtained by
proved by *C NMR, where most of the signals are dou- hydrosilylation (SS-limonene, SS-pinene and SS-
bled (with different shift depending on the distance from  norbornene) show strong absorptions in C—H stretching
the stereogenic centers). For SS-norbornene, proton inte- regions, typical for alkane compounds, as well as weak
gration revealed that both double bonds are reactive absorptions in C—H region of unsaturated hydrocarbons
towards hydrosilylation reaction, vinyl moiety being  for SS-norbornene and SS-limonene (see Data S1). More-
more reactive, and the reactivity of ring double bond over, it was observed during synthesis of SS-norbornene
resulted in formation of side products, which was con- that the material polymerized at reflux temperature even
firmed by MALDI-TOF-MS. The molecular weights of =~ when the temperature was raised when the reaction was
dimers and further oligomers were exceeding the m/z  close to completion, which suggested that not only the

limit of the instrument, but the products of intramolecu- parent olefin, 5-vinylnorborn-2-ene may undergo poly-
lar cross-linking were observed (see Data S1). Such obser- merization, but also the final product as well. For this
vations could be done even with 2-fold molar excess of  reason, SS-norbornene was analyzed by DSC to reveal
the olefin used for the synthesis with only small improve- exothermic peak with maximum at ~114°C, not appe-
ment of selectivity observed. High share of internal dou- aring during the second heating-cooling cycle (Figure 1),

ble bond hydrosilylation reaction may be explained by = which proved the sample to polymerize at elevated tem-
the steric hindrance of remaining Si-H moieties due to peratures, including conditions of polyolefins processing.
presence of norbornene groups introduced to the mole- For SS-limonene, a similar observation was made, but
cule initially (most likely by hydrosilylation of vinyl the exothermic peak was with maximum at ~162°C,
group) and blocking the remaining Si-H groups from  which was too high to observe any polymerization during
introducing another molecules of the olefin, thus encour- the synthesis. For SS-pinene, no polymerization was
aging intramolecular reaction of hydrosilylation of the observed in the applied temperature range. Moreover, an
second (ring) double bond. Due to overlapping signals of  interesting observation was made by thermogravimetric

o <) + "‘0 —————————————————————————————————————————————————— )
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SCHEME 1 The synthetic route to prepare spherosilicate derivatives used in this work

102



BRZAKALSKI ET AL.

romer o~ WILEY-L

analysis (TGA) of the new additives. SS-pinene and SS-
limonene showed only one decomposition event, with
derivative thermogravimetry (DTG) peak at 475°C and
460°C accordingly, whereas SS-norbornene showed two
distinct events, with DTG peaks at 321°C and 514°C. The
first degradation event occurred at relatively low temper-
ature and was most probably due to retro-Diels-Alder
reaction (rDA) of the norbonenyl ring (Scheme 2). Such
behavior is well-known for norbornene derivatives chem-
istry.1*?! Taking into account the calculated share of the
substituents of different hydrosilylation regioselectivity
(Scheme 1), total degradation of reactive norbonenyl sub-
stituents through rDA reaction would translate into ~15%
of SS-norbornene sample mass loss (the saturated rings
formed by hydrosilylation of the internal double bond
cannot undergo rDA reaction). However, it was observed
to be 7.5%. Taking into account the polymerization reac-
tion observed on DSC, it suggests that roughly half of the
rings polymerized during sample heating (most likely
together with residual vinyl groups), forming cured mass
with no further mobility of the substituents, and the
remaining rings underwent degradation through the pro-
posed mechanism at above 321°C.

9] INSPIRING
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3.2 | SEM-EDS analysis of obtained
composites

COMPOSITES

The SEM was applied to assess dispersion of the additives
within PE matrix. EDS was applied to aid the analysis
and verify the chemical composition of observed phases
on the basis of oxygen and silicon content in the phases,
both of these elements building the siloxane core of the
SS derivatives. Generally, besides of SS-limonene, all the
additives showed a tendency to form two dispersion
levels. First, where the additive particles form larger,
multimicron-sized agglomerates, easily detected with
EDS imaging, and a second, where additive particles are
around micron-sized or smaller and form smaller
agglomerates. A similar observation was made by Cicala
et al. when preparing heptaisobutyl-p-chlorophenyl-
modified polyethersulfone soluble veils for epoxy resin
composite  systems.!**)SS-limonene and  SS-pinene
showed very good dispersion in the matrix at all concen-
trations, and all the inconsistencies of silicon concentra-
tions visible on EDS maps (see Data S1) were rather
artifacts generated due to nonuniform shapes of the sam-
ple surface, as at higher magnifications it was difficult to

DSC /(mW/mg) (A)
0,51 | exo
04 ] ==
0,3 1
0,2 ]
0,11
0,0 4 Peak: 162,3 °C, 0,0877989 mW/mg
0,1
40 60 80 100 120 140 160 180 200
Temperature /°C
DSC /(mW/mg) ( B)
| exo
0,40 1
R
0,38 1
0,36 1
FIGURE 1 DSC plots of
spherosilicate additives, SS- 0,34 1
limonene, A, and SS- 5 55
norbornene, B. Red curve '
presents the first heating cycle, 0,30 1 PEaK: 113,9"°C,0,336694. mW/mg
blue one presents the second 0.28
cycle. SS, spherosilicate [Color '
figure can be viewed at 0,26 1
wileyonlinelibrary.com] 40 60 80 100 120 140
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observe particles of the modifiers on SEM images
(Figures 2, 3 and Data S1). Both of these additives were
observable as amorphous phases, SS-limonene resem-
bling liquid effectively wetting PE surface, while SS-
pinene resembled resinous droplets. On the other hand,
SS-norbornene was moderately well-dispersed only at
0.1% concentration and at higher loadings it formed
agglomerates easily visible on SEM and confirmed by
EDS to be particles of the additive. This behavior can be
explained on the basis of DSC analysis, as it was proven
that the additive polymerized at the temperature much
lower than that of PE processing. Polymerization of SS-
limonene was not a factor impeding dispersion of the
additive in polymer matrix, and the SS-limonene/PE
obtained may actually form a polymer blend, as compar-
ison of EDS maps for increasing loading of these two
additives suggests. In addition, SS-H and SS-Vi showed

PROFESSIONALS  COMPOSITES

poor dispersion properties, forming large agglomerates,
however, morphology of large (multimicron) grains
observed was different for these two additives, which
may explain differences observed for mechanical and
rheological analysis. These observations prove that, in
general, large alkyl substituents surrounding siloxane
core of the SS derivatives improve compatibility with PE
matrix, however, for the best compatibility, linear sub-
stituents should rather be introduced. Niemczyk et al.
reported very good dispersion of long chain-substituted
SS increasing together with the chain length, especially
for n-octadecyl derivative, as the long chain shows
structural similarity to PE.I°! Moreover, Fréchette et al.
reported that well-defined octaisobutylsilsesquioxane
showed rather poor dispersion properties in ultra-high
molecular weight polyethylene (UHMWPE), the addi-
tive forming polycrystalline agglomerates varying in

W Si0  OSi os I Si0  OSi
. i o os
sio 113°C | sio 1 |
Si0— OSiJ\L@ © Si0— OSiW
sio ) g . hd
Sio ;
&_f OS'% ! &—f ' 05'% | 321°C
——————————————————————————————————————————————————— |
\ , Lo A
\Sl/O\ i e
- heo-si% & Sio ok
! \ \o / I IOSI osim"Xx
o\ i
R L A sio ' —
/SI\O/Si\’ v . s
y X Sio— osi
77777777777777777777777777777777777777777777777777 T N~USI0 osi~ - o

SCHEME 2

The proposed route of SS-norbornene derivative thermal degradation

FIGURE 2 SEM-EDS images of 1.0% SS-limonene/PE,A, and 1.0% SS-H/PE, B. Colors added for clarity. Particles of the additive are
highlighted in blue. PE, polyethylene; SEM-EDS, scanning electron microscopy-energy dispersive spectroscopy; SS, spherosilicate [Color

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 SEM images of SS/PE
composites at different magnifications, showing
visible particles of additives. 1% SS-H/PE, A and
B; 0.5% SS-Vi/PE, C and D; 1% SS-limonene/PE,
E and F; 1% SS-norbornene/PE, G and H; 1% SS-
pinene/PE, I and J. PE, polyethylene; SEM,
scanning electron microscopy; SS, spherosilicate

size,®! however, much better dispersion was obtained
for LDPE.[** Also, the type of substituent surrounding
the inorganic core played a huge factor in dispersion
properties of the additive in PE matrix and with increas-
ing substituent bulkiness the improvement in dispersion
was observed.[??!

912 INSPIRING Polymer 7
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3.3 | XRD analysis of obtained
composites

The obtained PE/SS composites were analyzed by XRD to
assess their crystallinity indices (CI) and verify the
impact of organosilicon additives on crystallinity level of
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the PE matrix. This should not be confused with crystalli-
zation behavior, where the temperature and rate of crys-
tallization are usually measured, instead of CI. The data
are collected in Table 1.

For all examples, the CI stayed very close to the base
value of 25.49% of neat PE. For PE/SS-pinene system, with
the decreasing amount of the additive, crystallinity was
increasing slightly, and for 0.1% concentration increased to
the level above that of neat PE. A similar observation was
made for SS-limonene, suggesting these compounds might
serve as weak antiplasticizing agents at such loadings, as
well as plasticizing agents at higher concentrations, as for
1.0% loading CI values are lower than that of neat
PE. However, for full verification of this thesis, analyses
with high additive loadings (eg, ~10%) would be required,
which is economically unreasonable, as the proposed SS
additives were tested for their effectiveness as PE modifiers
at low concentrations (<1%). Nevertheless, possible anti-
plasticizing  effect = was  supported later by
thermomechanical analysis (see Section 3.7). For SS-
norbornene derivative, no clear correlation can be made
due to the degradation of the additive and formation of
agglomerates of polymerized material. In addition, virtually
no change in CI was observed for SS-H/PE and SS-Vi/PE,
as due to their poor dispersion in the polymer matrix (espe-
cially for SS-H/PE system), very little interaction between
the additive and PE crystalline domains may occur. For
comparison, Heeley et al. showed that addition of long
chain-substituted silsesquioxanes to LDPE increased crys-
tallinity of the samples slightly, but the loading of additives
was substantial (10%).**! Also, for octakis(octadecyl)
spherosilicate, for the range of additive concentrations up
to 10% the crystallinity change was not either consistent.!"!
Joshi et al. made a similar statement for HDPE at the same
loading of octarnethylsilsesquioxane.[17] Frone et al
reported that for pentyl- and isopentyl-substituted SS CI
decreased with increasing loading of the additives.”!

TABLE 1 Crystallinity indices (CI) of the obtained
composites
Concentration of additive (%)
0.1 0.5 1.0
Additive CI (%)
Neat PE 25.49
SS-H = 25.48 25.21
SS-Vi - 25.13 -
SS-limonene 26.04 24.80 24.85
SS-norbornene 25.40 26.36 25.45
SS-pinene 26.14 25.17 24.66

Abbreviations: PE, polyethylene; SS, spherosilicate.
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3.4 | Mechanical studies

Two groups of specimens were subjected to mechanical
analysis, that is, dumbbells and foils, and the results are
collected in Tables 2 to 7 (Tables 2-4 in regard to dumb-
bells, Tables 5-7 to foils). The results for the dumbbells

will be discussed first. Different conclusions can be

TABLE 2  Tensile strength of the SS/PE dumbbells
Concentration of additive (%)
0.1 0.5 1.0
Additive Tensile strength (MPa)
Neat PE 13.08 + 0.26
SS-H - 12.96 + 0.42 13.47 + 0.21
SS-Vi - 13.37 £ 0.16 -
SS-limonene 13.38 + 0.21 13.46 + 0.23 14.34 £ 0.12
SS-norbornene 13.57 + 0.08 13.03 + 0.35 12.99 + 0.31
SS-pinene 13.36 + 0.23 12.97 £ 0.14 13.23 +£0.18

Abbreviations: PE, polyethylene; SS, spherosilicate.

TABLE 3  Young's modulus of the SS/PE dumbbells
Concentration of additive (%)
0.1 0.5 1.0
Additive Young's modulus (MPa)
Neat PE 91.68 + 3.46
SS-H - 106.13 + 4.08 94.30 + 3.75
SS-Vi - 87.07 + 3.49 -
SS-limonene 97.40 + 2.83 92.53 +3.53 112.22 +1.20
SS-norbornene  89.95 + 2.92 98.31 + 3.54 97.91 + 0.98
SS-pinene 98.21 + 1.29 89.95 + 5.77 94.37 + 6.20

Abbreviations: PE, polyethylene; SS, spherosilicate.

TABLE 4  Plastic elongation of the SS/PE dumbbells
Concentration of additive (%)
0.1 0.5 1.0
Additive Plastic elongation (%)
Neat PE 60.38 + 1.77
SS-H - 52.70 +£2.13 60.12 + 1.15
SS-Vi - 63.94 + 1.99 -
SS-limonene 58.64 + 0.99 61.59 + 1.51 56.35 + 0.60
SS-norbornene 62.73 + 1.30 56.81 + 1.88 56.06 + 1.89
SS-pinene 58.17 £ 0.77 60.06 + 3.42 59.45 + 2.97

Abbreviations: PE, polyethylene; SS, spherosilicate.
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TABLE 5 Tensile strength of the SS/PE foils
Concentration of additive (%)
0.1 0.5 1.0
Additive Tensile strength (MPa)
Neat PE 19.70 + 0.95
SS-H - 15.64 + 0.73 16.76 + 1.06
SS-Vi - 16.38 + 0.64 -
SS-limonene 14.16 + 0.48 16.14 + 0.97 17.30 + 0.99
SS-norbornene 15.78 + 0.24 17.45 + 1.05 19.10 + 1.07
SS-pinene 17.02 + 0.54 16.76 + 0.97 15.05 + 0.36
Abbreviations: PE, polyethylene; SS, spherosilicate.
TABLE 6 Young's modulus of the SS/PE foils
Concentration of additive (%)
0.1 0.5 1.0
Additive Young's modulus (MPa)
Neat PE 213.82 + 14.59
SS-H - 168.24 +9.13 169.78 + 10.96
SS-Vi - 149.89 + 7.90 -

SS-limonene 118.69 + 5.39 161.88 + 8.68 178.88 + 10.23

SS-norbornene 169.45 +9.03 174.09 + 10.15 198.41 + 20.81
184.21 + 7.73  176.20 + 9.40

SS-pinene 135.14 + 8.48

Abbreviations: PE, polyethylene; SS, spherosilicate.

TABLE 7  Plastic elongation of the SS/PE foils
Concentration of additive (%)
0.1 0.5 1.0
Additive Plastic elongation (%)
Neat PE 176.69 + 11.63
SS-H - 143.83 + 8.82 138.45 + 6.41
SS-Vi - 127.36 + 5.43 -
SS-limonene 101.32 + 4.64 161.25 + 7.32 129.02 + 6.95
SS-norbornene 136.65 + 7.80 144.54 +9.13  169.42 + 7.65
SS-pinene 137.73 £ 4.80 141.32 + 6.63 193.93 + 12.06

Abbreviations: PE, polyethylene; SS, spherosilicate.

drawn for these two types of samples, as the mechanical
behavior of polymer in bulk and foil form differs, and the
processing technology being used should be taken into
account, as the dumbbells are produced by injection
molding and foils by extrusion, which has an impact on
polymer orientation in the finished product. For a num-
ber of systems, it was observed that the changes in
mechanical properties of the obtained materials were
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rather small and often next to the level of SD. This may
be due to two reasons, one is limited interaction between
the additives and PE (PE forming strong internal interac-
tions due to highly linear chain structure), and the sec-
ond is small loadings of additives. The increased values
of Young's modulus can be attributed to three factors.
One is physical reinforcement of the polymer with solid
additive particles or crystals of proper size with limited
ability of dispersing in the PE matrix. Such conclusion
can be drawn for dumbbells of PE/SS-H at 0.5% and
PE/SS-norbornene at 0.5% and 1.0%. The second mode of
reinforcement may be due to interaction (eg, van Der
Waals forces, London dispersive forces) between mole-
cules of well-dispersed additive and polymer chains or
domains. Such effect may be observed for SS-pinene at
0.1% loading, where very good dispersion was observed,
and the synthesized additive was a viscous, resin-like oil
instead of crystalline solid, and simple physical reinforce-
ment typical for solid fillers should not be expected. The
effect was not linear, however, probably due to the lim-
ited amount of the additive able to undergo molecular or
submicronic dispersion, and already achieving this criti-
cal concentration at the lowest loading tested. It was pre-
viously reported that cubic siloxanes have a tendency to
form agglomerates or crystals of increasing size with their
increasing loading, while some amount of the additive
remains dispersed at nanoscopic scale in the polymer
matrix.'#4**! For SS-pinene, based on SEM-EDS, good
compatibilization of the additive may be stated, but at the
same time very little change of mechanical parameters
stayed was observed, therefore the interaction between
the additive and matrix was rather weak. The last factor
is the composition forming a polymer blend instead of a
typical composite, which may apply for SS-limonene/PE,
as it was speculated when discussing SEM-EDS analysis.
The additive was proven to polymerize at the tempera-
tures lower than that of PE processing, yet shown very
good dispersion properties. SS-limonene at 1.0% loading
showed the highest reinforcing effect of all the composi-
tions, increasing Young's modulus of the obtained com-
posite to 112 MPa. The effect of the additive was
confirmed by tensile strength value, which was also nota-
bly increased at 1% concentration (14.3 MPa), showing
improved rigidity of the obtained composite. For the fac-
tors decreasing the Young's modulus, the biggest contri-
bution should be accounted for formation of loose
particle agglomerates easily deforming under load. Such
effect may be observed for SS-Vi/PE composite. Besides
of that, the most important effects observed were the
reduced plastic elongation for 0.5% SS-H/PE and for
higher loadings of SS-norbornene. It may be explained
similarly to the effect of increased Young's modulus for
these systems, by introduction of poorly dispersed
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particles, which resulted in material discontinuity in the
bulk material. Such spots become centers of fracture in
the sample under load. On the other hand, some
improvement of plastic elongation was observed for SS-
Vi/PE and 0.1% SS-norbornene/PE, suggesting that at a
proper modifier particle size and concentration, the parti-
cles may isolate regions of polymer from total load
exerted on the bulk material, thus reducing the effect of
internal crack propagation.

For the foils, the deterioration of mechanical proper-
ties may be attributed to the distortion in polymer orien-
tation, caused by the additive. The trends are clearly
visible for SS-limonene and SS-norbornene, where with
increasing additive loading, both Young's modulus and
tensile strength increased, but in all cases were lower
than that of the reference samples. This leads to a conclu-
sion that as much as these modifiers showed some rein-
forcing character observed better for dumbbell
specimens, their addition at any concentration caused
distortion in polymer orientation in produced foils, thus
reducing their toughness, which was also confirmed by
reduced plastic elongation for these materials. For SS-
pinene a trend for reducing Young's modulus and tensile
strength was observed, together with increasing elonga-
tion, the 1% composition being more ductile than the ref-
erence. It showed slightly plasticizing effect of the
additive at higher concentration, which was consistent
with XRD data. For comparison, Nguyen et al. showed
that mechanical properties of PE films modified with
“bio-POSS” silsesquioxanes were heavily impaired.l"
Gao et al. reported that addition of vinylsilsesquioxane
cage mixture (Tg and Tjp) initially improved mechanical
parameters of HDPE such as Young's modulus or tensile
strength, but with higher loadings (>6%) it weakened the
material and for all the concentrations tested, elongation
at break was reduced, but the work lacked information
about the specimens preparation.*! Grala et al. reported
that for HDPE composites with aminopropyl-substituted
silsesquioxanes, the mechanical properties degraded both
for tensile tests as well as for impact tests, but some
improvements were observed for impact strength of sam-
ples prepared by reactive blending with high density
polyethylene grafted with maleic anhydride (HDPE-
g-MA).[3!

3.5 | Thermal analysis

The TGA in air and nitrogen atmosphere were performed
to assess thermal stability of the obtained composites.
The temperatures of 5% mass loss, the onset of the
decomposition event, and the temperatures of DTG peak
were collected in the Table 8. It was observed that T'sq, of
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all systems was increased, however the improvement was
more prominent in air atmosphere, showing stabilizing
effect of the additive on polymer matrix under oxidative
conditions. The effect, however, was not consistent with
increasing concentration of additives in air atmosphere,
and in nitrogen, all the compounds showed basically
identical effect independent of additive concentration. In
addition, Tynser and Tprg Were increased for all the sys-
tems both in air and nitrogen, showing that during degra-
dation event, the modifiers present stabilizing effect on
the compositions formed. One needs to keep in mind that
at these temperatures, the compositions exist in molten
form, no longer meeting the definition of a composite,
and rather forming a reactive mixture of molten, cracking
polyolefin and the additive, emitting high volumes of gas-
eous decomposition products (Figure 4). In addition, the
loadings of the additives were small; therefore the possi-
bility of an additive forming a protective layer of decom-
position products is rather small too. Instead, other
factors should be taken into account, for example, mole-
cules of the additive reacting with free radicals of the
polymer chains breaking down. It would explain the
almost identical Ts¢ parameter values for all the concen-
trations of the additives in argon, as only very small, criti-
cal concentration of additive is needed to react with such
radicals, being usually present in very low concentration
in the system. Fina et al. proposed mediating effect of
aluminasilsesquioxane on the decomposition mechanism
of polypropylene, however the effect was linked to the
presence of Al atom in the silsesquioxanes structure. ¢!
Nonetheless, the authors as well doubted the mechanism
of formation of protective layer of the additive decompo-
sition products. It is known that an average Si—C bond is
of slightly lower dissociation energy than C—C bond and
the resulting silicon radical may take a part in the mecha-
nism of recombination and stabilization of alkyl radicals
formed by decomposing polyolefin.[*’”! This may be the
main mechanism of PE thermal stabilization with SS sys-
tems, which would explain the almost identical Ts
parameter values for all the additives tested, all of them
sharing the same structural feature being the siloxane
core. In addition, the cyclic substituents attached to the
silsesquioxane core contain secondary and tertiary car-
bon atoms, which may also take a part in recombination
of radicals to more stable intermediates.[*”! Such interme-
diates are also formed during thermal cracking of PE and
commonly called naphthene. This mechanism may take
place for the experiments in air atmosphere, as each of
the tested compounds showed a different thermal profile
for the degradation of PE composition, also depending on
the additive concentration, which may suggest more
complex kinetic relationship between chemical structure
of the additive and the course of the degradation event.
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TABLE 8

Measurements in air atmosphere

I
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Thermal parameters of SS/PE composites from TGA measurements

Concentration of additive (%)

0.1 0.5 1.0
Additive TS% (OC) Tonset (OC) TDTG (OC) TS% (OC) Tonset (OC) TDTG (OC) TS% (OC) Tonset (DC) TDTG (OC)
Neat PE Tsq (°C) = 348.3 Tonset (°C) = 382.4 Tprg (°C) = 418.3
SS-H = = = 362.2 397.5 441.5 355.2 393.3 435.8
SS-Vi - - - 360.8 395.5 425.5 . . -
SS-limonene 359.2 389.7 434.7 370.8 389.2 440.4 363.4 401.4 433.1
SS-norbornene  364.5 396.7 451.3 355.8 390.3 420.1 359.5 397.3 431.0
SS-pinene 362.0 399.4 441.7 370.0 401.0 449.0 360.9 404.8 444.3
Measurements in nitrogen atmosphere
Concentration of additive (%)
0.1 0.5 1.0
Additive TS% (OC) Tonset (OC) TDTG (OC) TS% (OC) Tonset (OC) TDTG (OC) TS% (OC) Tonset (OC) TDTG (OC)
Neat PE Tsq, (°C) = 441.8 Tonset (°C) = 469.3 Tprc (°C) =477.9
SS-H = = = 446.7 475.6 489.0 445.6 482.5 489.5
SS-Vi - - - 446.3 476.3 489.9 - - -
SS-limonene 447.7 470.6 487.1 447.4 476.5 489.8 445.5 479.6 486.9
SS-norbornene  445.1 477.8 486.5 445.4 478.7 488.3 446.4 482.7 489.4
SS-pinene 445.5 476.9 485.6 446.0 471.1 486.6 447.8 472.2 488.0
Abbreviations: PE, polyethylene; SS, spherosilicate; TGA, thermogravimetric analysis.
<112°C >112°C 300-500°C >500°C
LIRS
FIGURE 4 Steps of decomposition 0%, ©
of SS/PE samples. PE, polyethylene; SS,

spherosilicate SS/PE composite
Frone et al. reported that pentyl- and isopentyl-
substituted SS improved thermal stability of PE compos-
ites, however, only on the basis of Tsg parameter.m In
comparison to SS-H and SS-Vi, the new derivatives were
comparable in performance, with the biggest improve-
ment being observed for 1% SS-pinene/PE in air than that
of 1% SS-H/PE. However, SS-norbornene at 0.1% in air
showed better performance than the other two additives
at the same concentration.

The DSC was performed to determine the impact of
the additives on melting and crystallization temperatures
of the obtained composites. The data are collected in the
Table 9. Generally, for most of the systems, increased
crystallization temperature was observed, which indi-
cated the nucleating effect of the additives. The strongest

SS/PE melt

Decomposing mixture Coke +SiO2

nucleating effect was observed for SS-H derivative, as due
to poor miscibility with the polymer matrix, it was pre-
sent in a form of particles and particle agglomerates
within PE, providing centers of crystallization. A similar
conclusion may be drawn for SS-norbornene and SS-lim-
onene, both compounds forming particles of polymerized
additive. SS-pinene showed almost no nucleating activity,
as it was verified by DSC to be in a liquid state under the
temperature of PE crystallization. Also, with different
loading of the additives, no appreciative difference in
crystallization temperatures was observed, meaning there
is a critical concentration of the modifier, above which
the crystallization behavior is not further modified. On
the other hand, the small changes of melting temperature
of the systems can be associated with the mean size of PE
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Concentration of additive (%)

Concentration of additive (%)

TABLE 9
crystallization temperatures of obtained

Melting and

0.1 0.5 1.0 0.1
Additive Melting temperature (°C)
Neat PE 112.4 98.8
SS-H - 112.2 112.2 -
SS-Vi - 111.8 - -
SS-limonene 112.8 112.5 112.4 99.6
SS-norbornene  113.9 112.4 112.4 98.8
SS-pinene 113.1 113.0 113.6 99.0
Abbreviations: PE, polyethylene; SS, spherosilicate.
TABLE 10 MFR values for SS/PE composites
Concentration of additive (%)
0.1 0.5 1.0
Additive MEFR (g/10 min)
Neat PE 2.02
SS-H - 1.85 1.87
SS-Vi - 2.05 -
SS-limonene 1.88 1.86 1.94
SS-norbornene 1.86 1.86 1.86
SS-pinene 1.86 1.80 1.73
Abbreviations: PE, polyethylene; SS, spherosilicate.
TABLE 11 HDT values for SS/PE composites
Concentration of additive (%)
0.1 0.5 1.0
Additive HDT (°C)
Neat PE 36.8
SS-H - 36.9 36.9
SS-vi - 36.6 -
SS-limonene 38.5 37.0 36.7
SS-norbornene 36.2 36.5 36.9
SS-pinene 36.8 36.9 37.1

Abbreviations: HDT, heat deflection temperature; PE, polyethylene;
SS, spherosilicate.

crystallites being slightly modified by the additives.
Therefore, SS-H and SS-Vi promoted formation of smaller
crystallites, while SS-pinene promoted formation of
larger crystallites, thus increasing melting temperature.
The other modifiers showed little impact on this prop-
erty, besides of the samples with 0.1% loading. Generally,
the melting temperatures were dependent on the additive
concentration, which shows this parameter can be

0.5
Crystallization temperature (°C)

1.0 composites

99.6 99.7
99.2 -

99.6 99.6
99.4 99.4
98.8 98.8
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controlled by the additive loading. Joshi et al. concluded
that, when octamethylsilsesquioxane was applied as a
nucleating agent for HDPE, appreciable nucleation effect
was observed only at loading as high as 10%, but the cho-
sen derivative known for rather poor dispersion proper-
ties in PE matrix.['”!

3.6 | Rheological analysis

The rheological analysis was performed by measuring the
MFR parameter. It presents the ease of molten polymer
to flow under static load, which is the basic parameter
showing the level of viscosity of a given thermoplastic
under the temperature close to the processing parame-
ters. The results are collected in Table 10. In almost all
examples, decrease of flow rate was observed. It is com-
mon for polymer additives, fillers especially, to have such
an impact on the compositions formed, as the introduced
particles create additional turbulences in flowing mate-
rial. For highly dispersed additives such as SS-pinene
(possibly dissolving in the molten polyolefin), the
entangling effect of bulky SS molecules interacting with
polymer chains may occur. It is interesting to note that
SS-Vi slightly increased MFR. It may be due to relatively
smooth surface and elongated shape of modifier grains as
visible by SEM, or further dispersion of the additive in
molten matrix, resulting in low shear. Barczewski et al.
observed a significant decrease of kinetic viscosity of
LDPE modified with heptaisobutylvinylsilsesquioxane at
low shear rates, and the effect was improved with
increasing amount of the additive used."”’

3.7 | Thermomechanical analysis
Heat deflection temperature (HDT) analysis was per-
formed to study samples behavior under static load and

increasing temperature. The results are collected in
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Table 11. For most compositions, the changes are small.
However, an interesting observation was made for SS-
limonene series, where with the declining concentration
of additive, the measured HDT value was increasing,
being well above the reference for 0.1% loading composi-
tion. This supports the suggestion of the additive working
as an antiplasticizing agent at low concentration, as
stated during discussion of XRD analysis. For the rest of
the systems, the changes are small and increasing HDT
values correlate with increasing additive loading, show-
ing small reinforcing action of the additives on the com-
posites being subjected to such type of stress.

4 | CONCLUSIONS

New SS derivatives have been tested as functional addi-
tives for PE. Good dispersion properties of SS-limonene
and SS-pinene have been observed in comparison to SS-H
and SS-Vi derivatives known from literature reports, as
well as some silsesquioxanes with small alkyl substitu-
ents, like octamethylsilsesquioxane, proving the com-
patibilizing role of the large alkyl substituents
surrounding the siloxane core. On the other hand, as to
be expected, bulky SS were not as compatible with PE
matrix as long chain-substituted ones reported in the lit-
erature. SS-norbornene and SS-limonene showed ten-
dency of polymerization at elevated temperatures, which
led to formation of agglomerates of the first additive in
PE matrix, but did not disturb dispersion of the latter
derivative, thus resulting in a formation of well-mixed
polymer blend. An interesting thermal behavior of SS-
norbornene thermal degradation was observed and
described. The foils prepared from the SS/PE composites
showed poor mechanical parameters besides of slight
increase of SS-pinene/PE ductility at 1% loading. For
injection-molded specimens, little change of properties
was found for a number of systems, however some
improvements were observed. SS-limonene showed good
reinforcing action, increasing both Young's modulus and
tensile strength of PE, therefore forming a tougher com-
posite with PE matrix. Crystallinity of PE was slightly
affected by the additives, showing the impact of the deriv-
atives on polymer crystal/spherulite formation, which
was also confirmed by changed melting and crystalliza-
tion temperatures measured by DSC and proved weak
nucleating effect of the modifiers and their ability to
modify the mean crystallite size. The obtained composi-
tions were characterized by improved thermal stability
showed by DTG peak of degradation event, as well as the
onset temperature of the degradation event and the tem-
perature of 5% mass loss. The SS additives were proven to
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serve as inhibitors of high temperature decomposition of
PE, especially in oxidative atmosphere.
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1. Processing of XRD data

The data collected were processed with OriginPro 2016 Suite. To calculate Crystallinity
Index (Cl), the diffractograms obtained were deconvoluted by Pearson VII deconvolution
model, with exponential baseline, which allowed for correction in the low 260 region, where
unwanted small-angle diffraction was observed. Such a method allowed for obtaining
R2>0.994 for all examples. Other deconvolution models (e.g. Gaussian), as well as different
methods for baseline correction offered less precise results. Cl was calculated from area
integrity of such obtained crystalline phase peaks divided by the sum of all crystalline and
non-crystalline peaks area (Figure 1).

1,0x10%
Amorphous _
5,0x10° - phase Crystalline
phase
0,0
T T T T T T T T T T T
10 20 30

Figure 1: The deconvolution diagram for neat PE. Red — initial diffractogram, blue —
deconvoluted amorphous phase, green — deconvoluted crystalline phase.
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2. Table of isolated compounds:

Structure
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3. Characterization data of the products:
1,3,5,7,9,11,13,15-hepta(dimethylsiloxy)-pentacyclo[9.5.1.13°.1515 1713]octasiloxane (1)

IH NMR (400 MHz, CDCl3): & (ppm) = 4.73 (sep, J=2.8Hz, 8H, SiH), 0.26 (d, J=2.8Hz, 48H,
SiMey);
13C NMR (101 MHz, CDCls): & (ppm) = 0.23 (SiMey);
29Si NMR (79,5 MHz, CDCls): & (ppm) = -1.41 (SiMe>), -108.68 (core).

IR (ATR): 2965, 2905, 2141, 1254, 1069, 889, 834, 769-726, 650, 628, 541.

IH NMR (CDCls, 400MHz):
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13C NMR (101 MHz, CDCls)
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1,3,5,7,9,11,13,15-hepta(dimethylvinylsiloxy)-pentacyclo[9.5.1.13°.1%%5.17 3] octasiloxane
(2)

IH NMR (400 MHz, CDCls): § (ppm) = 6.13 (dd, J1=20.2Hz, J,=14.9Hz, 8H, -CH=CH,),
596 (dd, J1=14.9Hz, J=4.0Hz, 8H, -CH=CH.), 5.79 (dd, J1=20.2Hz, J2=4.0Hz,
8H, -CH=CH,), 0.21 (s, 48H, SiMe);

13C NMR (101 MHz, CDCls): & (ppm) = 138.09, 132.61 (-CH=CHb>), -00.06 (SiMey);

29Si NMR (79,5 MHz, CDCls): & (ppm) = 0.51 (SiMey), -109.14 (core).
IR (ATR): 3068, 3027, 2988, 2962, 1603, 1408, 1276, 1081, 1002, 967, 775, 568.

IH NMR (CDCls, 400MHz):
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13C NMR (CDCls, 101 MHz):
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1,3,5,7,9,11,13,15-octa(dimethyl((norbornyl)silyl)-
pentacyclo[9.5.1.139,1515,1713] octasiloxane, isomer mixture (3)

'H NMR (400 MHz, CDCls): & (ppm) = 6.10-5.91 (m, ring -C=CH, endo isomer), 6.02-6.00
(m, ring -C=CH, exo isomer), 5.80-5.68 (m, vinyl -CH=CHy), 5.04-4.83 (m, vinyl -CH=CH>),
2.77 (d, J=18.9Hz), 2.54-2.53, 2.29-2.09, 2.03-1.71 (m, norbornyl ring), 1.54 (s, norbornyl
ring), 1.40-1.05 (m, norbornyl ring), 0.68-0.45 (SiCH>, SiCH), 0.13, 0.10 (SiMe»);

13C NMR (101 MHz, CDCls): 6 (ppm) = 137.06, 136.38, 132.44 (C=C), 49.67, 46.10, 45.34,
45.13, 43.19, 42.73, 42.35, 42.23, 41.98, 39.88, 39.15, 38.59, 37.71, 37.01, 33.25, 32.56,
29.69, 27.89, 27.29, 26.75, 17.09, 16.74 (norbornyl substituent), 0.68, -0.19, -1.09, -2.62
(SiMey);

29Si NMR (79,5 MHz, CDCls): & (ppm) = 12.56 (SiMe>), -109.01 (core).

IR (ATR): 3056, 2942-2864, 1251, 1162-1066, 896, 828-718, 544.

IH NMR (CDCls, 400MHz):
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1,3,5,7,9,11,13,15-octa(dimethyl((2-(4-methylcyclohex-3-en-1-yl)propyl)silyl)-
pentacyclo[9.5.1.139,1515,1713] octasiloxane (4)

'H NMR (400 MHz, CDCls): & (ppm) = 5.36 (s, 8H, position 3), 2.00-1.87 (m, 24H, positions
1, 2, 5), 1.78-1.56 (m, 24H, positions 2, 5, 8), 1.63 (s, 24H, position 7), 1.34-1.18 (m, 16H,
position 6), 0.90 (d, 24H, position 9), 0.75-0.69 (m, 8H, position 10), 0.52-0.44 (m, 8H,
position 10), 0.15 (s, 48H, SiMey);

13C NMR (101 MHz, CDCls): & (ppm) = 133.96, 121.28, 121.26, 41.48, 41.33, 33.08, 32.93,
31.19, 31.12, 28.80, 28.24, 26.71, 25.71, 23.64, 23.63, 22.87, 22.48, 19.52, 19.22, 0.83, 0.72,
0.66;

29Si NMR (79,5 MHz, CDCls): & (ppm) = 12.78 (SiMey), -109.10 (core).

IR (ATR): 2980-2867, 1252, 1169-1069, 869-734, 549.

IH NMR (CDCls, 400MHz):
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1,3,5,7,9,11,13,15-octa(dimethyl((8,8-dimethylbicyclo[4.1.1]hept-2-yl)methyl)silyl)-
pentacyclo[9.5.1.139,1515,17'3] octasiloxane (5)

'H NMR (400 MHz, CDCls): & (ppm) = 2.19-2.11 (m, 8H, position 2), 2.04-1.98 (m, 8H,
position 5), 1.86-1.82 (m, 8H, position 4), 1.75-1.69 (m, 24H, positions 1, 3 and 7), 1.63 (m,
8H, position 4), 1.36 (d, J=9.8Hz, 8H, position 7), 1.30-1.23 (m, 8H, position 3), 1.18 (s, 24H,
position 8), 0.83 (s, 24H, position 8), 0.70 (dd, J1=14.8Hz, J,=9.1Hz, 8H, position 9), 0.56
(dd, J1=14.8Hz, J,=5.6Hz, 8H, position 9), 0.14 (s, 48H, SiMey);

13C NMR (101 MHz, CDClIs): & (ppm) = 49.48, 49.40, 41.42, 40.81, 39.67, 38.91, 36.56,
34.03, 30.54, 28.49, 27.92, 27.13, 26.91, 26.02, 25.29, 25.22, 24.98, 23.45, 23.19, 23.17,
20.26, 1.09, 1.01;

29Si NMR (79,5 MHz, CDCls): & (ppm) = 12.34 (SiMey), -109.13 (core).

IR (ATR): 2980-2867, 1252, 1169-1069, 869-748, 549.

IH NMR (CDCls, 400MHz):
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13C NMR (CDCls, 101 MHz):
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4. MALDI-TOF-MS identification of side products of SS-Norbornene synthesis
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5. SEM and EDS images of the SS/PE composites

0.5% SS-H/PE
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0.5% SS-H/PE (higher magnification)
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1.0% SS-H/PE

S17

129



1.0% SS-H/PE (higher magnification)
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0.5% SS-Vi/PE
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0.5% SS-Vi/PE (higher magnification)
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0.1% SS-Pinene/PE
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0.1% SS-Pinene/PE (higher magnification)
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0.5% SS-Pinene/PE
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0.5% SS-Pinene/PE (higher magnification)
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1.0% SS-Pinene/PE
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1.0% SS-Pinene/PE (higher magnification)
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0.1% SS-Limonene/PE
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0.1% SS-Limonene/PE (higher magnification)
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0.5% SS-Limonene/PE
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0.5% SS-Limonene/PE (higher magnification)
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1.0% SS-Limonene/PE
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1.0% SS-Limonene/PE (higher magnification)
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0.1% SS-Norbornene
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0.1% SS-Norbornene (higher magnification)
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0.5% SS-Norbornene
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0.5% SS-Norbornene (higher magnification)
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1.0% SS-Norbornene
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1.0% SS-Norbornene (higher magnification)
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Abstract: In this work, polyethylene (PE) composites were prepared with a series of completely
condensed silsesquioxanes (S5Q), as well as with open-cage hepta(isobutyl)trisilanol silsesquioxane.
The effect of the additives on the thermal, mechanical, rheological, and crystalline properties of
the composites obtained was determined. The dispersion of trisilanol derivative within polymer
matrix was slightly better than that of the other isobutyl compounds, suggesting condensation of
the additive to less polar products of different structure, which was confirmed by thermogravimetry
(TG) and matrix-assisted laser desorption-ionization time-of-flight (MALDI-TOF) mass spectrometry
analysis. The additives improved the thermal stability of polyethylene and formed composites
of higher rigidity than the neat polyolefin. The results were compared to the literature data,
with aminopropylhepta(isobutyl)silsesquioxane and vinylhepta(isobutyl)silsesquioxane being used
partially as references, as PE composites thereof were reported earlier, but lacked some analytical
results and required further investigation. It was proven that the practical upper loading limit for
such silsesquioxane compounds as processing and functional additives for polyethylene should be
fixed at around 1%.

Keywords: silsesquioxane; polyethylene; composite; nanocomposite; thermal degradation;
processing; additive

1. Introduction

Polyolefins are among the most widely applied thermoplastic polymers as their reasonable
price and tuneable properties, such as crystallinity level, melt-flow rate, or processing and service
temperatures, render them highly versatile. Amongst them, polyethylene (PE) is by far the most
commonly used. PE is utilized for production of foils, films, fibers, bags, tubes, containers, battery
separators, and many more [1-4]. It is characterized by good thermal and electrical insulating
properties, very low glass transition temperature (below —100 °C), high chemical inertness, high stress
cracking resistance, and ease of processing. However, it has quite low mechanical properties, such as
tensile strength, Young modulus or abrasion resistance, has limited thermal stability, very low heat
deflection temperature, and poor flame resistance. To increase the number of possible applications of
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this polymer, different blends, copolymers, and grafted polymers thereof have been designed, as well
as composites with numerous mineral and organic fillers or compositions with various processing and
functional additives [5,6]. Fillers, such as natural fibers [4] or (nano)silica [7-9], have been applied
to reinforce PE mechanically. To improve either processing or service properties of PE or composites
thereof, additives such as lubricants, compatibilisers, plasticizers, or antioxidants/stabilizers have been
extensively used [10]. As a novel type of either processing/functional additives or nanoreinforcing
agents for polymer (nano)composites or blends, polyhedral oligomeric silsesquioxanes (SSQ) have been
reported several times over the last twenty years, and discussed in detail in reviews by Kausar [11],
Du [12], Kuo [13], Ayandele [14], Zhou [15], Shi [16], and Li [17]. Polyhedral oligomeric silsesquioxanes
are known for their well-defined, molecular structure, controllable physicochemical properties on
the basis of the introduced organic substituents, good solubility and dispersion properties, or simple,
reproducible synthetic protocols [18,19]. As organosilicon hybrid compounds, SSQs tend to improve
thermal stability of polymer matrices they are introduced into, but also modify materials rheology
(e.g., as plasticizers or thixotropic agents) or improve mechanical properties, such as tensile or
flexural modulus, tensile strength, heat deflection temperature. Different structures have been
tested, including homo-(R,[SiO; 5];) and heterosubstituted (Rp-m R'm[SiO1 5]4) systems, bearing either
alkyl [20-47], alkenyl [41,48], aryl [24-26], or other functional groups [26,41,49-52], introduced mostly
by condensation, hydrosilylation, or substitution reactions. It has been proven that a choice of
introduced functional groups plays a major role in miscibility of silsesquioxanes and polymer matrix
and the additive tendency towards agglomeration, but also the processing method and parameters
have an impact on the obtained additive dispersion in the final composite or nanocomposite [40].
For example, large, linear alkyl chains render silsesquioxanes well-compatible with PE on the basis
of similarity to the polyolefin chains, while smaller or branched substituents decrease the additive
miscibility with the polymer [40,53]. At the same time, silsesquioxane additives of limited dispersion
abilities may form particles serving as a reinforcing phase and improving mechanical properties
of the obtained (nano)composite [21,25,40]. Also, it is important to point out that the processing
method plays a huge role when discussing the preparation of SSQ/PE compositions. Very good
dispersion of the additives has been obtained when high-shearing-forces processes have been applied,
such as twin-screw extrusion [22,23,44] or injection moulding [32]. Among other methods, ball
milling [30,31,33,37], solution blending [34,35], or reactive melt blending [51,52] have been reported
with moderate to good results. The dispersion level plays a huge factor on the properties of the
obtained materials, and effective dispersing of the organosilicon additive is crucial to observe effects
such as (nano)reinforcing action or thermal stabilization of the composition [11-15]. In the previous
work, we showed how a proper choice of organic substituents for spherosilicate compounds, as
well as a processing method applied, allowed for effective obtaining of micro-and nanodispersion
of the compounds in PE together with limited agglomeration [54]. It is crucial to mention that
often two levels of dispersion can be observed and above specific concentration (depending on the
compound and polymer matrix) multi-micron agglomerates are formed, together with a fraction of the
additive being well-dispersed at a sub-micron scale [55]. In this work, a critical assessment of simple
silsesquioxanes application as functional additives for PE was made, including compatibility of the
components with the polyolefin matrix and the effects associated with increasing additive loading. For
this purpose, a series of silsesquioxanes was applied as such additives, and their dispersion ability
and impact on the obtained composite systems were studied. Melting and crystallization, thermal
stability, mechanical and basic rheological properties were investigated. Additionally, the behaviour of
open-cage hepta(isobutyl)trisilanol silsesquioxane, iBu;SSQ-30H, under processing temperature was
investigated. To the best of our knowledge, besides of one attempt [38], it was not studied as a direct
additive for polyethylene or polypropylene, probably due to concerns about its polarity rendering the
compound immiscible with highly apolar polyolefin.
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2. Materials and Methods

2.1. Materials and Instrumentation

The chemicals were purchased from the following sources: isobutyltrimethoxysilane,
trichlorovinylsilane, chloropropyltrichlorosilane, chloropropyltriethoxysilane, aminopropyltrimethoxysilane
from ABCR, triethylamine and chloroform-d from Sigma Aldrich, tetrahydrofuran (THF), methanol,
hydrochloric acid, acetonitrile and acetone from Avantor Performance Materials (Poland). Low density
polyethylene (LDPE) type Malen E FABS 23 D022 from BasellOrlen Polyolefins. Its characteristics are
M., = 66,000, MFR (190 °C; 2.16 kg) = 2 g/10 min, T, = 112 °C and density 0.921 g/cm3 . Silsesquioxanes
were prepared according to the literature procedures [56-59]. iBu;SSQ-Vi was synthesised according
to the procedure for the synthesis of iBu;SSQ-CI. SSQ-8CI1 was obtained as a resinous cage mix and
was used as such.

Polyethylene concentrates were prepared on a two-roll mill Zamak Mercator WG 150/280.
The concentrates were ground in SHINI SG-1417 low-speed mill and dried for 6 h at 90 °C. Prepared
concentrates were then diluted to final additive concentrations in an extrusion process with cold
granulation using Thermo Fisher Scientific (Waltham, MA, USA) HAAKE PolyLAB OS extrusion setup
equipped with a single screw (D = 19.05 mm, L/D: 25) working at 30 rpm. The temperature zones
for extrusion were set, from feed to die, as follows: 120, 160, 180, and 180 °C. For foils production,
the setup was equipped with a foil extrusion die and chill-roll system. The foils prepared were of
0.2 mm thickness. Dumbbells were prepared on ENGEL E-Victory 170/80 injection moulding machine
equipped with a double socket mould for preparation of normalized testing specimens consistent
with the PN-EN ISO 527-2 norm (type 1A). The parameters for injection moulding were as follows:
temperature profile of plastification unit, from feed to die: 170, 180 and 190 °C; mould temperature:
22 °C; injection time: 2 s; cooling time: 20 s; injection pressure pl: 1200 bar, p2: 500 bar; holding
pressure profile: 1200 bar/1 s, 1000 bar/4 s, 300 bar/5 s.

MER index was measured on INSTRON CEAST MF20 plastometer equipped with 2.16 kg weight
at temperature of 190 °C.

For tensile strength tests, a universal testing machine Instron 5969 was used, in accordance to the
norm EN ISO 527-2: 1996. The speed of traverse was set to 50 mm/min for dumbbells and 100 mm/min
for foils.

'H, 13C, and ?°Si nuclear magnetic resonance (NMR) spectra were recorded at 25 °C on a Bruker
Ascend 400 and Ultra Shield 300 spectrometers using CDCl; as a solvent. Chemical shifts are reported
in ppm with reference to the residual solvent (CHCl3) peaks for 'H and '3C.

Fourier transform-infrared (FT-IR) spectra were recorded on a Nicolet is 50 fourier transform
spectrophotometer (Thermo Fisher Scientific) equipped with a diamond ATR unit with a resolution of
0.09 cm™1.

SEM/EDS analyses were recorded on a Quanta FEG 250 (FEI) instrument; SEM at 5 kV and EDS at
30 kV, respectively. The samples were frozen in liquid nitrogen and fractured with pliers to reveal a
surface satisfactory for an analysis.

Thermogravimetry was performed using NETZSCH 209 F1 Libra gravimetric analyser. Samples
of 5.0 + 0.2 mg were cut from each granulate and placed in Al,O3 crucibles. Measurements were
performed under nitrogen and air in a 30-800 °C temperature range and at 20 °C/min temperature
rise. Differential scanning calorimetry was performed using NETZSCH 204 F1 phoenix calorimeter.
Samples of 5.0 + 0.2 mg were cut from each granulate and placed in aluminium crucible with punched
lid. Measurements were done under nitrogen in 20-220 °C temperature range and at 10 °C/min
temperature rise. Each sample was treated by two heat-cool cycles to erase its thermal history and
the data presented were measured for the second cycle. Crystallinity was determined from the first
melting. For determination of materials crystallinity, fusion enthalpy of 100% crystalline PE of 288 J/g
was assumed, according to literature reports [60].
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2.2. General Procedure for Composites Preparation and Characterization

In a typical procedure, about 200 g of polyethylene was rolled on a two-roll mill until complete
melt, after which the chosen modifier was added in a quantity corresponding to 5% of the final
composite content, and the composition was rolled together at temperature range of 180-185 °C until
it became completely homogeneous or until no more improvement of homogeneity was observed.
After that, the composition was taken off the rolls and set to cool down. It was ground in the low-speed
mill and the obtained masterbatch granulate was then diluted to 1.5%, 1%, and 0.5% by mixing it
with the granulate of neat PE in a proper proportion and extruding it on a single-screw extruder,
and the extrudate being simultaneously granulated. 0.1% concentration composites were obtained
by diluting 0.5% granulate. For iBu;SSQ-30H, satisfactory dispersion was observed at 0.5% and
therefore 0.1% concentration composite was not prepared. On the other hand, iBu;SSQ-Vi was found
to be the most prone to form agglomerates and therefore further diluting it to 0.1% concentration was
abandoned. 1.5% concentrations were prepared only with iBu;SSQ-30H and iBu;SSQ-Vi, to compare
the behaviour of two highly different additives at high loading: poorly miscible, crystalline iBu;SSQ-Vi,
and well-miscible iBuySSQ-30H forming amorphous condensation products. The obtained granulates
were then measured by SEM, TG, and DSC techniques, and processed into standard dumbbell
specimens and foils. Foils were cut into proper specimens using a sample cutter, equipped with a knife
in a form of a dumbbell. Tensile strength tests for dumbbells and foil specimens were performed to
measure ultimate tensile strength and elongation at the point of plastic elongation limit, as well as
Young’s modulus.

3. Results and Discussion

3.1. Characterisation of the Obtained Modifiers

The silsesquioxanes used in this work are presented on Figure 1.

i R
BU q;—OH ~gj—O0~gi~ 2
i - /
Bu~ 05 Mipu Ri~gi0~siZR,
o o / o \ o
o\ of o\ ol
iBu\g>'~0/75"~ gy Ri\G~'~0/75'~R,
iBu/Sl\o/Sl\iBu R1/SI\°/SI\R1
iBu;SSQ-30H Ry =iBu, Ry = Vi iBu;SSQ-Vi

R1 = iBu, R2 = (CH2)3NH2 iBU7SSQ'NH2
R1 = iBu, Rz = (CH2)3CI IBU7SSQ'C|
R1 = Rz = (CH2)3CI SSQ-8CI

Figure 1. The Silsesquioxane (S5Q) compounds used in this work.

The structure of all the modifiers presented was confirmed spectroscopically (NMR, FT-IR,
see Table S1 and Section 2 in the Supplementary Materials). TG analysis of the compounds allowed for
verification of thermal stability of most of the additives under the conditions of PE processing, as well
as reactivity of iBuySSQ-30H, and suggested some of the mechanisms of their thermal degradation
at elevated temperatures. For SSQ-8Cl, the product was obtained in two fractions of different form:
crystalline, in less than 15% yield, and amorphous in over 65% yield. The crystalline product was
found to be pure Tg cage, but the yields were not satisfactory for further use. The TG of the amorphous
product did not show any mass loss under 300 °C, and 2°Si NMR did not confirm presence of any free
silanol groups (see Figure S4 in the Supplementary Materials), which confirmed full condensation,
however the product was an amorphous mixture of different cage hybrids (cage mixture) and Figure 1
represents the idealized structure. The amorphous product was chosen for the composite preparation.
For iBuySSQ-30H, an unusual two-step mass loss was observed, with the first degradation event
occurring at a relatively low temperature. The mass loss of ~3% observed in the 150-210 °C temperature
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range, presented in Figure 2 (DTG peak at 180.3 °C), during heating of hepta(isobutyl)trisilanol
suggested dehydrative condensation of the compound with the formation of a mixture being a
combination of some idealized products presented in Scheme 1, as well as some higher molecular
weight products of the cage rearrangement and further condensation.

TG /% Flow /(ml/min)
100 1 | 260
95 1
240
90 -
Mass Change: -2.91 %
85 1 - 220
80 -
200
75 A
701 - 180
65 -
F 160
60 -
100 150 200 250 300 350
Temperature /°C
Figure 2. TG analysis of iBuySSQ-30H showing initial mass loss (cropped for visibility).
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Scheme 1.

\
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-3.41% mass

Possible routes of thermal condensation of hepta(isobutyl)trisilanol silsesquioxane.

Depending on the condensation product, mass loss is presented in accordance to either one (1)
or two molecules (2, 3a, 3b, 4a, 4b) of the initial trisilanol.
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When a sample of iBu;SSQ-30H was heat-treated in a laboratory dryer for 6 min at 180 °C (the time
required for full sample melt), it turned into a glassy, transparent material. MALDI-TOF-MS analysis
of heat-treated samples allowed for identification of all the proposed low-molecular products, that is a
monomer and dimers (see Scheme 1) according to the molecular weight of the molecule (see Figures S17
and 518 in the Supplementary Materials), but no attempt was made to isolate them and identify their
precise molecular structures. Therefore, condensation products bearing the same molecular weight
were marked with the same numbers (e.g., Scheme 1. 3a,3b). Similar conclusions on degradation
and condensation of trisilanol were drawn by Zeng et al. when heat-treating hepta(isooctyl)trisilanol,
however MALDI-TOF mass spectra didn’t allow for identification of any particular product [61]. It is
possible that, during thermal treatment, iBuySSQ-30H undergoes condensation to products of higher
molecular weight than the ones presented, however those would exceed my/z ratio limit available for
the instrument used. More findings in the subject of MALDI-TOF-MS analysis of silsesquioxanes and
silsesquioxane-derived materials may be found in some recent scientific reports [62—-64].

3.2. SEM-EDS Analysis

SEM imaging combined with EDS mapping of silicon allowed for assessment of additives
dispersion within PE. For the assessment of silsesquioxane compounds dispersion abilities, the
SEM imaging of all the studied materials was first performed on the SSQ/PE extrudates obtained.
The dispersion of SSQ-8CI was satisfactory at all concentrations, showing good compatibility of the
non-polar, amorphous additive with the polymer matrix. Also, iBuySSQ-30H showed comparably
good compatibility with PE, which can be explained on the basis of TG and MALDI-TOF-MS analyses,
by the additive forming less polar condensation products upon mixing with molten polymer. Only at
1.5% loading, substantial agglomeration was observed. For 1% iBuySSQ-30H/PE, on the basis of SEM
and EDS, some agglomerates were observed for the samples prepared by extrusion (Figure 3a,b), but
no agglomerates were visible for the injection-moulded specimens in the scale applied for this study
(Figure 3c,d). This proves that the additional shearing forces occurring during injection moulding
(which is a high temperature, high pressure process) improve the dispersion of the additive. At 1.5%,
some agglomeration was observable even in injection-moulded samples, showing the limitation of
the additive dispersion abilities. In comparison, the other additives, all bearing isobutyl groups,
showed dispersion properties similar to each other, but inferior to the ones discussed above. In all
cases, at higher loadings agglomerates can be observed forming, which is easily visible on EDS maps
(see Figures S18-535 in the Supplementary Materials). The most significant self-aggregation was
observed for iBu;SSQ-Vi, where substantial agglomerates were already observable at 0.5% loading,
and at 1.5% very only a small fraction of the additive remains highly dispersed. This presents the
limited compatibility of isobutyl-substituted and other small alkyl group-substituted silsesquioxanes
with polyethylene under different processing techniques, especially with their increasing loading,
which was previously presented by Guo and Fréchette [30,31,33-35,43-45]. Additionally, the presence
of a different substituent in one corner of hepta(isobutylsil)sesquioxanes may introduce dipole moment,
increasing polarity of the molecule and reducing the compatibility of the compound with nonpolar PE
chains. This may be the reason for better compatibility of products of iBuySSQ-30H thermal treatment
during composite processing in comparison to the other iBu;SSQ derivatives used in this work. Also,
the amorphous state of iBu;SSQ-30H heat-treated samples, as well as mix-cage SSQ-8Cl, both being
mixtures of various condensation products, may play a role in the dispersion mechanism, contrary
to iBuySSQ-Vi, iBuy;SSQ-NH,; and iBu;SSQ-Cl, all being crystalline solids, which may promote their
self-aggregation, as speculated by Sheen [65] and Perrin [66]. Also, Grala et al. reported on segregation
of iBuySSQ-NH, additive during crystallization of HDPE composites, as well as two different levels of
dispersion, where the size of additive particles varied from less than 100 nm up to several microns [51].
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Figure 3. SEM images (left) and EDS maps of silicon (right) of 1% iBuySSQ-30H/PE composite obtained
by extrusion (a,b) and injection moulding (c,d).

3.3. Mechanical Analysis

Mechanical studies have been performed to evaluate mechanical properties of the obtained
materials. The results are collected in Tables 1-3. Some different observations were made upon
analysis of two groups of specimens: dumbbells and foils. It was obvious that the form of product
the polymer material is made into and especially the processing technology used to obtain the given
object have a huge impact on the final properties of the objects and some compounds, as much useful
as processing additives for one type of processing technology, may be inappropriate for another
one. Very similar observations were made when studying spherosilicate-derived PE processing
additives [54]. For dumbbells, in most cases a small increase in tensile strength was observed, with
a general trend of strength improvement being smaller for higher concentrations, most likely due
to high additive dispersion at lower loadings, as it was proven with SEM-EDS. This small increase
can be linked to the presence of silsesquioxane particles in the polymer, forming a reinforcing phase.
Agglomerates forming at higher loadings no longer serve reinforcing action, and rather introduce
mechanical defects in the materials. Similar observations were made by Lim et al. [25]. However,
differences were subtle and often within the limits of standard deviation, probably due to overall
low loadings of the additives tested, the silsesquioxane component making up a small fraction of the
composition volume. Some higher values of tensile strength were obtained for iBuy;SSQ-NH, and
iBuySSQ-30H, therefore better compatibility between the PE and particles of mentioned silsesquioxanes
may be speculated. All these observations suggest good uniformity of the materials, obtained by
high-temperature, high-shearing forces process that injection moulding is. At the same time, it presents
limited utility of applied compounds as functional additives when speaking of mechanical properties
improvement. Hato et al. showed how the addition of octamethylsilsesquioxane, known for its

157



Polymers 2020, 12, 2269 8 of 19

tendency of forming agglomerates within PE, decreased mechanical properties, that is tensile strength
and elongation at rupture, when applied at 5-10% loadings (lower loadings were not tested) [47].
At such a concentration, the additive only increased Young’s modulus, as is typical for a classic solid
filler, e.g., silica [7-9]. Grala et al. reported the addition of iBu;SSQ-NH; to generally impart the
mechanical parameters of HDPE composites both at static load and on impact, as must have been a
result of high additive loading and low additive-polymer interaction [51]. Better results were obtained
for HDPE-g-MA and iBuySSQ-NH, reactive blending experiments, however it is difficult to compare
such results with those on physical compounding, as reactive blending is chemical modification of the
polymer, resulting in changes on the molecular level of the polymer chain. Also, grafted polymers,
such as HDPE-g-MA, already show properties different than those of neat homopolymers, and are far
more expensive, usually intended for use in small quantities as compatibilizing agents for polymer
blends or composites with mineral fillers.

Table 1. Tensile strength of the SSQ/PE composites.

Concentration of Additive (%)

Additive Sample 0.1 0.5 1.0 1.5
Tensile Strength (MPa)
Dumbbell 13.08 + 0.26
Neat PE
Foil 19.70 + 0.95
Dumbbell 13.11 £ 0.33 13.29 +0.19 13.22 + 0.34 -
$SQ-8Cl
Foil 16.79 + 0.77 15.99 + 0.88 15.87 + 0.81 -
Dumbbell 13.41 + 0.12 13.29 +0.21 13.14 + 0.27 -
iBu;SSQ-Cl
Foil 14.44 + 0.69 16.44 + 0.43 15.45 + 0.71 -
Dumbbell 14.43 + 0.22 14.20 + 0.49 14.06 + 0.19 -
iBuySSQ-NH,»
Foil 18.17 + 0.39 16.42 + 0.90 16.62 + 0.77 -
Dumbbell - 13.00 + 0.34 12.98 + 0.32 12.52 + 0.48
1BuySSQ-Vi
Foil - 16.31 + 0.94 14.49 + 0.86 14.91 + 0.80
Dumbbell - 14.41 £ 0.24 14.36 + 0.18 14.33 + 0.32
iBuySSQ-30H
Foil - 15.83 + 0.68 20.81 + 0.80 19.12 + 0.70
Table 2. Young’s modulus of the SSQ/PE composites.
Concentration of Additive (%)
Additive Sample 0.1 0.5 1.0 1.5
Young’s Modulus (MPa)
Dumbbell 91.68 + 3.46
Neat PE
Foil 213.82 + 14.59
Dumbbell 9292 +5.31 95.93 +4.71 97.71 £ 5.39 -
$50Q-8Cl
Foil 166.08 + 8.70 155.35 + 6.13 164.17 +9.64 -
Dumbbell 94.34 + 3.08 95.86 + 4.24 92.73 +2.01 -
iBuySSQ-Cl
Foil 150.74 + 8.08 168.26 + 8.74 141.10 £+ 747 -
Dumbbell 108.92 +2.70 101.80 + 4.87 103.75 + 4.77 -
iBuySSQ-NH,
Foil 209.89 + 11.23 159.42 + 6.48 166.67 + 8.39 -
) Dumbbell - 92.53 +4.84 92.08 + 3.55 98.63 + 4.46
iBu;SSQ-Vi
Foil - 151.69 +9.03 166.20 +9.40 150.88 + 11.05
Dumbbell - 109.09 + 2.08 109.72 + 3.40 105.67 + 2.82
iBuySSQ-30H
Foil - 167.58 + 7.14 194.06 +9.79 110.74 + 6.35

158



Polymers 2020, 12, 2269 9 of 19

Table 3. Plastic elongation of the SSQ/PE composites.

Concentration of Additive (%)

Additive Sample 0.1 0.5 1.0 1.5
Elongation at Maximum Load (%)
Dumbbell 60.38 + 1.77
Neat PE
Foil 176.69 + 11.63
Dumbbell 59.97 + 2.84 59.25 +2.15 57.97 +3.41 -
55Q-8Cl1
Foil 166.05 + 7.83 142.70 + 6.30 158.96 + 9.29 -
Dumbbell 60.29 +2.14 59.45 + 2.06 59.86 +1.15 -
iBuySSQ-ClI
Foil 121.55 + 6.92 112.41 +5.33 101.40 + 5.23 -
Dumbbell 57.69 £1.18 59.28 +2.52 58.03 +2.02 -
iBuySSQ-NH,
Foil 161.07 + 6.13 159.16 + 7.11 137.63 + 5.77 -
Dumbbell - 59.05 +2.02 59.28 +3.01 53.51 +£1.32
iBuySSQ-Vi
Foil - 158.60 + 8.02 141.78 + 8.28 133.73 +9.06
Dumbbell - 57.13 £0.76 56.52 +1.28 57.88 +0.90
iBuySSQ-30H
Foil - 113.53 + 5.41 124.40 + 6.13 76.24 +4.12

55Q-8C1 and iBuySSQ-30H showed trends of increasing Young’s modulus of the composites,
the well-dispersed additives probably increasing chain aggregation in the amorphous phase of the
polymer and reducing free volume. For the other additives, the effect of material stiffness increase can
also be seen, most likely due to additive particles mechanically reinforcing the composite, but at higher
loadings the effect decreased as the particle agglomerates introduced too many discontinuities in the
material. As most of the systems showed improved material rigidity, it resulted in small reduction of
plastic elongation values for all samples, which is usually expectable in terms of comparison between
neat polymers and composites derived thereof (see Table 3).

For the foil samples, for almost all examples, a rather severe reduction of tensile strength was
observed, which can be linked to particles of additive disturbing linear flow and orientation of
polymer in the foil. Together with reduced Young’s modulus and plastic elongation, it represents
deterioration of foils properties. iBuy;SSQ-30H/PE system, however, showed similar behaviour of
tensile strength change for 0.5% loading, but at 1.0% it surprisingly exceeded tensile strength of the
neat polymer, similarly to the dumbbell specimens (Table 1). Together with relatively high Young’s
modulus (comparable to neat PE foils) and severely decreased value of plastic elongation, it suggests
a complex interaction between PE, the highly dispersed products of iBuySSQ-30OH condensation,
and less dispersed particles thereof, acting as a reinforcing phase, despite the general tendency of
silsesquioxane particles deteriorating foil properties. Therefore, the iBu;SSQ-30H composite foils
presented satisfactory rigidity, but not exceeding that of neat PE within standard deviation (Table 3).
At 1.5% loading, tensile strength of iBuySSQ-30H/PE foils remained high, but due to increased
additive agglomeration, the material showed heavily decreased values of Young’s modulus and plastic
elongation. Similar to the dumbbell specimens, all the foils presented decreased plastic elongation,
however the change was more severe. The results are, in general, similar to the previously reported
observations on spherosilicate/PE composites and prove that such cage siloxane systems are a rather
poor choice for additives for PE foils processing [54].

3.4. Thermomechanical Analysis

Heat deflection temperature (HDT) analysis was performed to analyse effect of the SSQ additives
on the samples’ stiffness under conditions of increasing temperature (Figure 4, Table S3 in the
Supplementary Materials). Some interesting trends were observed. SSQ-8Cl and iBu;SSQ-30H
initially caused increase of the HDT values, which corresponds to higher sample stiffness under given
temperature. However, with increased loadings, the amorphous additives behaved like plasticizing
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agents, decreasing HDT values below that of the neat PE. The effect was especially prominent for
SSQ-8ClI at 1.0% loading. iBuySSQ-CI also showed plasticizing character, but the effect was visible
already at 0.1% loading. It was likely caused by the additive particles causing small disorders of the
polymer matrix. On the other hand, iBu;SSQ-NH; and iBu;SSQ-Vi initially decreased HDT values of the
composites thereof, but with increasing loading, the parameter also increased. The initial HDT decrease
may be explained the same as for the iBu;SSQ-Cl, by the additive particles introducing disorders of
the polymer matrix, however, at higher concentrations, the particles of the crystalline additive most
likely provide mechanical reinforcement of the SSQ/PE composite, rendering the composite more stiff,
as these compounds do not undergo any softening or melting in the temperature range applied for
this study.

_. 375
- B Bu7SSQ-30H
2. e @ S5Q-8CI
= | I V¥ Bu7SSQ-Cl
o \\ O Bu7SSQ-NH2
T 574 - < A Bu7SSQ-Vi
Y -2
L M A
AN b 4
N neat PE M >« 7
BB.5 lenvessorsseranecs agsessseaseraitttatisatinenases Noseesdircecesenes
@ Z
S5 \\ // -
L -y P ]
N N gt
36.0 - ~ N 5
N XA
N P
N e
/\ /VO
355 - Ayt Sy
JOFT N
gt W
= N
e A
35.0 T T T r - T

0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6
SSQ concentration [% w/w]

Figure 4. Heat Deflection Temperatures of the obtained composites.

3.5. Thermal Analysis

Thermogravimetric analysis was performed to study the impact of the applied organosilicon
additives on the thermal stability of the obtained materials. The results are collected in Table 4.
In general, all the obtained compositions showed improved thermal stability, however degradation
mechanisms differ in air and ambient atmosphere (nitrogen), and the stabilising effect of silsesquioxanes
on the polymer matrix was more significant in air, therefore it will be studied in detail. The nonlinearity
of the stabilising action may be linked to two factors, as neither of them allows for full explanation of
the observed behaviour on its own. One cause for this effect is the dispersion/agglomeration described
above, as it impacts basically all the properties studied for these materials. The second effect is the
critical concentration at which the additive moderates a degradation mechanism and above which no
further change can be expected (the saturation effect), e.g., free radical reactions of the polymer chain
during polyolefin cracking, where only a small concentration of free radicals is present at the time.
It should be also noted that even at the polymer melting temperature, simple silsesquioxane additives
with small substituents (iBu, Vi, substituted propyl) should not be expected to dissolve or melt, and
rather only disperse/agglomerate, besides iBu;SSQ-30H during the initial compounding process.
The above general conclusions are similar to the previous findings on spherosilicate/PE composites [54].
It can be speculated that the siloxane framework of the silsesquioxane molecule plays a role in a
recombination or quenching of free radicals, as an average Si—-C bond is weaker than a C-C bond, which
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results in elimination of an organic group and formation of a silyl radical [67]. Similar conclusions were
given by Fina et al. upon studying thermal degradation of various octasilsesquioxanes [68]. For most
of the additives, the Tse, parameter decreased upon the increase of additive concentration from 0.5% to
1%, where additive agglomeration was observed, as it translates to decreased concentration of species
available towards reaction with free radicals on cracking PE chains. This effect was less severe for
Tonset and Tprg, probably due to additive further dispersing or reacting with the cracking polyolefin at
high temperature, as may be in case of iBu;SSQ-30H. At 1.5% loading, the additive showed basically
the same results to those at 0.5%, as the increased amount of the compound likely compensated for the
agglomeration effect. At 0.5% concentration, the SSQ-8CI/PE composition showed some of the highest
thermal parameters, representing good stabilising effect of the additive. The presence of chlorine atom
in the structure may play the role in the mechanism of composition stabilization, as it is known that
chlorinated compounds are susceptive towards recombination with silyl radicals, as well as other
radical species [69]. However, the most prominent thermal stabilising agent was iBu;SSQ-NH;, where
together with increasing loading, a rise of all thermal parameters was observed. This effect can be
explained by the presence of amino group, which serves as a free radical sweeper and a reducing agent,
as well as metal deactivator of polyolefin polymerization catalyst leftovers, which also play a role of a
catalyst of high temperature polyolefin degradation in oxidative atmosphere [10,70]. Nguyen et al.
described the reactivity of aminoalkylated silsesquioxane towards recombination with peroxyl radicals
formed on PE chains, however a more complex composition was described, where together with
iron(IlI) stearate, an amine-mediated catalytic oxidation system was formed [49]. Grala et al. reported a
significant increase of Tse, parameter for iBuy;SSQ-NH,/HDPE composition, however Tprg parameter
was unaffected [51]. Similarities between thermal behaviour of the remaining SSQ additives described
in this work are due to their similarities of chemical structure, which was also observed while studying
dispersion and crystallinity. Interestingly, Bouza et al. reported a decrease of Ts5¢, and Tonset UpOnN
the addition of 2% iBuySSQ-NH, and a small increase of Tonset upon 10% addition, when studying
composites thereof with isotactic polypropylene, however the measurements were only done in argon
atmosphere [71].

Table 4. Thermal parameters of SSQ/PE composites from TGA measurements.

Measurements in Air Atmosphere

Additive T CO Additive Type
Conc. [%] Neat PE $SQ-8Cl1  iBuySSQ-Cl iBuySSQ-NH,  iBu7SSQ-Vi  iBuySSQ-30H
Ts0, 348.3 355.4 355.6 362 - -
0.1 Tonset 3824 379.4 380.2 400.3 - -
Tprg 4183 4226 419.8 448.5 - -
Ts0, 348.3 373.3 362.3 365.5 366.6 364.7
05 Tonset 382.4 399.4 391.7 4347 398.5 396.9
Tprg 4183 455.8 440.8 445.4 4439 436.5
Ts0, 348.3 362.5 354.4 381.4 359.9 369.0
1.0 Tonset 382.4 392.1 394.3 448.4 389.7 404.6
Tprg 4183 439.1 433.7 458.1 4472 4385
Ts0, 348.3 - - - 364.7 372.8
15 Tonset 382.4 - - - 402.5 404.7
TprG 4183 - - - 444.4 4419
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Table 4. Cont.

Measurements in Nitrogen Atmosphere

Additive Additive Type
Conc. [%] reo Neat PE SSQ-8C1  iBuySSQ-Cl  iBuySSQ-NH;  iBuySSQ-Vi  iBu;SSQ-30H
Ts9, 441.8 447 4 446.5 4449 - -
0.1 Tonset 469.3 479.8 473.8 470.6 - -
TprG 477.9 4882 487.9 485.2 - -
Ts9, 441.8 4447 449.1 448.7 4452 4457
0.5 Tonset 469.3 472.8 462.9 4732 476.2 470.5
Tprg 477.9 487.2 489 487.8 489.8 486.6
Ts9, 441.8 443.7 4455 4453 4453 445.1
1.0 Tonset 469.3 476.2 4724 460 472.0 471.1
Tprg 477.9 487.7 489.6 486.3 490.1 487.2
Ts9, 4418 - - - 445.1 443.7
15 Tonset 469.3 - - - 476.0 4744
TprG 477.9 - - - 490.3 489.2

DSC analysis shows that all the additives affect melting and crystallisation temperatures of the
obtained compositions (see Table 5). When discussing crystallisation temperature (T.), the most
important role of the additives to consider is the nucleating effect, observable by increased T values.
In general, all the additives exhibited nucleating effect. For SSQ-8Cl, a trend for increasing nucleating
effect associated with increasing additive loading was visible. For iBu;SSQ-Cl, the nonlinearity was
most likely caused by the additive agglomeration at 0.5% loading, and additional nucleating effect of
highly abundant agglomerated particles observed by 1% loading. The strongest effect was recorded
for iBuy;SSQ-NH,, however a similar agglomeration effect was observed by 0.5% concentration.
iBuySSQ-Vi was moderately effective, with nucleating effect decreasing together with increasing
loading, and iBu;SSQ-30H showing an opposite trend. Barczewski et al. reported a significant increase
of crystallization temperature of LDPE characterized by low nominal T, (96.3 °C) and also observed
only a minor difference between 0.5% and 1% loading, showing the “saturation effect” of the increasing
additive concentration [41].

Table 5. Melting and crystallisation temperatures of obtained composites.

Concentration of Additive (%) Concentration of Additive (%)
Additive 0.1 0.5 1.0 1.5 0.1 0.5 1.0 1.5
Crystallisation Temperature (°C) Melting Temperature (°C)
Neat PE 98.8 112.4
SSQ-8Cl1 99.0 99.5 99.8 - 113.4 112.2 111.8 -
iBuySSQ-Cl1 99.3 99.1 99.7 - 112.3 112.5 111.8 -
iBuySSQ-NH, 99.9 99.4 100.0 - 112.0 111.8 111.5 -
iBuySSQ-Vi - 99.5 99.0 98.4 - 112.6 113.1 113.8
iBuySSQ-30H - 98.9 99.2 99.8 - 112.7 113.0 112.0

The changes of the melting temperature can be linked to moderation of mean crystallite size,
and larger crystallites being responsible for higher melting temperature [54]. By this principle, all the
compounds mediated the PE crystallites size, with a tendency for most additives to reduce the main
crystallite size at the highest additive loading. As the amount of additive increases, additional particles
of non-melting silsesquioxane compound provide more nucleation sites, and the high number of
simultaneously growing spherulites limit their size due to small volume available for growth of each
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spherulite. An opposite trend was observed for iBu;SSQ-Vi, most likely due to the additive showing
strong agglomeration tendency, therefore providing less nucleation sites together with increasing
loading. Also, SSQ-8CI at 0.1% loading and iBu;SSQ-30H at 0.5% and 1.0% loadings effectively
induced growth of crystallites larger than those of neat PE. This is likely due to low concentration of
nucleating species, initiating a non-disturbed spherulite growth. Grala et al. reported little impact
of iBuySSQ-NH,; on melting and crystallization temperatures of HDPE composites at 2.5% and 5%
loading, which showed the limited functionality of such additives at higher concentrations, where
increased segregation occurs [51].

Additionally, DSC was used to determine the crystallinity indices (CI) of the obtained materials.
In general, very small effect of the additives on crystallinity levels of polyethylene in obtained
composites was observed (Figure 5, Table S2 in the Supplementary Materials), however, in all cases,
the nucleating effect of the additives was confirmed, as the CI values are above those of neat PE.
Joshi et al. showed that addition of octamethylsilsesquioxane to HDPE at various loadings had little
impact on crystallinity level of the polymer, however it mediated its crystallite size [23]. Guo et al. also
suggested that when applying octa(isobutyl)silsesquioxane for UHMWPE, the additive segregated on
the spherulite interfaces, where most of the polymer amorphous phase is located [37]. The non-linear
relationship between the SSQ additive loading and the crystallinity levels of PE can be explained on
the basis of two levels of dispersion of the additives, where at higher loadings more agglomerates form
and the less numerous, large particles of the additive provide less nucleation sites for the crystallizing
polymer [54,55]. For most examples, the highest crystallinity can be observed at 0.5% loading, so it can
be speculated that it’s the concentration where most of the additive is well dispersed and provides
the highest amount of small, nucleation-promoting particles, whereas at 1.0% and 1.5% loadings,
multi-micron agglomerates predominate, limiting the number of available nucleation sites. The exact
relationship between the additive concentration and the nucleating effect of the additive would be
dependent on the type of functional groups present in the compound structure, and a matter of more
detailed study, which was not covered in this work.
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Figure 5. Crystallinity indices (CI) of the obtained composites.
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3.6. Rheological Analysis

Basic rheological analysis was performed by assessing the effect of silsesquioxane additives on
melt flow rate of the obtained compositions (Table 6). In all cases the additive caused reduction of
MER value, however there was an interesting general trend for this reduction to decline and the
MER values closing to that of the neat polymer together with increasing loading. It suggests that the
additives disrupt the flow of composition, either adding thixotropic character to the composition in their
particulate form (which is a normal behaviour for molten polymers containing particulate fillers), or by
increasing polymer chains interaction, when dispersed on a molecular level. However, with increasing
concentration, the additional modifier worked as a lubricating agent, likely by reducing adhesion
between the composition and barrel, similarly to silicone additives, which is a positive feature in a
perspective of application of such compositions for injection moulding and extrusion technologies. For
iBuyS5Q-Vi, an increase of MFR index was observed together with increasing loading, up to 2.03 value
at 1.5% concentration, which is comparable to that of the neat PE. Similarly, Barczewski et al. reported
that the addition of iBuySSQ-Vi to LDPE considerably reduced kinetic viscosity of the compositions at
low shear rates, with a trend for further viscosity reduction together with an increasing amount of the
additive used [41].

Table 6. MFR values for SSQ/PE composites.

Concentration of Additive (%)

Additive 0.1 0.5 1.0 1.5
MER (g/10 min)
Neat PE 2.02
55Q-8Cl 1.83 1.88 1.90 -
iBuySSQ-Cl 1.87 1.92 1.99 -
iBu;SSQ-NH, 1.87 1.91 1.98 -
iBuySSQ-Vi - 1.91 1.99 2.03
iBuySSQ-30H - 1.86 1.86 1.89

4. Conclusions

Most of the compounds investigated in this work showed tendency for agglomeration at higher
loadings, and the most effective concentration was usually such where the additive was highly
dispersed without high accompanying agglomeration. The compositions with 1.5% loading were
similar in characteristics to those of 0.5% or worse. It is due to limited compatibility between PE
and silsesquioxanes bearing small organic substituents. Therefore, for PE processing, it should be
considered not to exceed loadings of around 1% of such compounds, especially taking into account the
production cost of these compounds. Hepta(isobutyl)trisilanol silsesquioxane was highly reactive at
PE processing temperature, resulting in condensation into less polar, amorphous species showing good
compatibility with PE, better than that of the investigated close-caged silsesquioxanes, which translated
into good mechanical and thermal properties of the obtained compositions. Similar behaviour was
observed for SSQ-8CI/PE composites, the highly symmetrical and apolar, as well as amorphous
additive being well-miscible with the polymer matrix. Also, iBuySSQ-NH, exhibited very good thermal
stabilizing effect in oxidative atmosphere. The processing method type had a great impact on the
mechanical properties of the materials obtained, as due to high shear forces applied, the injection
moulded SSQ/PE samples were characterised by much better performance than the extruded foils.
The method provided better homogenisation of the polymer with the additives, as confirmed by
SEM-EDS. Nevertheless, the SSQ compounds had a limited impact on the mechanical properties of the
obtained composites, as contrary to different literature reports. However, it was mainly due to low
loadings of the additives applied, as the higher concentrations were not considered in this work. All the
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investigated compounds showed a limited nucleation effect on PE and moderated the mean crystallite
size of the polymer. Also, at higher loadings, SSQ-8Cl and iBuySSQ-30H served as plasticizing agents.

In the light of the presented results, as well as other reports, it should be pointed out that
the use of the term “nanofiller” to describe polyhedral oligomeric silsesquioxanes is inadequate.
Polyhedral oligomeric silsesquioxanes may be applied as functional additives (either thermal,
mechanical, anti-oxidative, or processing, e.g., rheological, crystallization-mediating), but due to
their multifunctionality, and also relatively high costs, they cannot be considered fillers, as opposed
to silica or other affordable mineral or organic materials being applied for this purpose to either
reduce production costs or considerably improve mechanical properties of the composite obtained.
Probably, this misinterpretation was formed due to the initial fascination over the unique cage structure
of polyhedral oligomeric silsesquioxanes, where another inaccurate name for these systems was
introduced, i.e., molecular silica. Moreover, for polyethylene systems, at higher loadings, they tend
to agglomerate up to a degree where most of the particles or agglomerates cannot be considered
nanoscopic anymore.
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1. List of isolated compounds

Table S1: List of isolated compounds:
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Code:
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2. Characterization data of the products:
1,3,5,7,9,11,13,15-octakis(3-chloropropyl)-pentacyclo[9.5.1.1%°.1>%° 1"**]octasiloxane (2)
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'H NMR (400 MHz, CDCl3): & (ppm) = 3.54 (t, J = 6.7Hz, 16H, Si-CH,CH,CH,-Cl), 1.88 (p,
J = 6.7Hz, 16H, Si-CH,CH,CH,-CI), 0.80 (t, J = 8.2Hz, 16H, Si-CH,CH,CH,-CI);

3C NMR (101 MHz, CDCl3): & (ppm) = 47.17 (Si-CH,CH,CH,-Cl), 26.39 (Si-CH,CH,CH,-
C|), 9.48 (Si-C_HzCHzCHz-C');

2Si NMR (79,5 MHz, CDCls): & (ppm) = -67.07.

FT-IR (ATR) = 2994, 2953-2874, 1456, 1436, 1408, 1349, 1311, 1272, 1240, 1190, 1081,
1000, 914, 867, 811, 778-649, 551, 534.
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Figure S1: *H NMR of SSQ-8CI
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Figure S2: °C NMR of SSQ-8CI
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Figure S3: 2Si NMR of SSQ-8Cl
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1-(3-chloropropyl)-3,5,7,9,11,13,15-
heptaisobutylpentacyclo[9.5.1.1*°.1>**.1"*%]octasiloxane (2)
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'H NMR (400 MHz, CDCls): & (ppm) = 3.52 (t, J = 8.1Hz, 2H, -CH,CH,CH,Cl), 1.92-1.79
(m, 9H, -CH2CH(CHs),, -CH,CH,CH,Cl), 0.96 (d, J = 6.6Hz, 42H, -CH,CH(CHs),), 0.74 (t, J
= 8.1Hz, 2H, -CH,CH,CH,Cl), 0.62-0.59 (m, 14H, -CH,CH(CHj3)y);
3C NMR (101 MHz, CDCl3): & (ppm) = 47.41 (-CH,CH,CH,Cl), 26.63 -CH,CH,CH,Cl),
25.85, 24.03, 22.65, 22.59 (iBu), 9.94 (-CH,CH,CH,CI);
2Si NMR (79,5 MHz, CDCl5): & (ppm) = -67.59, -67.87, -68.12.
FT-IR (ATR) = 2953, 2928, 2905, 2871, 1464, 1398, 1383, 1366, 1332, 1229, 1168, 1081,
955, 916, 838, 804, 745, 680, 556.
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1-(3-aminopropyl)-3,5,7,9,11,13,15-
heptaisobutylpentacyclo[9.5.1.1*°.1>**.1"*]octasiloxane (3)
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(m, TH, -CH2CH(CH3)2), 1.53 (p, J=7.1Hz, 2H, -CH2CﬂgCH2NH2), 0.95 (d, J= 6.6HZ,
42H, -CH,CH(CHa)2), 0.61-0.59 (m, 16H, -CH,CH(CHs),, -CH2CH,CH,NH,);
3C NMR (101 MHz, CDCl3): & (ppm) = 44.96 (-CH,CH,CH,;NHy), 27.34
(-CH2CH,CH;NH,), 25.85, 25.83, 24.04, 24.01, 22.66, 26.63 (iBu), 9.36 (-CH,CH,CH,NH));
2Si NMR (79,5 MHz, CDCl3): & (ppm) =.-67.25, -67.70, -67.89;
IR (ATR) = 2953, 2928, 2906, 2871, 1464, 1398, 1383, 1366, 1332, 1228, 1168, 1085, 955,

838, 804, 746, 683, 556.
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1-vinyl-3,5,7,9,11,13,15-heptaisobutylpentacyclo[9.5.1.1*°.1>** 1" *]octasiloxane (4)
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7H, -CH,CH(CH?3)y), 0.96 (d, J = 6.6Hz, 42H, -CH,CH(CHz),), 0.63-0.59 (m,
14H, -CH,CH(CHs)y);
3C NMR (101 MHz, CDCls): & (ppm) = 136.00, 130.06 (Vi), 25.87, 25.83, 24.01, 22.64,

22.54 (iBu);
28i NMR (79,5 MHz, CDCl3): & (ppm) = -67.40, -67.87, -81.54.
IR (ATR) = 2954, 2928, 2907, 2871, 1464, 1401, 1383, 1366, 1332, 1229, 1168, 1084, 964,

838, 802, 739, 706, 685, 557.

7

=

_

L

[

i)

=

(&)

oOWwMnmNWYWL N QL NDOOLDYI'HQI\ﬂ'MHCh
Noooo oo S e R e
MY YYwLuLWnwLwnLwnLwn A A A A OO 3OO
| el et e ] ——

\M 18

T T T T T T T T T T T T T T T

T T T T T T T T T T T T u T T T T T T T u T T T T
3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -

10,0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0

Figure S10: *H NMR of iBu;SSQ-Vi

179

L S S S R R

S9



.16 Chloroform-d

g8 Moy
Qo g 00 QWY Lwh
[N M- mrm el
— N NN~
Vol I P
WM s W " A ~ "
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
250 230 210 190 170 150 130 110 90 80 70 60 50 40 30 20 10 o -10 -30 -50
; .13 ; ;
Figure S11: °C NMR of iBu;SSQ-Vi
onN <
N n
NN —
R ®
N/
20 25 30 35 40 45 -5 55 60 65 70 5 60 65 90 95 -0 -105 -0 -5 -120
. . 29¢; ; ;
Figure S12: ©°Si NMR of iBu;SSQ-Vi
S10

180



1,3,5,7,9,11,13-heptaisobutyltricyclo[5.5.1.1*°.1"**|heptasiloxane-1,5,13-triol (3)
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3.

MALDI-TOF-MS analysis of iBu;SSQ-30H heat treatment products
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4. SEM and EDS images of the SSQ/PE composites

Figure S18: 0.1% SSQ-8CI/PE
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Figure S19: 0.5% SSQ-8CI/PE
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Figure S20: 1% SSQ-8CI/PE
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Figure S21: 0.1% iBu;-SSQ-CI/PE
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Figure S22: 0.5% iBu;-SSQ-CI/PE
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Figure S23: 1% iBu;-SSQ-CI/PE
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Figure S24: 0.1% iBu;-SSQ-NH,/PE
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Figure S25: 0.5% iBu;-SSQ-NH,/PE
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Figure S26: 1% iBu;-SSQ-NH,/PE
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Figure S27: 0.5% iBu;-SSQ-Vi/PE
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Figure S28: 1% iBu7-SSQ-Vi/PE
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Figure S29: 1.5% iBu;-SSQ-Vi/PE
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Figure S30: 0.5% iBu7-SSQ-30H/PE
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Figure S31: 0.5% iBu;-SSQ-30H/PE (higher magnification)
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Figure S32: 1% iBu7-SSQ-30H/PE
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Figure S33: 1% iBu7-SSQ-30H (higher magnification)
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Figure S34: 1.5% iBu;-SSQ-30H
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Figure S35: 1.5% iBu;-SSQ-30H (higher magnification)
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5. Data Tables

Table S2. Crystallinity indices (CI) of the obtained composites measured by DSC.

Concentration of additive [%]

Additive 0.1 0.5 1.0 1.5
Crystallinity Index (CI) [%]
Neat PE 441
55Q-8Cl 45.8 47.1 45.5 -
iBusSSQ-Cl 444 45.0 44.7 -
iBusSSQ-NH2  44.5 46.3 44.0 -
iBurSSQ-Vi - 46.2 43.9 46.3
iBusSSQ-30H - 47.1 46.6 46.5

Table S3. Heat Deflection Temperatures of the obtained composites.

Concentration of additive [%]

Additive 0.1 0.5 1.0 1.5
Heat Deflection Temperature [°C]
Neat PE 36.5
S5Q-8C1 36,9 36,4 35,7 -
BusSSQ-C1 36,2 35,3 35,4 -
iBusSSQ-NH. 35,2 354 35,6 -
iBusSSQ-Vi - 35,5 35,9 36.8
iBusSSQ-30H - 37,2 36,6 36.2
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Abstract: The first report of using limonene derivative of a spherosilicate as a modifier of
polylactide used for 3D printing and injection moulding is presented. The paper presents the
use of limonene-functionalized spherosilicate derivative as a functional additive. The study compared
the material characteristics of polylactide modified with SS-Limonene (0.25-5.0% w/w) processed
with traditional injection moulding and 3D printing (FFF, FDM). A significant improvement in the
processing properties concerning rheology, inter-layer adhesion, and mechanical properties was
achieved, which translated into the quality of the print and reduction of waste production. Moreover,
the paper describes the elementary stages of thermal transformations of the obtained hybrid systems.

Keywords: spherosilicate; limonene; hydrosilylation; polylactide; 3D printing; FDM; FFF;
injection moulding; rheology; thermal analysis

1. Introduction

Three-dimensional (3D) printing is one of the most dynamically developing modern technologies.
It was discovered and patented in the 1980s by Charles Hull (SLA technique) and was protected by
a patent for 20 years [1]. The development and growth of interest in additive technologies has been
going on continuously for about 15 years and is mainly caused by the expiration of patents, but also a
decrease in printer prices and their increased availability. At that time, technological solutions became
commercially available, initially only to the largest enterprises, now it is increasingly used by the sector
of small and medium-sized enterprises, but also by individual consumers. Additive technologies are
among those of much demand constituting the main pillar of Industry 4.0 [2]. Initially, 3D printing
technology did not arouse much interest, and in the Gartner report from 2012 it was included in the
area of the so-called ‘“Trough of Disillusionment’ [3]. However, the aforementioned development of
new techniques was so rapid that, in 2013, the position of the 3D printing sector changed dramatically
and in 2015 Gartner published a separate report dedicated to it [4]. Additive technologies can be
divided into: photochemical DLP [5], SLA [6,7], laser SLS [8], thermal FDM [9] or LOM [10].
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One of the most popular additive techniques is FDM (fused deposition modelling). The technology
originally developed by Stratasys involves extrusion from a die heated above the polymer melting
point and then applying it layer by layer in the direction of the Z axis [11]. The extruded material is
in the form of a filament with a diameter of usually 1.75 mm. The advantages of the FDM method
are its versatility and accessibility [12], as well as the ease of designing and making a model of any
shape and geometry [13]. The disadvantages include, first of all, insufficient mechanical strength
in the direction of the Z axis due to the appearance of air gaps between successively superimposed
layers [14]. This effect does not occur in the case of other traditional methods, such as injection
moulding, where solid objects are obtained.

Such air gaps can contribute to the appearance and initiation of cracks and material design defects.
Therefore, attempts are continuously made to reduce poor quality of printed materials and improve the
interfacial strength of printed models [15]. In addition, when compared to the traditional method such
as injection moulding, 3D printing generates a number of technological problems related to insufficient
process speed [16] or product quality (often requiring additional post-processing) [17].

Significant disadvantages hampering the future of 3D printing also include high waste generation,
higher than in traditional techniques such as extrusion or injection moulding. An attempt to eliminate
unfavourable features by improving the processing device, which is the printer, have encountered
significant limitations. In the FDM technique, several thermoplastics are usually used with the greatest
emphasis on such polymers/copolymers as: PLA, PA, ABS, TPU. The same types of plastics are mostly
used in 3D printing and mature processing techniques. FDM is micro-processing and has significant
differences when compared to classic thermoplastics processing techniques, such as lower extruder
pressure or smaller cross-sections of the canals in which the molten material flows. Therefore, plastics
dedicated for 3D printing should be designed to show the properties addressing these differences
(e.g., higher MFI/lower viscosity).

In the FDM technique, polylactide is the most commonly used polymer, mainly due to its ease
of its processing, low thermal shrinkage [18] and biodegradability. Degradation rate is low enough
to make it resistant to mild weather conditions [19] which is why, next to ABS, it is most often used
in medicine [20]. The melting point of PLA is around 150-170 °C and is lower than those of many
other popular polymers, it also requires much less energy due to low heat of fusion, so it can be widely
used in various processing techniques [21]. One of the disadvantages of PLA limiting its application is
low mechanical strength, especially the impact resistance [22]. In order to improve these parameters,
structural fillers and plasticizers have been used, e.g., glass and carbon fibres, ceramic or metallic fillers,
and glycols [23].

Chemical modifiers that improve the functional properties of composites, such as organic and
organosilicon compounds, can also be applied. Limonene (4-isopropenyl-1-methylcyclohexene)—is the
main component of oils obtained from waste citrus peels (biomass). It can be obtained by natural
and synthetic methods, e.g., using pyrolytic processes [24]. Simple distillation or steam distillation of
citrus peels makes it possible to recycle the waste citrus peels from food industry and, at the same time,
to obtain pure limonene with a small amount of toxic waste. Annually, these methods produce over
70,000 tons of this compound. In 3D printing technology, it is used as a solvent for support materials
made of high impact polystyrene [25]. From the point of view of synthetic applications, limonene
should be classified as a green olefin that is subjectable to hydrosilylation reaction [26]. The use of
limonene as a building block is one of the many necessary steps in creating a chain of products based
on raw materials of natural origin with a lower environmental impact. In its pure form, however,
it has a low boiling point for PLA processing (176 °C), which may cause its boiling during processing
and, as a result, introducing gases into the polymer, as well as emission of vapours to the environment.
Nevertheless, attempts have been made to use it in the processing of PLA, when it showed a plasticizing
effect on the polymer matrix, which is a great advantage due to the brittleness of the neat polymer [27].

Polyhedral oligomeric silsesquioxanes are well-known organosilicon compounds, mostly
recognized for their high symmetry, excellent solubility, or unparalleled simplicity of synthetic
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protocols [28]. Among those, a subgroup called spherosilicates may be distinguished, sometimes
identified as a different group of compounds, and in such case, both spherosilicates and silsesquioxanes
are collectively called cage siloxanes [29]. Due to their high thermal stability and good dispersion
properties, they are considered interesting functional additives for polymer processing. In our
previous works we have presented approaches towards processing of low-density polyethylene
(LDPE) with polyhedral oligomeric silsesquioxanes [30], as well as spherosilicates [31]. These studies
allowed determination of the critical level of practical loading in the LDPE matrix, which was much
lower than what can be found in numerous literature reports, and was parallelly confirmed by
Romo-Uribe et al. [32-34]. One derivative from among the tested ones was found to be particularly
interesting, it was SS-Limonene, a product of limonene hydrosilylation with Octahydrospherosilicate.
The results suggested its mildly plasticizing effect on the polymer matrix, besides its content improved
thermal and mechanical properties of the obtained materials. Therefore, in this study, we decided
to assess the applicability of this derivative as a functional and processing additive for PLA for
3D printing.

2. Results and Discussion

2.1. Characterization of SS-Limonene (1,3,5,7,9,11,13,15-octa(Dimethyl((2-(4-methylcyclohex-3-en-1-yl)propyl)
silyl)-Pentacyclo [9.5.1.13°.1°1°.1713 |Octasiloxane

SS-Limonene (Figure 1) was prepared according to the synthesis procedure described in Section 3.3
and the reaction completion was determined by FI-IR spectra analysis, the disappearance of
the characteristic signals assigned to stretching and bending vibrations of the Si-H group was
observed at 2141 and 889 cm™!, respectively). Upon completion of the reaction, the hydrosilylation
reached ~99% conversion. The structure and purity of the modifier was confirmed by NMR and
MALDI-TOF-MS analyses.

Me,Sio__ 0§l
?0 \ O
o) \s 08/.
\g >0/ 8~ qgim
Me,SiO Sl'\O/S' ez

Figure 1. Structure of SS-Limonene.

The purity and chemical structure of the synthesized compound was confirmed by NMR
spectroscopy, with the following signals assignment:

'H-NMR (400 MHz, CDCl3): 6 (ppm) = 5.36 (s, 8H, ring position 3), 2.00-1.87 (m, 24 H, ring
positions 1, 2, 5), 1.78-1.56 (m, 24 H, ring positions 2, 5, =CH- isopropenyl methylidene), 1.63 (s, 24 H,
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-CHj methyl attached to ring position 4), 1.34-1.18 (m, 16 H, ring position 6), 0.90 (d, 24 H, isopropenyl
methyl), 0.75-0.69 (m, 8H, isopropenyl -CH,Hy,-), 0.52-0.44 (m, 8H, isopropenyl -CH;Hy-), 0.15 (s,
48H, SiMe,); '*C-NMR (101 MHz, CDCl3): & (ppm) = 133.96, 121.28, 121.26, 41.48, 41.33, 33.08, 32.93,
31.19, 31.12, 28.80, 28.24, 26.71, 25.71, 23.64, 23.63, 22.87, 22.48, 19.52, 19.22, 0.83, 0.72, 0.66; *Si-NMR
(79.5 MHz, CDClg): & (ppm) = 12.78 (SiMe,), —109.10 (core). IR (ATR): 2980-2867, 1252, 1169-1069,
869-734, 549. MALDI-TOF-MS: [M + Na]*: 2127.9581 (calc.), 2127.9606 (anal.)

2.2. Density of SS-Limonene/PLA Blends and Mass/Quantity Waste Factor of the Printed Samples

Densities of all samples were measured by the hydrostatic method. Measurements were performed
for the samples of 1 cm in length. The average densities of all samples and the base sample of neat PLA
were at the same level of around 1.24 g/cm3. The waste factor of printed samples was also analysed
for the bars printed with 100% infill. Data are collected in Table 1. On the basis of the obtained data,
the mass and the volume waste factors were determined according to the formula:

mass (quantity)of corect samples X 100%

Wflm,q] = (1)

mass (quantity) of total samples

Table 1. Masses and the numbers of models examined in order to establish waste factor values.

Sample 5% 2.5% 1% 0.5% 0.25%
Total
Mass [g] 111.11 84.43 91.15 105.52 59.95
Number 38 30 30 34 24
Correct
Mass [g] 53.55 51.69 57.44 66.85 44.16
Number 14 12 14 16 11
Wi [m%] 48 61 63 63 74
Wt [q%] 37 40 47 47 46

The calculated waste factors clearly showed that with decreasing content of the SS-Limonene
modifier, the amount of 3D printing waste decreases. The issues with printing the samples with high
loading of SS-Limonene can be explained on the basis of the additive polymerizing and curing during
the polymer processing, which is further explained in Sections 2.4 and 2.5.

2.3. Rheology

The melt flow index (MFI) of pure PLA at 190 °C is 3.7075 g/10 min (Figure 2). For the PLA
composites with SS-Limonene the MFI value increased with increasing concentrations of the filler.
The composite samples containing 2.5% concentration of the additive are characterized by slightly
higher MFR value. On the basis of the data analysis, it can be concluded that SS-Limonene as an
additive to the polymer matrix will have a positive effect on its processing.

A capillary rheometer was used to determine the relation between shear rate and viscosity
(Figure 3). At low shear rates, the viscosities of all compositions are lower than those of neat PLA, as a
consequence of SS-Limonene acting as a plasticizer.
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2.4. Microscopy

Figures 4 and 5 present the outer and inner texture of 3D-printed (Figure 4) and injection-moulded
samples (Figure 5) under a digital light microscope and SEM with an additional EDS analysis (Figure 4e).
For the printed samples, different morphologies of the outer and inner regions of the fractured sample
(Figure 4b,c) can be seen due to the printing pattern, as the infill has a grid pattern for improved
mechanical strength, while the outer layers are made in a rectangular pattern and therefore can be
seen as perpendicular to the fracture plane. This is a result of the standard printing process conditions,
where the 3D printer outlines the outer shapes of the sample with straight lines first, and then infills
the object with a chosen pattern. However, the outline of the outer layers is, in fact, of the highest
interest, as it allows observation of the inter-layer interfaces between the individual extrudate strands
(and, on this basis, an assessment of the layer-to-layer bonding), as well as the size of the air gaps.
In Figure 4b, the inter-layer interfaces between extrudate strands of the neat PLA sample can be clearly
seen, which contributes to the low mechanical resistance of the printed PLA objects. On the other hand,
for 0.25% SS-Limonene/PLA sample (Figure 4c), this interface is hardly visible, which explains the
improved inter-layer adhesion and mechanical rigidity of the samples, which made them mechanically
more similar to the injection-moulded ones. However, the formation of air gaps was rather unaffected.
Also, on closer inspection, all the samples containing SS-Limonene additive (either 3D printed or
injection moulded) contained particles visible both under the light microscope (Figure 4d) and SEM
(Figure 4f,g and Figure 5d,e). EDS analysis of silicon allowed identification of the particles to be
agglomerates of the polymerized additive (Figure 4e). With increasing loading, more agglomerates
of such particles were visible, which contributed to the issues with printing the samples containing
high amounts of SS-Limonene. Polymerization of the additive is further discussed in Section 2.5.
Additionally, for injection-moulded samples, together with the mentioned particles, small air gaps
were observed (Figure 5d,e), which are not present in the sample made from neat PLA (Figure 5b,c).
It may be due to difficulties with degassing of the polymer melt, or the generation of gas products
either of evaporation or decomposition of SS-Limonene, as the thermogravimetric analysis thereof
under the PLA processing temperatures revealed a small mass loss.
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Figure 4. Optical microscopic images (a—d) and SEM images (e—g) of printed samples: outer surface
(a), fractured sample from neat PLA (b), fractured sample from 0.25% SS-Limonene/PLA (c), a crystal
of polymerized SS-Limonene (d), silicon EDS image of 0.25% SS-Limonene/PLA fractured sample (e),
fractured sample from 0.25% SS-Limonene/PLA (f), fractured sample from 2.5% SS-Limonene/PLA (g).
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H D57 x50 2mm 1009

1015 D6.1 x50 2mm 1017 D6.4 x500 200 um

Figure 5. Optical microscopic image (a) and SEM images (b—e) of injection moulded samples: outer
surface (a), fractured sample from neat PLA (b,c), fractured sample from 2.5% SS-Limonene/PLA (d,e).

2.5. Thermal Analysis Results

Thermal effects for SS-Limonene/PLA compositions were measured by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA).

DSC analysis was performed to determine the effect of SS-Limonene addition on the glass
transition (Tg), crystallization (T¢) and melting (T) temperatures of the composites. The graphs are
shown in Figure 6. In each case, a large peak of glass transition is noticeable at the first heating cycle,
which is related to the low crystallinity of the extruded samples (high proportion of the amorphous
phase), due to the rapid cooling of the polymer (in air and in a cooling bath during extrusion).
The glass transition temperature (Tg) after the second heating cycle of the test samples containing
the organosilicon additive is shifted towards lower values relative to that observed for the neat PLA.
This is due to the plasticization of the polymer matrix. Similar conclusions can be drawn in the context
of T¢c, as the presence of the plasticizing phase increases the freedom of the chains in the amorphous
phase, accelerating the initiation of crystallization. The change in T, and T values also shows that
SS-Limonene is at least partially mixed with PLA and the interaction of these two components occurs,
despite the presence of the polymerized additive phase visible in the microscopic photos (SEM-EDS,
light microscopy). On the basis of Tg, the strongest plasticizing effect was observed for the system
containing 0.25% of the above-mentioned modifier, but the lowest melting point was observed for the
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system containing 5% of SS-Limonene. The DSC analysis of the modifier allowed observation of the
polymerization of the compound on heating of the sample, which was also confirmed by microscopic
analysis as an effect of agglomeration of the polymerized additive in the PLA matrix. A similar effect
has been observed in our earlier work, however, most likely due to lower processing temperatures of
LDPE, the agglomeration was far less severe [31].
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Figure 6. DSC curves recorded for samples of SS-Limonene/PLA composite.

All results of the TGA, DTG and ¢-DTA measurements are presented in Figure 7. The parameters
determined, including the temperature of 1% mass loss, onset, and temperature at the maximum
rate of mass loss are collected in Table 2. The process of thermal decomposition of samples was
carried out in both nitrogen and air atmosphere. It should be remembered that thermal changes in
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thermoplastic systems at temperatures above the melting point of the matrix should not be defined
as the ‘thermal resistance’ or ‘thermal strength’ of the composite, but refer to the influence of the
applied additives on the thermal stability of the polymer system in molten state and the interaction
between the system components in the melt. Based on the observation of the complete thermal
analysis, i.e., the derivatographic curve, DTG and c-DTA results obtained both in air and nitrogen
atmosphere, three stages of thermal transformation can be distinguished. The first step, observed
in both air and nitrogen atmosphere, at 140-160 °C is related to the polymerization of SS-Limonene.
The second stage, taking place in a nitrogen atmosphere at a temperature above 365.7 °C, is related
to the cracking of PLA chains with the simultaneous endothermic distillation of mers, including
SS-Limonene degradation products and lactides. According to the c-DTA curve determined in the
air atmosphere, the endothermic distillation process overlaps with the exothermic oxidation process
of the cracking products. In the last, third stage, in the air atmosphere, one more signal is observed
at a temperature of 550-700 °C, which characterizes the process of burning coke, originating mainly
from the organosilicon derivative. Stage 1 refers to the functional properties of the composite material,
while stages 2 and 3 describe the irreversible processes of thermal decomposition of a mixture of
molten PLA and an organosilicon derivative.

N,
100+ 1004 2
£ 80 =, 804
o o)
o =3
2 50 £ 60
@ =
E b Q mmme—
o 40 @ 40|
@ [}
2 =
= 204 20 -
o 04
T T T T T T T T T T T T T T
100 200 300 400 500 GO0 700 8OO 100 200 300 400 500 600 700 80O
Temperature [°C] Temperature [°C]
Air N,
______ 0 _ —
e
£.204
=
o
'_
0 -40
,60 -
T T T T —— T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature [°C] Temperature [°C]
— PLA
= 0_26% N2
0.5%
— 1%
2.5%
—— 8%
~ - - - 85-Limonene
%
'_
=)
&

T T T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature ['C] Temperature [°C]

(a) (b)

Figure 7. TGA, c-DTA and DTG curves of SS-Limonene/PLA composite in (a) air and
(b) nitrogen atmosphere.
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Table 2. Results of thermogravimetric analysis.

Temperature at the

1% Mass Loss [°C] Onset Temperature [°C] Maximum Rate of Mass Dry Mass Left [%]
Loss [°C]
Conditions N, Air N Air N, Air N Air
SS-limonene 166.7 221.0 410.6 397.8 458.6 442.3 44.26 46.99
Neat PLA 304.8 307.9 351.1 348.3 370.1 367.0 0.00 0
0,
PLA.+ 0.25% 318.4 287.3 346.3 353.4 367.0 366.5 1.0 0
SS-Limonene
(v
PLA. +0.5% 316.3 308.2 348.3 346.1 368.9 366.8 0 0
SS-Limonene
PLA + 1% SS-Limonene 291.4 307.8 3414 345.2 368.3 366.3 0.04 0
PLA +2.5% 2949 287.9 3424 3485 368.4 365.5 103 0
SS-Limonene
PLA + 5% SS-Limonene 301.4 302.5 343.6 345.9 369.0 366.5 1.54 1.12

2.6. Contact Angle Measurements

The contact angle measurements were performed for SS-Limonene/PLA composites obtained by
two different methods—FDM and injection moulding. For the measurements of 3D-printed samples,
the samples were placed with the layer-by-layer deposition plane oriented parallelly to the plane of
the goniometer stage. The contact angle of the neat PLA was 81.4° for the printed samples and 83.6°
for the samples obtained in the injection process, in both cases the surface before modification showed
hydrophilic properties. Modification of PLA with SS-Limonene increased the hydrophobicity of all
the tested samples (see Table 3). For the printed samples, regardless of the modifier concentration,
a hydrophobic surface effect was obtained (the value of the contact angle increased to above 90°).
For the samples obtained by injection moulding, the increase in the value of the contact angle was
insignificant and it remained at a similar level (max. by 4.3°). The difference in the degree of
hydrophobicity of printed and injected samples is due to their surface structure and microstructure.
3D printing allows obtaining microstructures and surface roughness, which results in higher values of
the contact angle. This thesis was confirmed by microscopic observations (see Section 2.4). On the other
hand, injection moulding produces more smooth surfaces (if no modification of the mould surface is
applied), which reduces the microstructure effect on the surface and therefore almost no effect of the
organosilicon additive can be observed.

Table 3. Water contact angle [°].

Injection Moulding [°] 3D Printing [°]
Neat PLA 83.6 814
PLA + 0.25% SS-Limonene 87.9 92.4
PLA + 0.5% SS-Limonene 87.8 95.4
PLA + 1% SS-Limonene 84.7 92.3
PLA + 2.5% SS-Limonene 85.7 95.1
PLA + 5% SS-Limonene 85.6 97.5

2.7. Mechanical Properties

2.7.1. Tensile Strength and Flexural Strength

Mechanical tests were carried out for the modified samples obtained by both 3D printing and
traditional injection moulding. For the 3D-printed samples, the tensile load was applied parallelly to
the plane of layer-by-layer deposition. The basic tensile strength values for neat PLA are 36.5 MPa
for the samples obtained by the FDM method and 72.6 MPa for the samples obtained by the injection
moulding (Figure 8). This difference is due to the technique of producing the dumbbells for tests.
Lower values of mechanical parameters of printed samples are mainly related to low inter-layer
adhesion between the extrudate strands and the presence of air gaps between the applied layers. In the
caseof injection moulding, the materials are more solid with little to no structural defects. The addition
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of the SS-Limonene modifier increased the tensile strength of the printed samples, which brought them
closer to the injection moulded ones. The highest value was observed for PLA with the content of
0.25% of the modifier, this value decreased with increasing concentration. This is mainly due to the
improved flow of the polymer as shown in the capillary rheometry analysis of the samples (Section 3.1),
as well as improved inter-layer adhesion (Section 2.4), which resulted in increased material consistency
and improved fusing of the print paths (extrudate strands). For all the tested samples, high values of
standard deviation were obtained, which is a characteristic feature of FDM printed objects due to the
mentioned structural inconsistencies.
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SS-limonene SS-limonene SS-limonene SS-limonene SS-limonene
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Figure 8. Tensile strength of SS-Limonene/PLA in 3D printing and injection moulding.

For the samples obtained by injection moulding, the tensile stress values are the highest for
pure PLA and decrease with increasing loading of the modifier. This result can be explained by two
reasons: one is the plasticizing effect of SS-Limonene, and the other is the presence of discontinuities
in the polymer phase introduced together with the additive, that is the polymerized SS-Limonene
agglomerates and additional air micropockets, as confirmed by the microscopy.

The elongation at maximum load for neat PLA samples obtained by 3D printing and injection
moulding is characterized by similar values (2.43% and 2.29%, Figure 9). The addition of SS-Limonene
to the samples obtained by the FDM method significantly improves the plasticity of the material. Higher
elongation values in the case of modified samples indicate increased “mobility” of the polymer phase
as a result of plasticization by SS-Limonene [35]. The plasticizer isolates the chains and spherulites of
macromolecules, reducing the interaction between them. The highest value was obtained for PLA +
0.25% SS-Limonene, which was 4.21%. At higher loadings, the effect of the additive polymerization
takes over and decreases the plasticizing effect. In the case of injection-moulded samples, the addition
of the modifier gave negligible effects.
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Figure 9. Elongation at maximum load of SS-Limonene/PLA in 3D printing and injection moulding.

2.7.2. Bending Tests

The basic flexural parameters of the samples were determined. For the 3D-printed samples,
the bending load was applied perpendicularly to the plane of layer-by-layer deposition. The basic
values of flexural strength for pure PLA are 77.98 MPa for the samples obtained by the FDM method
and 99.98 MPa for the injection-moulded samples (Figure 10). The flexural strength is also significantly
lower for the neat PLA obtained by 3D printing—this is due to the presence of air gaps and limited
inter-layer adhesion, the structural discontinuities acting as stress concentration points.

In the case of the 3D printing technique, the addition of the SS-Limonene modifier significantly
increased the value of the flexural strength. The samples obtained by printing with the modifier
showed similar mechanical properties to those mould-injected. The highest values were obtained for
the systems containing 0.25% and 0.5% of SS-Limonene (respectively 97.61 MPa; 98.46 MPa). Higher
concentrations of the modifier caused a slight decrease in the strength values in relation to the 0.25%
and 0.5% systems, but they were still higher than for the neat PLA samples.

The samples obtained by injection moulding technique were characterized by high values of flexural
strength ranging from 88.46 MPa to 100.30 MPa (5% SS-Limonene/PLA and 1% SS-Limonene/PLA,
respectively).

The values of flexural modulus for both types of samples were basically unchanged regardless of
the additive loading (Figure 11).
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Figure 10. Flexural strength of SS-Limonene/PLA in 3D printing and injection moulding.
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Figure 11. Flexural modulus of SS-Limonene/PLA in 3D printing and injection moulding.
2.7.3. Impact Strength and Hardness

Impact strength of the obtained composite samples was determined. For the 3D-printed samples,
the impact direction was perpendicular to the plane of layer-by-layer deposition. Impact resistance
tests confirmed the beneficial effect of SS-Limonene (especially at lower loadings) on the tested samples,
regardless of the processing technique used (Figure 12). The modifier, as in the case of the previously
discussed mechanical tests, acts as a plasticizer, the brittleness of the polymer is reduced therefore,
the obtained composite is able to absorb more energy during an impact. High standard deviations are
characteristic of the measurement method. The downward tendency along with the increase in the
modifier content indicates a limited dispersion of the modifier in the polymer matrix and compatibility
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of the system components. Hardness, in Shore D scale, was determined to be virtually unaffected by
the additive and on the level of 82-84 for all the samples regardless of the SS-Limonene loading or the
processing method.
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Figure 12. Impact strength of SS-Limonene/PLA in 3D printing and injection moulding.

3. Materials and Methods

3.1. Materials

Polylactide (PLA) type Ingeo 2003D was purchased from NatureWorks (Minnetonka, MN, USA).
The chemicals were purchased from the following sources: Tetraethoxysilane (TEOS) from Unisil
(Poland), chlorodimethylsilane, tetramethylammonium hydroxide (TMAH) 25% methanol solution
from ABCR, (R)-(+)-limonene, toluene, chloroform-d, Karstedt’s catalyst xylene solution from Aldrich,
P,0O5 from Avantor Performance Materials Poland S.A. Toluene was degassed and dried by distilling it
from P»O5 under argon atmosphere.

3.2. Analyses

1H, 13C, and #°Si Nuclear Magnetic Resonance (NMR) spectra were recorded at 25 °C on a Bruker
Ascend 400 and Ultra Shield 300 spectrometers using CDCl3 as a solvent. Chemical shifts are reported
in ppm with reference to the residual solvent (CHCl3) peaks for 'H and 3¢,

MALDI-TOF mass spectra were recorded on a UltrafleXtreme mass spectrometer (Bruker Daltonics),
equipped with a SmartBeam II laser (355 nm) in the 5004000 m/z range. 2,5-Dihydroxybenzoic acid
(DHB, Bruker Daltonics, Bremen, Germany) served as matrix. Mass spectra were measured in reflection
mode. The data were analysed using the software provided with the Ultraflex instrument—FlexAnalysis
(version 3.4).

Fourier Transform-Infrared (FI-IR) spectra were recorded on a Nicolet iS 50 Fourier transform
spectrophotometer (Thermo Fisher Scientific) equipped with a diamond ATR unit with a resolution of
0.09 cm™1.
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Contact angle analyses were performed by the sessile drop technique at room temperature and
atmospheric pressure, with a Kriiss DSA100 goniometer (Hamburg, Germany). Three independent
measurements were performed for each sample, each with a 5 uL water drop, and the obtained results
were averaged to reduce the impact of surface nonuniformity.

Thermogravimetry (TG) was performed using a NETZSCH 209 F1 Libra gravimetric analyser
(Selb, Germany). Samples of 5 + 0.2 mg were cut from each granulate and placed in Al,O3 crucibles.
Measurements were conducted under nitrogen (flow of 20 mL/min) in the range of 30-800 °C and a
20 °C/min heating rate. Differential scanning calorimetry (DSC) was performed using a NETZSCH
204 F1 Phoenix calorimeter Samples of 6 + 0.2 mg were cut from each granulate and placed in an
aluminium crucible with a punctured lid. The measurements were performed under nitrogen in the
temperature range of —20-290 °C and at a 20 °C/min heating rate, and Ty was measured from the
second heating cycle.

The effect of the modifier addition on the mass flow rate (MFR) was also determined.
The measurements were made using a Instron plastometer (Norwood, MA, USA), model Ceast
MF20 according to the applicable standard ISO 1133. The measurement temperature was 190 + 0.5 °C,
while the piston loading was 2.16 kg.

For flexural and tensile strength tests, the obtained materials were printed into type 1B dumbbell
specimens in accordance with EN ISO 527:2012 and EN ISO 178:2006. Tests of the obtained specimens
were performed on a universal testing machine INSTRON 5969 with a maximum load force of 50 kN.
The traverse speed for tensile strength measurements was set at 2 mm/min, and for flexural strength
was also set at 2 mm/min. Charpy impact test (with no notch) was performed on a Instron Ceast 9050
impact-machine according to ISO 179—1. For all the series, 6 measurements were performed.

Hardness of the composite samples was tested by the Shore method using a durometer Bareiss
Priifgeratebau GmbH.

A scanning electron microscope (SEM 3000, Hitachi, Japan) was used to analyse the microstructure
and quality of the produced composite samples after 3D printing and injection moulding. Additionally,
the effect of SS-Limonene addition on the microstructure of composite materials was investigated.
Before the measurement, samples’ cross-sections were coated with a thin layer of Au-Pd. The applied
voltage for SEM observations was 15 kV.

Surface structure and breakthroughs were analysed under Digital Light Microscope Keyence VHX
7000 with 100x to 1000x VH-Z100T lens (Osaka, Japan). All of the pictures were recorded with a VHX
7020 camera.

3.3. The Procedure for Synthesis of Octaspherosilicate Limonene Derivative (SS-Limonene)

Octahydrospherosilicate was prepared according to a literature procedure [36]. The hydrosilylation
reaction was performed accordingly to a previous report [31].

In a typical procedure, a 500 mL three-neck, round-bottom flask was charged with 25 g of
Octahydrospherosilicate, 250 mL of toluene and 26.77 g of limonene, and a magnetic stirring bar was
added. A thermometer and condenser equipped with an argon inlet and oil bubbler were attached,
the flask placed in a heating mantle and the system was purged with argon. The reaction mixture
was set on 110 °C and before reaching boiling, 25 pL of Karstedt’s catalyst solution was added,
which resulted in quick increase of temperature and the system starting to reflux. The reaction mixture
was kept at reflux and samples were taken for FT-IR control until full Si-H group consumption was
observed. Then, the solvent was evaporated under vacuum to dryness to obtain an analytically
pure sample.
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3.4. Fabrication of Filaments

3.4.1. Preparation of Granulates

The polymer and the filler were homogenized using a laboratory two-roll mill ZAMAK
MERCATOR WG 150/280. A portion of 500 g PLA Ingeo™ 2003 D was mixed with SS-Limonene, until
the final concentration of the additive of 5.0% w/w. The mixing was performed at the rolls temperature
of 200 °C for 15 min., getting to full homogeneity of the concentrates. Masterbatch was granulated by a
grinding mill WANNER C17.26 sv. The granulates were diluted with pure PLA up to the final filler
concentrations of 0.25, 0.5, 1.0, 2.5 and 5.0% w/w upon extrusion moulding of a stream with consequent
cold granulation on the twin-screw extrusion setup line HAAKE Rheomex OS, and then dried for 24 h
at 40 °C.

3.4.2. Extrusion of Filaments

The granulates obtained as above were used for moulding of filaments of 1.75 mm in diameter by
a single-screw extrusion setup HAAKE Rheomex OS.

3.4.3. 3D Printing (FDM)

Using a 3D printer FlashForge Finder two types of samples were printed by FDM: oars and bars,
according to PN-EN-ISO 527-2. Parameters of printing are given in Table 4.

Table 4. Process parameters for sample printing.

Layer height 0.18 mm
Top layer height 0.27 mm
Shells 2
Top and bottom layers number 3
Bottom layers number 3
Infill density 100%
Infill pattern Grid
Printing speed 60 mm/s
Idle speed 80 mm/s
Extruder temp. 220 °C

3.5. Injection Moulding

To compare the mechanical properties of composite materials made by 3D printing, the samples
were produced by the injection moulding method. Specimens for static tensile, three-point bending,
and impact tests were in accordance with the dimensions of the following standards: PN-EN ISO 527,
PN-EN ISO 178, and PN-EN ISO 179, respectively. HAAKE Minijet Pro Piston Injection Moulding
System (ThermoScientific, Bremen, Germany) equipped with a set of moulds was used to produce test
samples. Parameters of the injection process are presented in Table 5

Table 5. Injection process parameters.

Cylinder temperature 225°C
Mould temperature 45°C
Injection pressure 750 bar
Injection time 10s
Post-injection pressure 700 bar
Post-injection time 10s

4. Conclusions

The obtained results confirm the effect of the addition of SS-Limonene on the improvement of
rheological and mechanical properties of printed composites based on the PLA matrix. It is especially
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important for the FDM-based method for objects manufacturing, as usually objects prepared by such
show much lower parameters than their injection-moulded counterparts, which can be explained by
poor inter-layer adhesion and the presence of air gaps. On the basis of the obtained data, it can be
concluded that the addition of a functionalized spherosilicate significantly improves such parameters
as tensile strength, bending strength and impact strength of the samples obtained by 3D printing.
SS-Limonene acted as a plasticizing additive for PLA. Additionally, the presence of SS-Limonene
was found to increase hydrophobicity of the obtained composites. The addition of this modifier
also facilitates the printing process itself, contributes to the improvement of rheological properties
(reduces viscosity, increases MFR) and reduces production waste. It should be noted that in the
conditions of processing the additive was found to undergo polymerization, leading to its secondary
agglomeration observed under the microscope on increasing loading. It seems that the nature of the
observed phenomena is complex, and the additive most likely exists in the system in two forms, namely
a well-dispersed one and the agglomerated one, as suggested by previous research and the analysis of
thermal data. The behaviour of the obtained composites is based on two types of interactions—between
PLA and well-dispersed phase, as well as between PLA and the polymerized, agglomerated phase.
Nevertheless, this complex interaction scheme should not be considered undesirable as it leads to a
final improvement of the printing material system.
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Abstract: In this work, a series of silsesquioxanes (SSQ) and spherosilicates (SS), comprising a
group of cage siloxane (CS) compounds, was tested as functional additives for preparation of
isotactic polypropylene (iPP)-based nanocomposites and discussed in the aspect of their rationale of
applicability as such additives. For this purpose, the compounds were prepared by condensation
and olefin hydrosilylation reactions. The effect of these cage siloxane products on properties of
obtained CS/iPP nanocomposites was analyzed by means of mechanical, microscopic (scanning
electron microscopy-energy dispersive spectroscopy), thermal (differential scanning calorimetry,
thermogravimetry), thermomechanical (Vicat softening point) analyses. The results were compared
with the previous findings on CS/polyolefin composites. The role of CS compounds was discussed
in terms of plastic processing additives.

Keywords: nanomodifiers; additives; composites; polypropylene (PP); processing; thermal proper-
ties; low concentration; POSS; silsesquioxanes; spherosilicates

1. Introduction

In the study of polymer systems with practical application, the cognitive value of the
conducted research should be seen on par with the rationality of their use in the light of
the final effect. Compounds of the CS type, commonly known under their trade name
POSS® (Polyhedral Oligomeric Silsesquioxanes, trademark registered by Hybrid Plastics
Inc.), due to the specificity of their structure and methods of obtaining, are not the cheapest
modifiers. Their market price ranges from 200 to 3000 USD per 1 kg [1]. Their price is also
strongly correlated with the price of simple organosilicon compounds—organofunctional
silanes commonly used as adhesion promoters in polymer composite systems [2]. Bearing
in mind the above, we would like to discuss the areas in which these compounds can
really be modifiers compared to known and existing solutions. Simple and cheap materials
such as polyolefins (polyethylene, polypropylene) are very well-studied systems for which
changes in mechanical or thermal parameters, and then in processing properties, may be
caused by many fillers or modifiers [3,4].

So why try to use POSS compounds as a modifier of the properties of such materials?
The study attempts to find convincing thermal and mechanical effects of polypropylene
modified with a number of structurally diverse POSS compounds in the low concentration
range (0.1-1% w/w). A very important problem in the use of POSS compounds is their solu-
bility / dispersal under processing conditions (polymer melt); many of the POSS compounds
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do not show a sharp melting point, and their basic phase transformation is sublimation at
temperatures above 250 °C [5,6]. Such POSS compounds under processing conditions will
have considerable difficulty in dispersing in the polymer matrix due to their crystalline
form and low solubility /non-fusibility. Therefore, their use will be limited by the concen-
tration limit, above which the role of the nanomodifier will be reduced due to formation
of polycrystalline agglomerates, similarly to inorganic nanofillers. An important critical
statement was made by Herbert et al. that many studies including silsesquioxane-based
composites were concerned around high concentrations of the organosilicon additives used
(even exceeding 10% w/w), while these compounds should be tested at loadings within the
limits of their effective dispersion and compatibility with the polymer [7]. From a different
point of view, more and more often, the term "nanofillers’ is used in the literature in regard
to POSS compounds. According to the definition, fillers are added to plastics to reduce
their cost per unit volume and/or to improve such mechanical properties as hardness
or Young’s/flexural modulus of a given material. Further speaking, a filler may be ‘a
relatively non-adhesive substance added to an adhesive to improve its working properties,
permanence, strength, and other qualities; any compounding ingredient, usually in dry,
powder form, added to rubber in substantial amount to improve quality of lower cost” [8].
According to this definition, fillers include china clay, wood flour, silica, silicates, carbon
black, fibrous materials, or aluminum powder that markedly enhance the performance
of a polymer, and their cost is reasonably low, either lower than that of the neat polymer
or close to it. It should be noted that there is a clear difference between additives that
cause changes in the material (fillers) and additives that affect the processing properties
of the material (modifiers). On the basis of the conducted research, we suggest that in the
case of polyolefin systems and other polymer systems in which no unequivocal effects
such as permanence, strength, or cost reduction occurred, the term nanofiller in relation to
compounds of the POSS type should not be used.

In recent years, there has been a growing interest in the use of polyhedral oligomeric
silsesquioxanes (SSQ) or mono- or octa-functional spherosilicates (SS) as modifiers of prop-
erties of various classes of materials, especially of organic polymer origin. Silsesquioxanes
and their derivatives, which are hybrid compounds of inorganic-organic structure (inor-
ganic core and organic functional groups connected with silicon atoms at the corners of the
core) [9] have been introduced into the polymer matrix by several means. The reported
methods include reactive processes (copolymerization reaction, chemical grafting, reactive
extrusion, irradiation) or traditional processing methods common for thermoplastics, such
as injection molding, extrusion, and calendaring [10-12]. Such modification enables the
improvement of the physicochemical, rheological, and/or mechanical properties of the
resulting (nano)composite, allowing for targeting of a given product to a specific area of (po-
tential) application. The most important feature of silsesquioxanes and spherosilicates is the
wide possibility of their functionalization by introducing functional side groups responsible
for giving the materials specific properties and allowing the modifier to chemically interact
with the polymer matrix, as well as tailoring the physicochemical character of a cage silox-
ane itself. The use of silsesquioxane or spherosilicate derivatives as modifiers of composite
materials can significantly change the properties of the material, e.g., increased corrosion
resistance [13], improvement of mechanical properties [14], crystallization behavior [15],
surface properties (hydrophilic-hydrophobic character) [16,17], thermal stability [18], flame
resistance [19-21], or processability, mainly melt rheology [22]. They may also be used
as antioxidants [23] or nanoparticle dispersants for plastics [24,25]. Cage siloxanes have
been studied as functional and processing additives for polyolefins, e.g., polyethylene or
polypropylene [26], as well as other thermoplastics, including PES [27], PPS [28], PEO [29],
or different grades of polyamide (PA) [30]. The effect of these additives on the properties
of the base polymer is highly dependent on the level of dispersion of the additive within
the polymer matrix and the CS—-matrix interactions (either macroscopic or molecular level
ones). For this reason, it should be distinguished if the introduction of a given additive to
the base polymer results in formation of a composite or a nanocomposite. In our earlier
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works, we presented the influence of silsesquioxane- and spherosilicate-based additives on
the properties of polyethylene- [31,32] and PLA-based [33] composites. For polypropylene,
silsesquioxane-doped composites thereof were studied towards their crystallization behav-
ior, mechanical properties, processing rheology, and thermal stability [34]. Fu presented the
crystallization behavior of silsesquioxane-doped PP under different conditions, including
shear-induced process [35]. Fina et al. described the influence of octamethyl-, octaisobutyl-
and octaisooctyl-5SQs on the thermal and morphological characteristics of the prepared
composites [36]. Kamyab et al. applied glycidoxypropylhepta(isobutyl)silsesquioxane as
a compatibilizer for PCL/PP blends characterized by shape memory properties [37]. Za-
harescu et al. reported improved gamma radiation resistance of PP modified with a series
of functionalized hepta(isobutyl)silsesquioxanes [38]. Zhang et al. presented a synergistic
effect of octamethylsilsesquioxane as a support for NA-40 nucleating agent [39]. Polypropy-
lene, due to its satisfactory mechanical strength, moderate hardness and acceptable impact
resistance, hydrophobic properties, as well as very good chemical resistance against sev-
eral agents (including salt solutions, strong non-oxidizing acids, bases, alcohols, fats, oils,
esters, ketones) and low production costs, is one of the thermoplastics of high industrial
importance [40]. A particularly important feature from the point of view of designing
new or improved materials is the ease of processability, either in the injection molding
process, or different variants of extrusion process, including extrusion blow molding or
blown film/fiber production. Currently, PP, due to its properties, is used as an alternative
to materials based on metal, glass, or natural materials such as wood, which allows it to be
used in many industries, including transport, construction, electronics, medicine, and the
packaging market [41-46]. Despite good physicochemical properties, when compared to
numerous other plastics, it has lower Young’s modulus, hardness, or softening temperature,
which introduces significant limitations in the applications for this material [47]. Therefore,
the process of PP modification arouses more and more interest in both the scientific and
industrial areas [48].

In this work, the effect of cage siloxanes with different functional groups (including
vinyl, alkyl, chloroalkyl, oxirane) as functional additives to iPP is described, including
the compatibility of modifiers with the polymer matrix. In order to obtain homogeneous
batches, the modifiers were incorporated into the polymer matrix by a melt blending pro-
cess. The obtained (nano)composites were tested in terms of thermal stability; mechanical
properties, rheological properties, and phase transformations (melting and crystallization
points) were also determined.

2. Materials and Methods
2.1. Materials

Isotactic polypropylene (iPP), Moplen HP456] grade, was purchased from Basel-
1Orlen Polyolefins (Poland). The chemicals were purchased from the following sources:
Tetraethoxysilane (TEOS), chlorodimethylsilane, chlorodimethylvinylsilane, isobutyltrimet
hoxysilane, tetramethylammonium hydroxide (TMAH) 25% methanol solution from ABCR,
(R)-(+)-limonene, allyl-glycidyl ether, toluene, chloroform-d, Karstedt’s catalyst xylene
solution from Aldrich, P,Og from Avantor Performance Materials Poland S.A. (Gliwice,
Poland). Toluene was degassed and dried by distilling it from P,Os under argon atmo-
sphere. Silsesquioxane and spherosilicate compounds were prepared according to literature
reports provided in Table 1.

225



Polymers 2021, 13, 2124 4 of 22
Table 1. Silsesquioxane and spherosilicate derivatives used in this study.

Name Abbreviation Literature Report
Octahydrospherosilicate SS-H [49]
Octavinylspherosilicate SS-Vi [49] (prepared analogically to SS-H)

Octaglycidylspherosilicate SS-Glycidyl [50]
Octalimonenespherosilicate SS-Limonene [31]
hepta(isobutyl)trisilanol silsesquioxane iBuySSQ-30H [51]
chloropropylhepta(isobutyl)silsesquioxane iBuySSQ-C1 [52]
Monovinylhepta(isobutyl)spherosilicate iBuySS-Vi [53]
Monohydrohepta(isobutyl)spherosilicate iBuySS-H [54]

2.2. Analyses

1H, 13C, and #’Si nuclear magnetic resonance (NMR) spectra were recorded at 25 °C
on a Bruker Ascend 400 and Ultra Shield 300 spectrometers using CDCl3 as a solvent.
Chemical shifts are reported in ppm with reference to the residual solvent (CHCl;3) peak
for 'H and 13C. Fourier transform-infrared (FT-IR) spectra were recorded on a Nicolet
iS50 Fourier transform spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a diamond ATR unit with a resolution of 0.09 cm~!. Thermogravimetry
(TG) was performed using a NETZSCH 209 F1 Libra gravimetric analyzer. Samples of
5 £ 0.2 mg were placed in Al,O3 crucibles. Measurements were conducted under air
atmosphere (flow of 20 mL/min) in the range of 30 < 800 °C and a 10 °C/min heating
rate. Differential scanning calorimetry (DSC) was performed using a NETZSCH 204 F1
Phoenix calorimeter. Samples of 6 £ 0.2 mg were placed in an aluminum crucible with
a punctured lid. The measurements were performed under nitrogen in the temperature
range of —30 = 200 °C and at a 5 °C/min heating rate, and Ty, was measured from
the second heating cycle. SEM/EDS analyses were recorded on a Quanta FEG 250 (FEI)
instrument; SEM at 5 kV and EDS at 30 kV, respectively. The samples were frozen in
liquid nitrogen and fractured with pliers to reveal a surface satisfactory for an analysis.
The samples were taken from the extrudate obtained during preparation of the desired
final concentration composites (see Section 2.3). For flexural and tensile strength tests, the
obtained materials were printed into type 1B dumbbell specimens in accordance with EN
ISO 527:2012 and EN ISO 178:2006. Tests of the obtained specimens were performed on
a universal testing machine INSTRON 5969 with a maximum load force of 50 kN. The
traverse speed was set at 50 mm/min for tensile strength measurements, at 1 mm/min for
the determination of Young’s modulus, and at 1 mm/min for flexural strength. For all the
series, six measurements were performed. For tribological tests, samples in the shape of
mandrels of @6 x 20 mm dimensions were used. A dial made of 316LV steel was used as a
counter-sample. The tests were performed using a pin on a disc tribological tester. The tests
were carried out with a unit pressure p = 2 MPa, sliding speed v = 0.25 m/s, and a friction
time t = 30 min. The signal was recorded with a Hottinger bridge (Hottinger Baldwin
Messtechnik) and processed in QuantumX + CatmanEasy software. The obtained data
were processed using the Statistica 13 PL program. Each measurement was repeated three
times. Each test was performed on a fresh disc surface (by changing the friction radius)
with its initial roughness Ra = 0.3 um. Due to the variable friction radius, the rotational
speed of the disc was controlled so as to obtain the same linear speed v and the same
friction path L in each test cycle. Vicat measurements were performed in accordance with
ISO 306, B50 method (50 N load, 50 °C/h heating rate). Tests were performed on an Instron
CEAST HV3 Vicat tester.

2.3. Preparation of (Nano)Composites

In a typical procedure, about 200 g of iPP was rolled on a two-roll mill until complete
melt, after which the chosen modifier was added in a quantity corresponding to 5% of the
final masterbatch content, and the composition was rolled together at 190 °C until it became
completely homogeneous or until no more improvement of homogeneity was observed.
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After that, the composition was taken off the rolls and set to cool down. It was ground
in the low-speed mill and the obtained masterbatch granulate was then diluted to 1% by
mixing it with the granulate of neat iPP and extruding it on a single-screw extruder at
30 RPM, the extrudate being simultaneously granulated. Temperature zones for extrusion
were as follows (from feed to die): 80 °C, 180 °C, 190 °C, 170 °C. Subsequently, 0.1%, 0.25%,
and 0.5% concentration composites were obtained by diluting 1% granulate with neat iPP
in a proper proportion in a similar fashion. The obtained granulates were then measured
by TG, DSC, and SEM-EDS techniques and processed into standard dumbbell specimens
by injection molding. For tribological tests, samples were injection molded as mandrels
with dimensions of @6 x 20 mm. For injection molding, the following parameters were
applied: temperature zones of the plastifying unit (from feed to die): 190 °C, 200 °C, 190 °C,
180 °C, injection pressure 50 bar, holding pressure 55 bar, holding time 10 s, cooling time
18 s. The parameters of the injection process were developed based on the visual quality of
the molded parts and were kept the same for all injection tests.

3. Results and Discussion
3.1. Characterization of the Obtained Modifiers

In Table 1, a series of silsesquioxane and spherosilicate compounds obtained according
to the literature procedures and used to prepare iPP-based nanocomposites are collected.
SS-H was applied only to prepare SS-Glycidyl and SS-Limonene. The synthesis of the used
modifiers was reported elsewhere, which is given in the Table 1. Figure 1 presents their
structures together with the compound codes used throughout the whole manuscript.

R- ?I o |
R _O-Si-R
IBUO\S _OH 1O\S|/O\OSI,R2 - I o ol/O\ i l
’Bu\s /O\slﬁlBu R1\S|/OO\S|/OR1 ﬁl\o_ '/0 =
lBu\‘GS'\O/’S'\ iBu |"\’1\/S'\o//SI Ry R-3— ‘é|\ /s/| ~o- ? R
Bu—S~0-SI o R/S'\O/S'\R o~ 03¢
1 |
R‘?'— —T-R
) Ry = iBu, Ry = (CHo,Cl  iBu;SSQ-CI R=H SSH
Bu7SSQ-30H R, = iBu, R, = OSiMe,Vi Bu,SS-Vi R=Vi SS-Vi
R4, =iBu, R,=0SiMe,H jBu,;SS-H R = 3glycidoxypropyl SS-Glycidyl
R = limonenyl SS-Limonene

Figure 1. Structures of the cage siloxane compounds studied in this work.

The silsesquioxane and spherosilicate compounds were investigated by 'H, 13C, and
29Si NMR and FT-IR spectroscopy to prove their purity and structure and completion of
hydrosilylation reactions (~99% for all examples, see Supplementary Information).

3.2. SEM and EDS Imaging

Scanning electron microscopy combined with energy dispersive spectroscopy was
applied to analyze the dispersion/phase separation of the CS additives within the polymer
matrix and compatibility of the components. EDS allowed for confirmation of the chemical
structure of the observed agglomerates/particles to be of organosilicon origin, as well
as detection of agglomerates under the polymer surface. In the study of organosilicon-
modified polymer systems, microscopic analysis coupled with X-ray spectroscopy (EDS)
shows unique advantages. Very often, during assessment of the homogeneity of the sample,
the interpretation of the scanning image alone may be ambiguous, as the morphology of
the matrix polymer itself may hinder detection of the particles of the additive. The use of
elemental mapping allows us to obtain unambiguity in the interpretation of the observed
images and to avoid errors. The oxygen and silicon EDS maps highlight the presence of CS
particles in a similar manner, while carbon maps are shadowed in the areas corresponding
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to CS presence as these compounds have significantly lower carbon content (as a mass
percentage) when compared to iPP (see Figure 2B-D and Figure 3B-D). The conducted
research allowed us to unequivocally state which of the modifiers are well-dispersed or
even dissolved in the polymer matrix and which, despite mixing and dilution, still do not
show satisfactory interaction with the matrix.

The analysis of the obtained materials revealed that for most of the systems prepared,
the CS additives exist in both nano- and microdispersed states, with a varying fraction of
the latter, depending on the additive structure and loading. On the basis of this observation,
the term ‘nanocomposite” should be used carefully, especially when CS compounds are
used in high concentration (many literature reports show materials with 3% up to 20%
loading). Tang et al. reported how, due to limited compatibility with iPP and iPP-g-
MA, octaisobutylsilsesquioxane (1BugSSQ) underwent migration towards the polymer
surface and secondary self-aggregation during the composite annealing, despite the use
of a high-shear melt-blending method for preparation of the composite [55]. Brabender
internal mixer was utilized, which may be considered one of the most effective means
for preparation of low amounts of highly dispersed and thoroughly mixed samples of
thermoplastic materials and to study the components miscibility. From a practical point
of view, it proves that at high loadings, SSQs and iPP may not form stable compositions
with CS additives remaining in the state of highly dispersed (nano)particles, even if proper
compounding procedures are applied.

In general, the observed dispersion of the CS additives was considerably better than for
PE-based composites containing similar additives, as studied in our previous works [31,32].
It can be explained on the basis of a higher Hildebrandt solubility parameter of iPP than
that of PE [56] (or the dispersive parameter according to Hansen model [57]), which better
matches the slightly polar character of silsesquioxanes and spherosilicates, induced by
the presence of an electronegative oxygen atom. An important work on this subject has
been reported by Milliman et al. [58]. Also, as expected, when compared to SS-Vi (Figure 3)
or SS-Glycidyl (Figure 4A), the alkylated additives (SS-Limonene and isobutyl SS/SSQ
compounds, Figure 4B-F) showed much better dispersion when compared to, as the alkyl
substituents provide higher compatibility with iPP than the ether-type glycidyl group or
the small vinyl group, providing little steric hindrance for the polar Si-O-5i framework. At
the highest loading (1%), all the additives showed some tendency towards agglomeration
(Figure 4), which was clearly visible at masterbatch concentrations of all compositions,
while further dilution facilitated improved dispersion, as less multimicron-sized aggregates
are visible (see Supplementary Information). It was unequivocally found that the crystalline
derivative SS-Vi does not show the dispersibility in polypropylene, similarly to SS-H/PE
system studied earlier (see Figures 2 and 3). The SS-Glycidyl derivative, although under
normal conditions a highly viscous liquid, does not tend to disperse, forming vesicle
structures inside the matrix (Figure 5). The limited compatibility of this derivative with PP
is already visible at the lowest concentration (0.1%).
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Figure 2. SEM (A,E) and EDS (B-D) images of SS-Vi/iPP 5% masterbatch. (A)—field of view SEM, (B)—carbon EDS,
(C)—oxygen EDS, (D)—Silicon EDS, (E)—high resolution SEM.
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Figure 3. SEM (A,E) and EDS (B-D) images of 1% SS-Vi/iPP composite. (A)—field of view SEM, (B)—carbon EDS,
(C)—oxygen EDS, (D)—Silicon EDS, (E)—high resolution SEM.
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Figure 4. Oxygen EDS images of 1% CS/iPP composites. (A)—SS-Glycidyl, (B)—SS-Limonene, (C)—iBu;SSQ-30H,
(D)—iBuSSQ-Cl, (E)—iBu;SS-Vi, (F)—iBu7SS-H.
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Figure 5. SEM images SS-Glycidyl/iPP composites. (A)—0.1%, (B)—0.25%, (C)—0.5%, (D)—1%.

The effect of alkyl substituent bulkiness on the dispersion and compatibility of SSQs
with iPP was well-presented by Fina et al. and discussed in the terms of SSQ particles
acting as nucleants for the growth of iPP [36]. The loading of CS additives had an impact
on the dispersion level; as for the lower loadings, less agglomerates were visible, and the
obtained materials were more suitable for the term ‘nanocomposites’ as the additive was
difficult to observe under SEM or visible mostly as sub-micron particles.

3.3. Thermal Analysis Results

Thermal effects for compositions were measured by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The DSC measurements allowed us to deter-
mine the effect of the CS additives on the crystallization behavior of the obtained materials,
while TG analyses were made to assess the impact of these compounds on the thermal
stability of the compositions. For DSC, all the analyzed compositions showed increased
crystallization temperatures when compared to neat iPP (see Table 2), which presents
their nucleating properties. Interestingly, the highest T. were recorded for SS-Glycidyl/SS
compositions, where the additive did not show any crystallization properties in the temper-
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ature range of iPP melting and crystallization. Therefore, the accelerated nucleation must
be induced by iPP-chains-SS-additive interaction, possibly by the increased void volume
or reduced polymer melt viscosity (see Section 3.7) giving polymer chains more freedom
for organizing into spherulites (self-nucleating) [59]. SS-Limonene showed comparably
good nucleating properties; however. this additive was proven to polymerize under the
temperatures of polymer processing (above 100 °C), and the explanation cannot be based
on the solvent-like action of the additive resulting in the viscosity reduction, but rather on
the nucleating effect of nanoparticles thereof formed upon heat-induced polymerization.
Moreover, all the compositions were characterized by a slightly increased Ty, point (by
1-3 °C), which may be linked to formation of larger polymer spherulites. Butola et al.
observed that octamethyl- and octaphenylsilsesquioxanes affected the Ty, in the range
of 1 °C (besides one odd result) over a wide range of loadings (0.1-10% w/w), and this
subtle change may be attributed to poor miscibility of SSQ/iPP systems and poor SSQ-iPP
interaction due to low compatibility of the chosen SSQ compounds [60]. The pristine
iPP was characterized by a single melting peak of 162.7 °C, rather common for «iPP. On
the other hand, samples containing either SS-Vi or any of the iBu;SS/iBu;SSQ additives
showed a small, residual endothermic peak at around 150 °C, associated with melting of
BiPP and visible only during the first heating. It proves that these additives show a mild
B-nucleating character, being revealed during rapid sample cooling; however, during slow
cooling (the DSC measurements being recorded at 5 °C/min heating/cooling rate), the
3 phase either does not form or it recrystallizes into « phase, as 3 phase is characterized
by higher growth rate, but lower stability [61]. This -nucleating effect, however, was
not significant enough to give the CS/iPP composites the traits of typical 3iPP materials
(see Section 3.4) [62]. For comparison, Pracella et al. also observed formation of 3iPP upon
addition of octaisobutylsilsesquioxane when studying iPP composites with octaalkyl S5Qs,
as well as provided micrographs clearly presenting the process of spherulite growth on
the surface of SSQ particles [63]. Moreover, Barczewski et al. reported a novel type of
-nucleating silsesquioxane agent derived from NJSTAR NU-100, the addition of which
resulted in over 80% selectivity of BiPP crystallites obtained, which was comparable with
action of base NJSTAR NU-100 [64]. Also, for most of the additives, the concentration
did not play a very significant role, despite SS-Vi being a less effective nucleating agent
at 1% loading due to agglomeration (the highest T of all SS-Vi/PP compositions), and
a similar effect was observed for iBu;SS-Vi, while the nucleating action of iBu;SSQ-30H
was increasing with the concentration of the additive. The other compounds showed a
‘saturation effect’, where the smallest amount of additive used caused the strongest effect on
crystallization temperature, while at higher loadings, the difference was close to negligible.
Barczewski et al. observed that addition of SS-Vi and vinylhepta(isobutyl)silsesquioxane
caused a similar saturation effect, and the increase of T. was comparable to results dis-
cussed here [65]. Bouza et al. observed that aminopropylhepta(isobutyl)silsesquioxane
acted as a nucleating agent at 2%, but at 10% it actually hindered PP crystallization, prob-
ably by disturbing the polymer chain packing or the particles of agglomerated additive
physically blocking the spherulite growth [66]. According to the study by Chen et al,,
isobutyl-substituted SSQs increased the T, of iPP by up to 1 °C, and a much more common
nucleating agent, 1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol (DMDBS), was proven a
superior nucleant, increasing T. by ~12 °C [67].
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Table 2. Results of DSC analysis of CS/iPP composites.

Sample Tm [°C] T [°C]
Neat PP 162.7 117.2
0.1% 164.2 * 119.0
0.25% 164.1* 119.3
SS-Vi
0.5% 164.5* 119.4
1% 164.2 * 118.6
0.1% 165.1 122.2
SS-Glycidyl 0.25% 165.5 122.6
0.5% 164.9 124.0
1% 165.1 124.9
0.1% 165.0 123.1
. 0.25% 164.9 123.2
SS-Limonene
0.5% 165.1 124.0
1% 165.3 124.6
0.1% 165.2 * 1199
0.25% 164.4* 120.8
iBu;SSQ-30H
0.5% 1649 * 121.7
1% 164.6 * 122.0
0.1% 163.5* 119.3
0.25% 163.3 * 119.7
iBuySSQ-Cl
0.5% 165.0 * 119.7
1% 165.0 * 119.9
0.1% 164.3 * 119.1
0.25% 164.7 * 119.2
iBuySS-Vi °
0.5% 164.8 * 120.5
1% 164.3 * 119.3
0.1% 164.6 * 1194
0.25% 164.6 * 119.7
iBu;SS-H
0.5% 165.1 * 119.1
1% 163.8 * 1194

* additional, residual 3 phase melting endotherm observed during the first heating cycle.

For characterization of thermal stability and some mechanisms of thermal degradation
of the obtained materials, TGA analysis was performed. The data are collected in Table 3
and presented in Figure S1 (see Supplementary Materials). Interestingly, in all cases, a drop
of onset temperature (Tonset) Was observed, which proved the discussed additives ability to
reduce thermal stability of the obtained CS/iPP composites. This is contrary to a report by
Carniato et al., where iBu;SSQ-30H was shown to have a slightly stabilizing effect on the
polymer matrix; however, the additive was tested at a loading exceeding the concentration
range applied for this study (3%) [18]; or by Fina, where octamethyl-, octaisobutyl-, and
octaisooctylsilsesquioxanes induced a slightly stabilizing effect at high loadings (3% and
10% w/w) [36]. Bouza et al. also observed reduced stability of the SSQ/iPP system
containing aminopropylhepta(isobutyl)silsesquioxane [66]. On the other hand, Zhou et al.
reported a decrease of thermal stability of octavinylsilsesquioxane/PP composites for
physically blended samples [68]. A free radical mechanism may be speculated, that is,
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formation of free radicals originating from decomposing CS molecules, which undergo
intermolecular reactions with iPP chains and accelerate their scission. It may occur on the
basis of relatively low Si-C bond energy, resulting in elimination of CS side groups [69].
This is supported by the fact the DTG curves are of a different shape in the onset region
(280-300 °C) than that of neat iPP, showing higher decomposition rates than the pristine
polymer. The effect was also concentration- and dispersion-dependent for the majority
of the studied compounds. For example, SS-Vi (proven to be rather poorly miscible
within iPP by SEM-EDS) accelerates iPP degradation the strongest when at 0.1% loading
(Tonset = 294.4) and then at 1%, (Tonset = 290.1). At the lowest loading, the additive is
most effectively dispersed, whereas at the higher ones, the saturation effect takes place
due to the amount of the additive within the matrix. At the moderate loadings, however,
agglomeration tends to slightly lower the effect of the additive, directly lowering the
effective contact area between iPP and the CS particles, which are no longer abundant
in nanosized form and mostly aggregated. The same observation may be done for SS-
Glycidyl forming vesicles of separated additive. At the same time, the other additives
tend to accelerate the decomposition of iPP more effectively at higher loadings. Similar
conclusions on the correlation between the additive loading and the composite behavior
were drawn previously for the CS/PE composites, but on the contrary, a stabilizing effect
was observed, which shows a great difference between degradation mechanisms of PE
and iPP and the CS composites thereof [31,32]. This suggests that small additions of CS
compounds might be helpful for catalysis/promoters of iPP cracking, if pyrolytic recycling
of polypropylene-based composites was considered [70].

Table 3. Results of thermogravimetric analysis (air atmosphere).

Sample TS% [°Cl Tonset [°C] TDTG [°Cl
Neat PP 283.3 312.2 3414
0.1% 274.3 294.4 325.5
. 0.25% 282.8 306.1 349.9
SS-Vi
0.5% 280.8 302.2 333.7
1% 274.7 290.1 321.9
0.1% 279.8 299.3 336.6
$S-Glycidyl 0.25% 283.6 302 351.8
0.5% 288.6 311.3 360.5
1% 280.6 304.9 342.7
0.1% 274.5 293.6 343.8
X 0.25% 271.0 297.3 332.8
SS-Limonene
0.5% 274.8 295 328.2
1% 278.4 299.7 336.0
0.1% 283.9 307.4 348.9
0.25% 276.5 297.6 342.9
iBuy;SSQ-30H &
0.5% 274.5 309.6 333.9
1% 274.6 297.0 334.6

235



Polymers 2021, 13, 2124 14 of 22
Table 3. Cont.
Sample Ts9, [°C] Tonset [°C] Tprg [°Cl
Neat PP 283.3 312.2 341.4
0.1% 284.6 306.1 349.1
0.25% 271.8 289.8 320.5
iBu;SSQ-Cl

0.5% 275.8 294.3 338.8
1% 279.3 312.2 350.1
0.1% 279.8 300.7 344.0
0.25% 278.7 301.4 329.7

iBu;SS-Vi
0.5% 275.5 291.5 328.4
1% 2749 296.2 331.4
0.1% 279.5 301.4 339.8
0.25% 277.3 296.4 334.7

iBuySS-H
0.5% 271.0 281.9 308.4
1% 278.2 302.4 341.7

3.4. Mechanical Properties

Mechanical analysis allowed for observation of a reinforcing effect of the additives on
the obtained (nano)composites. When studying tensile strength (Figure 6), a general trend
was observed for all the additives studied—the results fall into a curve, with the highest
values of tensile strength obtained for the composition with lower additive loadings
of 0.1-0.5%, the values dropping down for the highest loading (1% w/w). However,
none of the examples showed a drop in tensile strength below that of the reference (neat
iPP). When Butola et al. studied SSQ/iPP composites, a similar trend was observed,
but for high loadings (up to 5% w/w), the mechanical parameters were declining below
those of the pristine polymer [60]. From this point of view, an optimal loading may be
identified for each system where the highest increase of tensile strength was recorded.
Additionally, a saturation effect may be observed, especially for S5-Glycidyl, where the
maximum increase was obtained already at the 0.1% loading and remained virtually
unchanged up to 0.5%. This is due to limited miscibility of the additive with the polymer
matrix, which was confirmed by SEM-EDS imaging (critical concentration reached for
0.1% loading). The effect of SS-Limonene may be explained similarly to our previous
reports on spherosilicate/polyethylene and spherosilicate/PLA composites, where SS-
Limonene was proven to undergo polymerization under high temperatures of polymer
processing, which, in case of PE, resulted in formation of a polymer blend of improved
mechanical properties [31,33]. For SS-Glycidyl, this explanation is unsuitable as no such
polymerization was observed. Rather, molecular level interactions may be considered,
where molecules of the additive occupy the polymer void volume and reinforce it on the
basis of weak intermolecular interactions between CS and iPP chains, as was speculated
for the SS-Pinene/PE system in our previous work. The three isobutyl compounds, i.e.,
iBuySSQ-Cl, iBuySS-Vi, and iBuySS-H showed very similar patterns due to similarities in
their structure. Application of iBuySSQ-30H resulted in slightly higher improvement of
mechanical properties than the other isobutyl derivatives. This result is similar to our
previous findings on polyethylene-based composites, where it was proven that iBu;SSQ-
30H underwent condensation to a series of amorphous products characterized by better
dispersion properties than those of well-defined, cage compounds, like the abovementioned
iBuySSQ-Cl, iBuySS-Vi, and iBuySS-H [32]. When studying Young’s modulus (Figure 7), it
can be observed that all octaspherosilicate compounds, as well as iBuySSQ-30H, increased
stiffness of the samples at loadings up to 0.5%, with a drop at 1%. iBuySS-Vi showed an
improvement of this trait at a concentration up to 0.25%, while iBu;SSQ-Cl and iBuySS-H
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did not impart any statistically relevant change. Reduction of Young’s modulus at higher
loadings may be caused by self-aggregation of the additives and lowered interaction with
iPP. Additionally, SS-Glycidyl may work as a plasticizing agent, as a slight decrease of the

coefficient of friction was observed (see Section 3.5).
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When compared with tensile strength measurements, a similar trend may be observed
for flexural strength (Figure 8) when studying iPP composites containing SS-Glycidyl,
SS-Limonene, iBuySSQ-30H, and iBuySSQ-CL. The changes of flexural modulus (Figure 9)
confirmed the improved toughness of the nanocomposites thereof. However, for the
remaining compounds, as well as the lowest loading of iBu;SSQ-Cl, the values were
oscillating around or below that of the reference. As these compounds (that is, SS-Vi,
iBuySSQ-Cl, iBuySS-H, and iBu;SS-H) are crystalline solids (which was also visible on
SEM as microcrystalline phases, see Section 3.2), these additives may serve as microcrack
initiators or stress concentrators, which leads to faster failure of the material under flexural
stress, which is known behavior for micrometric-sized fillers [71,72]. Also, Milliman
et al. presented how mechanical stress exerted on iPP samples caused debonding of
silsesquioxane microparticles from the polymer matrix on the example of Ph;S5Q-30H [59].
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Figure 8. Flexural strength of the CS/iPP composites.

3.5. Tribological Properties

Tribological properties were studied on the basis of the measurements of the coefficient
of friction (i) of the selected SS/iPP compositions. The additives for these tests were
chosen on the basis of the mechanical tests” performance (see Section 3.4). Two additives
were chosen for this study, SS-Limonene and SS-Glycidyl. Moreover, SS-Limonene was
selected due to its heat-polymerizing ability, which, in combination with its great dispersion
properties, resulted in the most prominent improvement of the mechanical parameters
of the studied CS/iPP composites. On the other hand, SS-Glycidyl, which was found to
be an oil partially miscible with iPP (on the basis of SEM, see Figure 5), was chosen to
be assessed as a potential slip agent. Such additives tend to form a film on the polymer
surface or concentrate in the near-surface region of the polymer, significantly changing
its physicochemical behavior, while the bulk material may remain unchanged to a certain
degree [73]. It was observed that at lower loadings (0.1% and 0.25%), SS-Limonene did
not affect the coefficient of friction, while at higher ones, it caused an increase of its value
(Figure S2, Supplementary Materials). It supports the results of the mechanical tests
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that SS-Limonene may be considered a functional additive at lower loadings, however
at concentration higher than 0.5% it would not be recommended for applications where
material friction is occurring. On the other hand, SS-Glycidyl was found to work as a slip
agent, as the obtained mean values of the friction coefficient for the tested compositions
were about 5-7% lower than in the case of neat PP (Figure S3, Supplementary Materials).
Although the mean values of the friction coefficient were only slightly reduced, the notable
drop in the standard deviation thereof suggests that at 1% loading, a transition in motion
to smoother sliding [74] occurs.
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Figure 9. Flexural modulus of the CS/iPP composites.

3.6. Vicat Softening Temperature

Vicat softening temperature measurements were performed to assess the impact of the
CS additives on the thermomechanical properties of the obtained iPP composites, that is, the
temperature of softening under static load (Figure S4, Supplementary Materials). The SS-
Limonene/iPP compositions were virtually unaffected when compared to neat PP, contrary
to mechanical analysis at ambient temperature, while the other compounds behaved as
plasticizers, either due to increased polymer void volume or due to low adhesion of iPP
to the (nano)particles thereof, resulting in CS-iPP debonding and accelerated composite
failure. At 0.25% loading, SS-Glycidyl/iPP and iBu;SS-Vi/iPP were characterized by
increased VST values due to CS-iPP reinforcing interactions, which proves the importance
of the additives being in a highly dispersed form rather than at high concentration.

3.7. Melt Flow Index

Melt flow index (MFI) measurements were performed to assess the flowability of the
obtained materials in their molten form under conditions of static load, which is the most
basic measure of the polymer melt viscosity, used as a standard in industrial practice of
plastics processing. The results are presented in Figure 10. Interestingly, almost all the
compositions showed at least a small increase in the MFI value. The effect could be most
easily explained for SS-Glycidyl, which, as mentioned above, is an oily liquid partially
miscible with iPP, providing additional lubrication to the flowing polymer, quite similarly
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to standard lubricants (e.g., silicone oils or synthetic waxes). A notable increase appeared
at 0.5% loading, where a possible small phase separation occurred, and at 1% loading,
it caused a 40% increase of MFI, which is beneficial for applications such as injection
molding, as using a material of correct MFI is crucial for obtaining a product of satisfactory
quality. It is a well-known fact that introducing fillers, especially ones of larger aspect
ratio (notably reinforcing fibers) causes drastic increase of the flow viscosity [75]. Using
proper lubricating additives allows us to minimize this effect. The effect of the other
additives may be explained on the basis of intermolecular interactions, where CS molecules
diffuse between polymer chains and reduce the polymer chain—chain interaction in favor
of chain—CS molecule interaction, which also increases the polymer void volume. This
hypothesis has been proposed in a number of other reports on silsesquioxane-containing
polymer materials [27,76]. Also, iBuySSQ-30H showed a strong lubricating effect at 1%
loading, which confirms that the amorphous products of its thermal condensation are more
susceptible towards interaction with the polymer matrix. Niemczyk et al. also observed
that addition of alkyl-substituted octasilsesquioxanes caused increase of MFI (by up to over
80% at 10% loading). Perilla reported that addition of iBugSSQ and Ph;SSQ-30H resulted
in reduction of complex viscosity of iPP melt, but the effect was more visible at a very high
loading (10% w/w) [77].

53 [ Isswi
[ |ss-Glycidyl
- SS-Limonene
[ liBu,ssQ-30H %
5.0 [_JiBu,ssa-ci %
[ liBu,ss-vi ]P
Bl Bu ss-H

§4.5-
%40- = J% I[
- 1o %Jﬂ ol %{% %% %

Nanoparticle content, wt%
Figure 10. Melt flow index of CS/iPP compositions.

4. Practical Implementation

This study has been conducted to verify the applicability of cage siloxane compounds
(often referred to as POSS) as functional additives for iPP. Bearing in mind that one of the
most important tasks of a scientist is to care for the practical application of research results,
we would like to draw attention to the possibility of practical application of research results
by specialists working in this particular field. For this reason, a group of silsesquioxane-
and spherosilicate-based compounds was selected and tested in a low concentration range
to accommodate their relatively high price. The obtained materials were subjected to a
comprehensive study of thermal, mechanical, and rheological properties to reveal the
potential of CS compounds as functional or processing additives for polyolefins, which
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is a continuation of our previous work on CS/polyethylene composites. Additionally, it
was important to clarify the terminology used in accordance with these systems. It should
be noted that there is a clear difference between two types of additives, that is, fillers and
modifiers. The application of the first one usually reduces the price of the composite and
may bring about a secondary effect of changes in the material, while addition of the latter
purposely influences the processing properties of the material. This work was meant to
explain why the CS compounds should not be referred to as fillers or nanofillers, as it is
misleading for the plastics processing/engineering community.

5. Conclusions
A following set of conclusions may be drawn from this study:

1.  CS compounds show much better dispersion properties in an iPP matrix when com-
pared to similar compositions prepared in a similar manner with PE serving as a
matrix material. It can be explained on the basis of higher Hildebrandt solubility
parameter or Hansen dispersive parameter of iPP than that of PE, matching the dipole
character of cage siloxanes. It results in better improvement in performance of CS/iPP
composites in comparison to similar CS/PE composites.

2. Two factors are critical for obtaining iPP-based nanocomposites containing silsesquiox-
anes and spherosilicates. One is the chemical structure of the compounds, which
should match the character of iPP. The second aspect is dilution of the additive within
the polymer-at the highest concentrations tested; most of the studied compounds had
a tendency to form aggregates, which reduced their effectiveness as additives.

3. Among the tested CS compounds, functionalized spherosilicate (SS-Glycidyl, SS-
Limonene) and silsesquioxane (iBuy;SSQ-30H) additives may be considered valu-
able agents for improving mechanical properties of iPP, mainly tensile and flexural
strength, with optimal loading not exceeding 0.5%. Crystalline CS, mainly the remain-
ing silsesquioxanes, did not present beneficial effects on these properties.

4. SS-Glycidyl and iBu;SSQ-30H provide lubricating action, according to MFI, which
is beneficial from the point of view of selected polymer processing techniques (e.g.,
injection molding, melt blowing).

5. CS compounds tend to reduce thermal stability of the obtained iPP compositions
thereof (degradation promoters), which is contrary to the behavior observed by us for
CS/PE composites studied earlier, and to the behavior of iPP composites containing
high loadings of CS and reported in other sources (degradation inhibitors). As a
result, they may be considered catalysts for pyrolytic decomposition/recycling of
iPP-based materials.

On the basis of the conducted research, we suggest that in the case of polyolefin
systems and other polymer systems used in bulk quantities, where no unequivocal effects
such as permanence, strength, or cost reduction are observed upon addition of a given
compound, the use of the term ‘nanofiller” in relation to compounds of the CS type should
not be considered. Due to agglomeration, the CS additives often do not meet the definition
of nano’ fillers (they form polycrystalline agglomerates). Moreover, due to their high cost,
they considerably increase the price of the final composition if used in quantities exceeding
a fraction of a single percent by mass. This is contradictory to the definition of a filler, as
these are usually applied as a significant mass fraction of the composition. Therefore, these
compounds should be used at low concentration and selected or designed in such a way
that they indeed play a role of (nano)modifiers in order to be considered viable additives
for polymer systems, justifying their cost.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/polym13132124/s1, Figure S1: TGA thermograms of CS/iPP compositions, Figure S2:
Coefficients of friction for SS-Limonene/iPP composites, Figure S3: Coefficients of friction for SS-
Glycidyl/iPP composites, Figure S4: Vicat softening temperatures of the obtained CS/iPP composites,
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NMR and FT-IR spectra of the obtained CS compounds; SEM and EDS images of the obtained
CS-iPP composites.
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1. Table of isolated compounds:
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2. Additional Figures
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Figure S1: TGA
thermograms of
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compositions.
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Figure S2. Coefficients of friction for SS-Limonene/iPP composites.
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Figure S3. Coefficients of friction for SS-Glycidyl/iPP composites.
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Vicat softening temperature, "C
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3. Spectroscopic characterization of the products:
1,3,5,7,9,11,13,15-hepta(dimethylsiloxy)-pentacyclo[9.5.1.13°.15%.17 3] octasiloxane (1)

H NMR (400 MHz, CDCls): & (ppm) = 4.73 (sep, J=2.8Hz, 8H, SiH), 0.26 (d, J=2.8Hz,
48H, SiMe»);

3C NMR (101 MHz, CDCls): § (ppm) = 0.23 (SiMe2);

»Si NMR (79,5 MHz, CDCls): § (ppm) = -1.41 (SiMe2), -108.68 (core).

FT-IR (ATR): 2965, 2905, 2141, 1254, 1069, 889, 834, 769-726, 650, 628, 541.

'H NMR (CDCls, 400MHz):
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15C NMR (101 MHz, CDCls)
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1,3,5,7,9,11,13,15-octa(dimethylvinylsiloxy)-
pentacyclo[9.5.1.13°.15%5.17 3] octasiloxane (2)

'H NMR (400 MHz, CDCls): 8 (ppm) = 6.13 (dd, J1=20.2Hz, ]==14.9Hz, 8H, -CH=CH>),
596 (dd, Ji=149Hz, ]=4.0Hz, 8H, -CH=CH.), 5.79 (dd, J1=20.2Hz, ]J2=4.0Hz,
8H, -CH=CH>), 0.21 (s, 48H, SiMe>);

3C NMR (101 MHz, CDCls): 6 (ppm) = 138.09, 132.61 (-CH=CHz2), -00.06 (SiMe2);

»Si NMR (79,5 MHz, CDCls): § (ppm) = 0.51 (SiMez), -109.14 (core).

FT-IR (ATR): 3068, 3027, 2988, 2962, 1603, 1408, 1276, 1081, 1002, 967, 775, 568.

H NMR (CDCls, 400MHz):
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3C NMR (CDCls, 101 MHz):
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1,3,5,7,9,11,13,15-octa((3-glycidoxypropyl)dimethylsiloxy)-
pentacyclo[9.5.1.13°.151%.17 3] octasiloxane (3)

H NMR (400 MHz, CDCls): 8 (ppm) = 3.70-3.67 (m, 8H position 3), 3.48-3.40 (m, 16H,
position 4), 3.39-3.36 (m, 8H, position 3), 3.14-3.11 (m, 8H, position 2), 2.79-2.77 (m,
8H, position 1), 2.60-2.59 (m, 8H, position 1), 1.65-1.60 (m, 16H, position 5), 0.62-0.58
(m, 16H, position 6), 0.14 (s, 48H, SiMez);

3C NMR (101 MHz, CDCls): 8 (ppm) = 74.23 (position 4), 71.58 (position 3), 50.96
(posirion 2), 44.44 (position 1), 23.31 (position 5), 13.80 (position
6)(glycidoxypropyl\1 group), -0.25 (SiMez);

»Si NMR (79,5 MHz, CDCls): 6 (ppm) = 12.92 (SiMe2), -109.09 (core).

FT-IR (ATR): 3053, 2996-2870, 1479-1390, 1343, 1253, 1160-1070, 909-729, 631, 546.

H NMR (CDCls, 400MHz):
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3C NMR (CDCls, 101 MHz):
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1,3,5,7,9,11,13,15-octa(dimethyl((2-(4-methylcyclohex-3-en-1-yl) propyl)silyl)-
pentacyclo[9.5.1.13°.15%%.17 3] octasiloxane (4)

'H NMR (400 MHz, CDCls): 6 (ppm) = 5.36 (s, 8H, position 3), 2.00-1.87 (m, 24H,
positions 1, 2, 5), 1.78-1.56 (m, 24H, positions 2, 5, 8), 1.63 (s, 24H, position 7), 1.34-
1.18 (m, 16H, position 6), 0.90 (d, 24H, position 9), 0.75-0.69 (m, 8H, position 10), 0.52-
0.44 (m, 8H, position 10), 0.15 (s, 48H, SiMe);

B3C NMR (101 MHz, CDCls): 6 (ppm) = 133.96, 121.28, 121.26, 41.48, 41.33, 33.08,
32.93, 31.19, 31.12, 28.80, 28.24, 26.71, 25.71, 23.64, 23.63, 22.87, 22.48, 19.52, 19.22, 0.83,
0.72, 0.66;

»8i NMR (79,5 MHz, CDCls): 6 (ppm) = 12.78 (SiMe2), -109.10 (core).

FT-IR (ATR): 2980-2867, 1252, 1169-1069, 869-734, 549.

H NMR (CDCls, 400MHz):

25000

0.14

—5.36

20000
15000
10000

5000

| ol |

T T T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

S13

257



[~ 40uU
3800
3600
3400

3200

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

800
600
400
200
o

F-200

°
°
o
N
_
e

€6'2€\"
80'€E by
€€ TV
wﬁﬂwv
emremmezasss

e

T

L]

S

]

= gerer

O

A

)

~ 96'EET — -

S

Q

e}

T
100

110

T
120

T
130

T
140

T
150

f1 (ppm)

¥Si NMR (CDCls, 79.5 MHz)

© © © © o ©9 © 9 © 9 © © © © o o
n § M & o ©6 & ® K ® b ¥ M § o &6 © 9 © 9 © © o o
N &8 N 8§ & R @ @ A =2 2 = o2 =2 4 =2 6 ® N © h ¥ 6O
PP N P N Y O R Rl S RO R SOt RO R ST MUY MY MUY ST ST SR MU
0T°'60T- —

8L°CT —

WMWMWMMMMWWMW

-300

-250

-200

-150

-50

50

f1 (ppm)

S14

258



1,3,5,7,9,11,13-heptaisobutyltricyclo[5.5.1.13°.17*]heptasiloxane-1,5,13-triol (5)

|-Bu\‘$i/o|_I
I'Bu\sio/.IO\Si'o/Hi-Bu
/ \ OH

o \. o/l
i-Bu\ﬁ-s'\o/fo'\i-Bu

i-Bu/Si\o/Si\i_Bu

1H NMR (400 MHz, CDCls): § (ppm) = 6.83 (s, 3H, -OH), 1.92-1.77 (m, 7H,

(-CH2CH(CHb)2), 0.97-0.94 (m, 42H, -CH.CH(CHa)2), 0.61-0.56 (m,

14H, -CH2CH(CHzs)2);

3C NMR (101 MHz, CDCls): 6 (ppm) = 25.94, 25.90, 25.80, 24.10, 24.07, 23.36, 22.98,

22.63;

»8i NMR (79,5 MHz, CDCls):  (ppm) = -58.82, -67.46, -68.66.
FT-IR (ATR) = 2953, 2928, 2906, 2871, 1464, 1398, 1383, 1366, 1332, 1228, 1168, 1085,

955, 838, 804, 746, 683, 556.

'H NMR (CDCls, 400MHz):
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3C NMR (CDCls, 101 MHz):
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1-(3-chloropropyl)-3,5,7,9,11,13,15-
heptaisobutylpentacyclo[9.5.1.13°.1515.1”%|octasiloxane (6)

- iBu(;Si/O\Si/\/\CI
'Bu\Si/,'O\Si%iBu

/% \ 9

o\ o/

Bu\G>~0/" 5!~y

iBu/SI\O/SI\iBu
H NMR (400 MHz, CDCls): 8 (ppm) = 3.52 (t, ] = 8.1Hz, 2H, -CHCHCH:Cl), 1.92-
1.79 (m, 9H, -CH2CH(CHs), -CHCH2CH-Cl), 0.96 (d, ] = 6.6Hz, 42H, -CH.CH(CHs)2),
0.74 (t, ] = 8.1Hz, 2H, -CH:CH>CH-CI), 0.62-0.59 (m, 14H, -CH2CH(CHj)2);
15C NMR (101 MHz, CDCL): § (ppm) = 4741 (-CH:CH-CIHLCI), 26.63 -CH:CELCH:CL),
25.85, 24.03, 22.65, 22.59 (iBu), 9.94 (-CH2CH2CH-Cl);
»Si NMR (79,5 MHz, CDCls): 6 (ppm) = -67.59, -67.87, -68.12.
FT-IR (ATR) = 2953, 2928, 2905, 2871, 1464, 1398, 1383, 1366, 1332, 1229, 1168, 1081,
955, 916, 838, 804, 745, 680, 556.

H NMR (CDCls, 400MHz):
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BC NMR (CDCls, 101 MHz):
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1-(dimethylvinylsiloxy)-3,5,7,9,11,13,15-
heptaisobutylpentacyclo[9.5.1.13°.1515.1”%]octasiloxane (7)

iBu
iBu—_

/

\

Osi
Ssi-0~si” |\
Si/.’O\Si%iBu

(o]
\

o) . .
iBu\ﬁ-SI\O//gl\ iBu

iBu/Si\o/Si’\_

H NMR (400 MHz, CDCls): § (ppm) = 6.12 (dd, J1 =20.0Hz, ]2 = 14.9Hz,

iBu

1H, -CH=CH.Hb), 5.95 (dd, J1 =14.9 Hz, ]2 =4.3Hz, 1H, -CH=CH.Hb), 5.77 (dd, J1 =
20.0Hz, J2 =4.3Hz, 1H, -CH=CH.Hb), 1.93-1.79 (m, 7H, -CHCH(CHzs)2), 0.96 (d, ] =

6.6Hz, 42H. -CH.CH(CHa)2), 0.62-0.59 (m, 14H, -CH.CH(CHzs)2), 0.19 (s, 6H, SiMe2);
3C NMR (101 MHz, CDCls): 6 (ppm) = 138.50, 132.25 (Vi), 25.85, 25.82, 24.02, 23.96,
22.62,22.57,22.54, 22.45 (iBu), -0.03 (SiMe2);
»Si NMR (79,5 MHz, CDCls): § (ppm) =-0.71 (SiMe2), -67.01, -67.87, -67.89
(cage), -109.59 (5iOs).
FT-IR (ATR) = 2953, 2926, 1905, 2869, 1465, 1401, 1383, 1366, 1332, 1253, 1229, 1208,
1074, 954, 901, 837, 787, 769, 738, 626, 561.
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3C NMR (CDCls, 101 MHz):
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1-(dimethylsiloxy)-3,5,7,9,11,13,15-
heptaisobutylpentacyclo[9.5.1.13°.1515.1”%|octasiloxane (8)

|
OSiH
~si—0~si” |

iBu
iB”\7?/o,'O\s\i‘O/\oiBu
o\ o/

iBu\5->"~0/"§"~igy
Bu—S~0—Si
'H NMR (400 MHz, CDCLs): 8 (ppm) = 4.72 (sept, | = 2.9Hz, 1H, SiH), 1.93-1.81 (m,
7H, -CH-CH(CHs)), 0.98-0.95 (m, 42H. -CH>CH(CHb)2), 0.64-0.60 (m,
14H, -CH:CH(CH5)2), 0.23 (d, ] = 2.9Hz, 6H, SiMe»);
3C NMR (101 MHz, CDCls): § (ppm) = 25.87, 25.85, 24.04, 24.00, 22.68, 22.63, 22.53
(iBu), 0.36 (SiMex);
»Si NMR (79,5 MHz, CDCL): § (ppm) = -3.00 (SiMez), -66.93, -67.86, -67.88 (cage), -
109.05 (SiO:).
FT-IR (ATR) =2953, 2927, 2906, 2870, 2143, 1464, 1430, 1383, 1366, 1332, 1253, 1229,

1074, 955, 899, 838, 770, 740, 697, 627, 561, 529.
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3C NMR (CDCls, 101 MHz):
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3. SEM and EDS images of the SS/PP composites
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0.5% SS-Glycidyl/PP
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0.1% SS-Limonene/PP
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Abstract: In this work, silsesquioxane and spherosilicate compounds were assessed as novel organosil-
icon coupling agents for surface modification of TiO, in a green process, and compared with their
conventional silane counterparts. The surface-treated TiO, particles were then applied in preparation
of epoxy (EP) composites and the aspects of pigment dispersion, suspension stability, hiding power,
as well as the composite mechanical and thermal properties were discussed. The studied compounds
loading was between 0.005-0.015% (50-150 ppm) in respect to the bulk composite mass and resulted
in increase of suspension stability and hiding power by over an order of magnitude. It was found
that these compounds may be an effective alternative for silane coupling agents, yet due to their
low cost and simplicity of production and manipulation, silanes and siloxanes are still the most
straight-forward options available. Nonetheless, the obtained findings might encourage tuning of
silsesquioxane compounds structure and probably process itself if implementation of these novel
organosilicon compounds as surface treatment agents is sought for special applications, e.g., high
performance coating systems.

Keywords: silsesquioxane; spherosilicate; cage siloxane; silane; POSS; composite; titanium white;
coating; surface treatment; coupling agent

1. Introduction

In polymers industry, additives are applied to fulfil one or more of multiple tasks at
once: to cut costs (extending fillers, mostly), to improve mechanical properties (plasticizers,
reinforcing fillers, e.g., fibres, nanoparticles), to reduce flammability (fire retardants), to
improve the processability for the given processing technology or the final surface prop-
erties (lubricants, defoamers), or to add colour to the material (pigments). For inorganic
additives, their price is one of the main decisive factors behind considering a given ad-
ditive both an extending filler and a special purpose additive (functional filler), or just
the latter [1,2]. The more expensive additives need to be applied in reasonable quantities
in order to keep the production of the desired material economically viable. In case of
pigments, there are more and less economical options available, differing also in terms of
pigmenting efficiency and environmental friendliness. Regarding white pigments, the most
commonly used white pigment is titanium white (TiO,), characterized by high pigmenting
efficiency thanks to its nanostructure and quite good dispersibility, and comprising 69% of
the worldwide market of inorganic pigments in year 2000, and together with carbon black
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and iron oxides, for over 90% of the world market in 2009 [3,4]. At the same time, titanium
white is relatively expensive (around 2500 EUR as of 2020 [5]). Although being an effective
pigment, it naturally agglomerates in polymer matrix, which results in need for using it
at higher loadings, especially in thin foils, to achieve the desired opacity/pigmentation.
Therefore, achieving good dispersion of TiO, within polymer translates to reduction of
the amount of the pigment used, while obtaining the same pigmentation level and thus
reducing the production price for the given plastic material, as well as saving the natural
resources used. Titanium white is not considered a high performance pigment due to its
cost and agglomeration tendency, therefore treatment procedures are applied in industry
and being studied in R&D [3,4].

Epoxy resins are available on the market in different colours for two main reasons.
The first one is obviously the aesthetic value, as they are often used for decoration/artistic
purposes. Secondly, epoxy resins are commonly slightly yellow in colour, and even more
often are the curing components (hardeners) thereof, especially the most common amine
type ones. Upon storage, this yellow colour becomes more intense. Therefore, coloura-
tion/pigmentation of the epoxy allows to hide this discolouration and make the resin
colour more reproducible from batch to batch during production. In case of storing the
resin, it is important for the pigment to form a stable mixture with the epoxy base and not
to separate from it upon time. Therefore, white-pigmented epoxy resins of satisfactory
shelf-life are of high demand and increasing this shelf-life is sought [4,6]. Also, improved
dispersion translates into increased hiding power, understood as the coating ability of
optically blocking the surface it covers [7].

Organosilicon compounds are nowadays the most common agents for surface treatment
of inorganic materials, the older and discontinued agents being chromium and titanium-
based [8,9]. For over 20 years now, silsesquioxane derivatives have been studied as a novel
class of organosilicon compounds suitable as polymer processing additives. In comparison to
traditional silane coupling agents, their polarity, melting temperatures and vapour pressures
are much lower, allowing them to be directly processed with a polymer, which is strongly
limited for organofunctional silanes. Also, for a couple of years now, silsesquioxanes have
been studied as a new class of silane coupling agents for treatment of inorganic fillers and
other particles/nanoparticles. In terms of serving as direct polymer additives for epoxy resins,
silsesquioxane compounds were introduced both in a reactive and non-reactive (physical
blending) manner. For reactive additives, iOc;SSQ-(CH;)3NH; [10], iBuySSQ-(CH,)sNH, [11],
3-glycidoxypropylhepta(isobutyl)octasilsesquioxane [12], 3-glycidoxypropylhepta(isooctyl)
octasilsesquioxane and 3-glycidoxypropylheptaphenyloctasilsesquioxane [13] epoxycyclohexyl-
hepta(isobutyl)octasilsesquioxane [14], (3-glycidoxypropyl)silsesquioxane cage mix [14,15],
tris(glycidyldimethylsiloxy)hepta(isobutyl)silsesquioxane [16,17], octakis(aminophenyl)
octasilsesquioxane [18], octakis(3-aminopropyl)octasilsesquioxane [19] mixed substituent
hexyl/4-glycidylbutyloctaspherosilicates [13], and hybrids of DGEBA with SSQ molecules
attached as a side group [13]. For non-reactive additives, Ph;SSQ-30H (phenyltrisilanol)
and iBuySSQ-30H (isobutyltrisilanol) [20], 9,10-dihydro-9-oxa-10-phosphaphenanthrene-
10-oxide (DOPO)-modified silsesquioxanes [21], methyl- and methyl-vinyl polysilsesqiox-
anes [22] were used. Additionally, in recent years, green chemical approach towards
preparation of hybrid materials is sought and the examples of the first silsesquioxane-
containing materials prepared in aqueous conditions were given [23]. Silsesquioxanes, as
well as polysilsesquioxanes, have been studied as additives moderating dielectric properties
of nanocomposites and nanocomposite films [24].

For improved dispersion and interaction with the matrix polymer, TiO, has been
treated with Ph;SSQ-30H [25,26] and iBu;SSQ-30H [27,28], for processing of polyolefin
nanocomposites; iBuySSQ-(CH;)sNH,; (for preparation of hybrid graphene oxide-TiO,
material and cyanate ester composite containing thereof [29]), as to verify these compounds
as novel coupling agents for surface treatment of inorganic nanoparticles.

In this work, an approach towards application of well-defined organosilicon com-
pounds, that is, silsesquioxane and spherosilicate derivatives, as dispersants and stabilizers
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of TiO; nano- and microparticles is presented. More importantly, they were used at low
loadings for the studied solution to be economically viable, as well as technologically
feasible during standard procedures of pigment manufacturing or pigmented epoxy prepa-
ration, without no additional chemical processing steps or organic solvents involved during
surface treatment. The organosilicon compounds are compared to much cheaper and read-
ily available, conventional silane coupling agents (trialkoxysilanes) to assess any possible
advantages of the former.

2. Materials and Methods
2.1. Materials and Instrumentation

The chemicals were purchased from the following sources: Tetraethoxysilane (TEOS),
tetrachlorosilane, chlorodimethylsilane, tetramethylammonium hydroxide (TMAH) 25%
methanol solution from ABCR, isobutyltrimethoxysilane, triethylamine, allyl-glycidyl ether,
vinyltrimethoxysilane, chloroform-d and Karstedt’s catalyst xylene solution from Aldrich,
P,0s, tetrahydrofuran (THF), methanol, hydrochloric acid, toluene, acetonitrile, and ace-
tone from Avantor (Poland). Toluene was degassed and dried by distilling it from P,Os
under argon atmosphere. TiO, was obtained from Grupa Azoty Z.Ch. “Police” S.A.
(Poland), as a 50% w/w water slurry with no additives. Epidian 5 was obtained from
Ciech Sarzyna (Poland) and according to the manufacturer’s data, was characterized by
density of 1.17 g/cm? and viscosity of 20,000-30,000 mPa-s at 25 °C, and epoxide number
of 0.48-0.51 mol /100 g. Curing agent, triethylenetetramine (branded as Z-1 hardener), was
also purchased from Ciech.

Octahydrospherosilicate was prepared according to a literature procedure [30]. Chloro-
hepta(isobutyl)octasilsesquioxane was prepared according to literature procedures [31,32].

1H, 13C, and ?°Si Nuclear Magnetic Resonance (NMR) spectra were recorded at 25 °C
on a Bruker Ascend 400 and Ultra Shield 300 spectrometers using CDCl3 as a solvent.
Chemical shifts are reported in ppm with reference to the residual solvent (CHCl;3) peaks
for 'H and 13C.

Fourier Transform-Infrared (FI-IR) spectra were recorded on a Nicolet iS 50 Fourier
transform spectrophotometer (Thermo Fisher Scientific) equipped with a diamond ATR
unit with a resolution of 0.09 cm~1.

Differential scanning calorimetry (DSC) was performed using a NETZSCH 204 F1
Phoenix calorimeter. Samples of 6 £ 0.2 mg were placed in an aluminium crucible with a
punctured lid. The measurements were performed under nitrogen in the temperature range
of —30-230°C and at a 5 °C/min heating rate. Ty, was measured from the first heating
cycle, Tg was measured from the second heating cycle.

MALDI-TOF mass spectra were recorded on a UltrafleXtreme mass spectrometer
(Bruker Daltonics), equipped with a SmartBeam II laser (355 nm) in the 500-4000 m/z
range. 2,5-Dihydroxybenzoic acid (DHB, Bruker Daltonics, Bremen, Germany) served as
matrix. Mass spectra were measured in reflection mode. The data were analysed using the
software provided with the Ultraflex instrument—FlexAnalysis (version 3.4).

SEM/EDS analyses were recorded on a Quanta FEG 250 (FEI) instrument; SEM at 5 kV
and EDS at 30 kV, respectively. The samples were frozen in liquid nitrogen and fractured
with pliers to reveal satisfactory surface for analysis.

Rheological measurements were performed on Anton Paar MCR302 dynamic mechan-
ical thermal (DMTA) rheometer, working in plate-plate configuration, using 25 mm plates.

Contact angle analyses were performed by the sessile drop technique at room tem-
perature and atmospheric pressure, with a Kriiss DSA100 goniometer. Three independent
measurements were performed for each sample, each with a 5 uL water drop, and the
obtained results were averaged to reduce the impact of surface nonuniformity.

For tensile and flexural strength tests, a Universal testing machine Instron 5969 was
used, in accordance to the norm EN ISO 527-2:1996. The speed of traverse was set to
2 mm/min for both tensile strength and flexural strength tests.
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The measurements of hiding power were performed by placing the samples of pre-
pared resin systems in the optical path between the light source (an LED)and a UV-NIR
spectrophotometer, AvaSpec-Mini2048CL (Avantes, Louisville, CO, USA). The amount of
light transmitted was through the sample was measured and on this basis, the relative
hiding strength was determined, 1Ti(s) sample being used as a reference of the lowest value.

For mixing of base epoxy resin with TiO,, a self-made mixing device was used (see
Supplementary Information, Figure S1). The machine was based on a high-torque Internal
gear (Crescent type, Figure 1) rotary positive displacement pump (Yildiz Pompa YKF
1, Turkey) powered by a 0.75 kW electrical engine (Marelli Motori D6C 90 S6 B3, Italy).
The setup was characterized by 900 rpm of maximum operating speed. The pump was
connected to a reservoir in a closed circuit setup, resulting in constant circulation of the resin
under high shear stress, inflicting mechanical breakdown of TiO, particles and improved
dispersion of TiO, within the epoxy resin. During the mixing cycle, the resin would heat
up to ~45 °C due to internal friction, which resulted in a significant viscosity drop (as
simulated by DMTA analysis under constant shear and temperature gradient conditions,
presented in Figure 2), which additionally helped with nanoparticle dispersion.

=2
)
N

Figure 1. Internal gear pump (crescent type) design scheme. Red arrows present the pathway of the
pumped medium, the black ones—the rotation direction of the gears. Source: https://commons.
wikimedia.org/w/index.php?curid=38795, Creative Commons license CC BY-SA 3.0. Accessed on 2
September 2021.
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Figure 2. Dynamic viscosity curves of neat epoxy under isothermal and non-isothermal conditions
under constant shear rate of 100/s.

2.2. Procedure for Hydrosilylation of Octaspherosilicates

All hydrosilylation syntheses were conducted under argon atmosphere in round-
bottom flasks equipped with condensers, gas bubblers, and magnetic stirrers, the general
approach being reported earlier [33]. In a typical procedure, a 500 mL three-neck, round-
bottom flask was charged with 25 g of octahydrospherosilicate, 250 mL of dry toluene and
a mixture of olefins (allyl-glycidyl ether and vinyltrimethoxysilane, 6:2 molar ratio for SS-
6GP-2TMOS, 5:3 ratio for SS-5GP-3TMOS). A thermometer and condenser equipped with
an argon inlet and oil bubbler were attached, the flask placed in a heating mantle and the
system was purged with argon. The reaction mixture was set on 110 °C and before reaching
boiling, Karstedt’s catalyst solution (10~° eq Pt/mol SiH) was added, which resulted in
quick increase of temperature and the system starting to reflux. The reaction mixture was
kept at the boiling temperature and samples were taken for FT-IR control until full Si-H
group consumption was observed. Then, the solvent was evaporated under vacuum to
dryness to obtain an analytically pure sample. The products appeared as low-viscosity oils.

2.3. Procedure for Preparation of iBu;SSQ-OEt

The synthesis was conducted under argon atmosphere in a round-bottom flask equipped
with a condenser, a gas bubbler, and a magnetic stirrer. A 500 mL three-neck, round-bottom
flask was charged with 15 g of chlorohepta(isobutyl)octasilsesquioxane. A thermometer
and condenser equipped with an argon inlet and oil bubbler were attached and the system
was purged with argon. After that, the flask was further charged with 250 mL of dry THF
and 4.9 mL of NEt3 (2 eq in correspondence to Si-Cl group), the flask was placed in a
heating mantle, and 50 mL of dry EtOH was slowly added. The mixture was heated to
50 °C and stirred for 3 h. Then, the reaction was transferred to a rotary evaporator, the
solvent mixture removed almost to dryness, 250 mL of hexane was added to the remaining
solid, and the suspension was sonicated for 30 min. The obtained mixture, comprised of
the main product solution and triethylammonium hydrochloride suspension, was filtered
through a sintered glass funnel to eliminate the ammonium hydrochloride solid, the flask
being washed with additional 150 mL of hexane, and the obtained clear hexane solution
was evaporated to dryness to obtain analytically pure sample. The product appeared as a
white solid.
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2.4. Procedure for Treatment of TiO, with Organosilicon Compounds

In a typical procedure, a 2.5 L milling jar was charged with 750 g of 50% TiO, water
slurry, 100 mL of demineralized water (to reduce the mixture viscosity), 20 ceramic milling
balls of 20 mm diameter, and either 1.875 g or 5.625 g (corresponding to either 0.5% or
1.5% w/w of dry TiO,) of a chosen organosilicon coupling agent (see Tables 1 and 2 and
Figure 2). The milling jar was closed and placed on the ball mill, and rotated at 30 rpm for
20 h. After that, the slurry was transferred to a container, dried at 105 °C to constant weight
and milled again in a ball mill for 20 h. The obtained modified TiO, was then sampled for
water contact angle measurements and used for preparation of TiO, /EP composites. Tests
for treatment of TiO, with 3% and 5% loadings of organosilicon coupling agents were also
performed, but the resulting materials were waxy and/or sticky and difficult to handle,
which was a sign of the coupling agents being used in excess. Therefore, only the samples
treated with 0.5% and 1.5% of coupling agents were used for further studies.

Table 1. Silsesquioxane, spherosilicate, and silane coupling agents used in this study.

Name Abbreviation
Isobutyltrimethoxysilane iBuTMOS
3-glycidoxypropyltriethoxysilane GPTES

iBu;SSQ-OFEt
SS-6GP-2TMOS
SS-5GP-3TMOS

ethoxyhepta(isobutyl)octasilsesquioxane
hexa(3-glycidoxypropyl)di(trimethoxysilylethyl)octaspherosilicate
penta(3-glycidoxypropyl)tri(trimethoxysilylethyl)octaspherosilicate

Table 2. The TiO, /epoxy resin composites prepared in this study.

- Organosilicon .
Sample Organosﬂlcon Coupling Agent Ti0; lokmount Mixing Method Sample Code
Name Coupling Agent Type Amount [%] 1 [%]

1 none - 1 Mechanical stirrer 1Ti(s)
2 none - 1 Mixing pump 1Ti(p)
3 none - 2 Mixing pump 2Ti(p)
4 iBuTMOS 0.5 1 Mixing pump 1Ti05:BuTMOS(p)
5 iBuTMOS 0.5 2 Mixing pump 2Ti05:BuTMOS(p)
6 iBuTMOS 1.5 1 Mechanical stirrer 1Ti15:BuTMOS(s)
7 iBuTMOS 1.5 1 Mixing pump 1Ti15:BuTMOS(p)
8 iBuTMOS 1.5 2 Mixing pump 2Ti15iBuTMOS(p)
9 GPTES 0.5 1 Mixing pump 1TiO5GPTES(p)
10 GPTES 0.5 2 Mixing pump 2Ti05GPTES(p)
11 GPTES 1.5 1 Mechanical stirrer 1Ti15GPTES(s)
12 GPTES 1.5 1 Mixing pump 1Ti15GPTES(p)
13 GPTES 1.5 2 Mixing pump 2Ti15GPTE (p)
14 iBuySSQ-OEt 0.5 1 Mixing pump 1Ti05iBu;SSQ-OEt(p)
15 iBuySSQ-OEt 0.5 2 Mixing pump 2Ti05iBuySSQ-OEt(p)
16 1BuySSQ-OEt 1.5 1 Mechanical stirrer 1Ti15iBu;SSQ-OEt(s)
17 iBuySSQ-OEt 1.5 1 Mixing pump 1Ti15iBu;SSQ-OEt(p)
18 iBuySSQ-OEt 1.5 2 Mixing pump 2Ti15iBuySSQ-OEt(p)
19 SS-6GP-2TMOS 0.5 1 Mixing pump 1Ti05 SS-6GP-2TMOS (p)
20 SS-6GP-2TMOS 0.5 2 Mixing pump 2Ti05 SS-6GP-2TMOS (p)
21 SS-6GP-2TMOS 1.5 1 Mechanical stirrer 1Ti15 SS-6GP-2TMOS (s)
22 SS-6GP-2TMOS 1.5 1 Mixing pump 1Ti15 SS-6GP-2TMOS (p)
23 SS-6GP-2TMOS 1.5 2 Mixing pump 2Ti15 SS-6GP-2TMOS (p)
24 SS-5GP-3TMOS 0.5 1 Mixing pump 1Ti05 SS-5GP-3TMOS (p)
25 SS-5GP-3TMOS 0.5 2 Mixing pump 2Ti05 SS-5GP-3TMOS (p)
26 SS-5GP-3TMOS 1.5 1 Mixing pump 1Ti15 SS-5GP-3TMOS (p)
27 SS-5GP-3TMOS 15 2 Mixing pump 2Ti15 SS-5GP-3TMOS (p)

! Silane coupling agent amount is given in correspondence to TiOy, as w/w % of TiOy,
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)\/Si(OMe)?,

iBuTMOS

IBU;/SI\OS//SI iBu
0%0\/\/&(0&)3 iBu—>"~0" g,

GPTES

2.5. Procedure for Preparation of TiO,/EP Composites

In a typical procedure, the mixing pump was charged with around 1 kg of base epoxy
resin and the stirring was engaged. After 5 min, TiO, sample of a given modification grade
(see Table 2) was added in an amount corresponding to either 1 wt% or 2 wt% of the final
composition and stirred for further 15 min at 800 rpm. After that, the resin mixture was
transferred to a container, chilled to room temperature, and sampled for pigment stability
tests. Next, the resin mixture was mixed with 12 wt% of the curing agent (Z-1) using a
mechanical stirrer, degassed for 5 min in a vacuum chamber, and cast into plates of 4 mm
thickness. After 16 h, the plates were removed from the moulds and set for seven days for
further curing (see Supplementary Information, Figure 52). After that time, the plates were
cut into standardized test specimens for mechanical analysis (dumbbells and bars) with
the aid of a CNC milling plotter. The milled specimens were additionally post-cured for
17 h at 70 °C to ensure the most uniform curing state for all tested samples. Such prepared
samples were used for mechanical analyses.

For the samples prepared with the mechanical stirrer (Table 2), the resin was mixed
with TiO, for the same amount of time with the aid of the mechanical stirrer instead of the
dissolver, and the rest of the procedure remained unchanged.

The composite sample codes are as follows:

x Ti y CODE (z) @

where x—% loading of TiO, in the composite; y—% loading of a given silane coupling
agent in correspondence to TiO,; CODE—the type of organosilicon coupling agent used
(see Table 1, Figure 3); z—mixing method: ‘s” for mechanical stirrer, ‘p” for mixing pump

|
R1(R2)— i-0
1R2
ﬁ \I/O\ | _O- T R'(R?)

RIRY~ ﬁ'\°*7 /O\ﬂ' o T R'(R?)

Bu_ o g,~OF!
! ! Sl /SI |
iBu— 070 _5;O\iBu R'(R?)—§i—0 \/’ ~0/76"~0-si-R'(R?)
/ (i \ ? O/ I\O/Sl\o
Q Q R1(R2)—ﬁ'— —ﬁi-R1(R2)

1 - - .
6R" = 3-glycidoxypropyl SS-6GP-2TMOS
iBu;SSQ-OEt 2R? = (trimethoxysilyl)ethyl
5R! = 3-glycidoxypropyl SS-5GP-3TMOS
3R? = (trimethoxysilyl)ethyl

Figure 3. Structures of the silane and cage siloxane compounds studied in this work.

3. Results and Discussion
3.1. Characterization of the Obtained Products

The products were characterized by 'H, 13C, 2Si NMR spectroscopy and MALDI-
TOF mass spectrometry to verify the obtained molecular structures (see Supplementary
Information). While iBu;SSQ-OEt was obtained as a single product, for SS-6GP-2TMOS
and SS-5GP-3TMOS, it was observed on MALDI-TOF spectrograms that due to random
introduction of the olefin substrates into the spherosilicate cage, a mixture of products was
obtained in both cases and nine molecules were formed instead of the one that a given
synthesis is designated with. Although the macroscopic stoichiometry of the systems was
controlled by using the proper amounts of the olefin reagents, the intramolecular stoi-
chiometry cannot be controlled and the synthesis affords a family of nine congeners, each
containing a different internal ratio of organic substituents coming from the parent olefins,
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that is, vinyltrimethoxysilane and allyl-glycidyl ether. On the basis of the normalized signal
intensity of the congener ions (in a form of sodium ion adducts) recorded by MS, normal
distributions similar to Gaussian model were obtained, with the maximum visible near the
intended system stoichiometry (Figure 4). Also, the peaks on the left side of the maximum
are higher than those on the right for both systems, which can be explained on the basis
of different ionization efficiency of glycidyl and alkoxysilyl groups, the glycidyl groups
showing higher ionization efficiency. The effect of chemical structure on the ionization
efficiency has been studied and discussed by other groups [34,35]. Therefore, this distribu-
tion should not be mistakenly considered as a direct depiction of the actual quantitative
composition of the studied systems, and rather a qualitative one. It can be seen that for
55-6GP-2TMOS, the maximum is at the SS-7GP-1TMOS congener, which is likely due to
the effect discussed above.

B SS-6GP-2TMOS
B SS-5GP-3TMOS
—— SS-6GP-2TMOS
—— SS-5GP-3TMOS

8GP 7GP 6GP 5GP 4GP 3GP 2GP 1GP8TMOS
Product congeners

Figure 4. Distributions of congener products for SS-6GP-2TMOS and SS-5GP-3TMOS syntheses
presented as MS signal intensity.

3.2. Surface Properties of the Obtained Modified TiO;, Pigments

Modified TiO, pigments were analysed for their surface properties by measuring
their water contact angle values (Table 3). Water contact angle is a non-direct measure of
surface polarity of materials, as water is repelled by hydrophobic (non-polar) materials,
thus resulting in formation of droplets with high contact angle on the surface of the
measured samples. TiO,, as an inorganic nanomaterial, shows a strongly polar surface
character, which is a reason for the particles thereof to agglomerate in polymer matrices, as
they are usually characterized by substantially lower polarity. Introduction of organic (or
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organosilicon) groups onto the surface of TiO, nanoparticles allows for controlling of their
surface character, that is chemistry and polarity. It then translates into better filler-matrix
interaction, without which a filler (in this case the pigment) tends to agglomerate [36].

Table 3. Water contact angles of TiO, modified with the studied silane coupling agents.

Silane Coupling Agent

Silane Coupling Agent Type Amount [%] 1

Water Contact Angle [°]

None - 0
;BuTMOS 0.5 0
;BuTMOS 1.5 Superhydrophobic 2

GPTES 0.5 0
GPTES 15 0
;BuySSQ-OEt 0.5 0
;Bu;SSQ-OEt 15 Superhydrophobic 2
SS-6GP-2TMOS 0.5 0
SS-6GP-2TMOS 1.5 0
SS-5GP-3TMOS 0.5 0
SS-5GP-3TMOS 1.5 0

1 Gilane coupling agent amount is given in correspondence to TiO,, as w/w % of TiO,; 2 roll-off observed at each
attempt at measuring the contact angle.

The samples treated with any of the glycidyl ether-derived compounds (GPTES,
55-6GP-2TMOS, SS-5GP-3TMOS) showed retainment of their hydrophilic character inde-
pendently of the amount of the silane agent used, the water droplets being quickly absorbed
by the material. It might be either due to polar character of glycidyl group itself, or its
partial hydrolysis to even more hydrophilic diol group on the surface of TiO,. Kochkar et al.
reported that oxirane moiety hydrolyzed to diol one partially when studying epoxidation
of cyclohexene on a TiO,-5iO;-mixed catalyst [37]. This hypothesis is supported by FT-IR
spectra of the glycidyl-derived compounds used and the TiO, samples modified with
those. The IR spectra allow to observe the effect of capping TiO, hydroxyl groups, as the
—OH stretching band is smaller for modified pigments than for the neat titanium white
(Figure 5E, the reduction of absorption intensity marked with shaded area) as well as
Ti-O-Si moiety vibrations being visible as a small bulge at ~910 cm ™! (Figure 5F), which
is in agreement with the literature reports [38,39] Additionally, C-H vibrations are visible,
coming from organosilicon additives grafted on the pigment particles surface (Figure 5A,C,
green lines). However, while the absorption bands at 1450~1490 cm !, characteristic for
C-C oxirane ring vibrations are visible for both the organosilicon compounds and for the
obtained pigments (Figure 5B,D, red lines), confirming the successful functionalization
thereof, the FT-IR spectra of the latter also show additional absorption bands matching the
vibration of the diol C-OH bonds (Figure 5D, blue lines, the oxirane ring opening presented
on Figure 8). It is the most clear for the TiO,—1.5%GPTES sample, with an absorption band
with the maximum at ~1380 cm ™!, however the remaining modified TiO, samples also

show similar absorption at ~1385 cm™!.
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Figure 5. FT-IR of glycidyl-derived silane coupling agents (A,B), pristine TiO, and TiO, modified
thereof (C-F). Red lines represent the region of oxirane ring vibrations, the blue lines—the diol
vibrations, green ones—C-H vibrations, black ones—Ti-O-Si vibrations.

The last effect considered is the gelation of the silane agent, thus reducing the coating
effect of the silane agent. SS-6GP-2TMOS was observed on SEM images to form micro-
droplets accompanying TiO, particles in the final composite (Figure 6A,B visualizing the
microdroplets on TiO,, Figure 6D confirming the silicon-rich area on the TiO, microag-
gregate). On the other hand, butylated agents (both iBuTMOS and iBu;SSQ-OEt) showed
strong hydrophobicizing action, as the obtained materials were superhydrophobic. The
droplets formed were completely repulsed by TiO,, making it impossible to lay a droplet
for the measurement, and when dropped from air, they would immediately roll off even
at the angle of ~0° (Figure 7, particles of TiO; visible on the bottom surface of the water
droplets after attempts of placing the droplets on the samples’ surface).

Based on the FT-IR spectra and water contact angle measurements, proposed mecha-
nisms of TiO, surface functionalization with the studied organosilicon coupling agents is
presented on Figure 8.
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Figure 6. Microdroplets of condensed SS-6GP-2TMOS together with TiO, particles visible for 1Til55S-
6GP-2TMOS. (A)—10,000 x magnification; (B)—30,000x magnification; (C)—titanium (Ti) EDS;
(D)—silicon (Si) EDS.

A

Figure 7. Water droplets during sessile drop analysis. Particles of modified TiO, visible on the

bottom of each droplet after an attempt at placing the droplet on the pigment surface. (A)—TiO,-1.5%
iBuTMOS; (B)—TiO;-1.5% iBu;SSQ-OEt.

iBu _OEt

Si-0~si ;
'B"\s,/o\s,/,au jBu
/ \ / /Si iBu
,Buéﬁm\o/,s. Bu \°\S_/iau
—Si~o—S Ry
MeOH iBuSi(OMe); Bu EtOH Bu” % /°<éo/i5u
i Ongi O
/ ! \ Bu NS
iBu‘(cS:i/
HO OH o]
T|0; surface
T|02 surface
° o
HO OH oH S /_/_o
o ’\—}M o osiMe, OH
T|0 surface 0 iMe, 2
2 . °, o&\- /\/\0/\<§°H
o SiMe,0- su/O s-—o—os.Ma,
0
Si
HOJ\/"\/VS'ME’OT > 0/8 ~ositie, ™00
SIMEZO \os.ue2
, 5
0/ \ /,\
0 / ! \
'r.oz surface EtOH 01 Si(OEt);  $5.6GP-2TMOS  MeOH
TIO; surface

Figure 8. A proposed mechanism of TiO, surface silanization with iBuySSQ-OEt, SS-6GP-2TMOS
and silane coupling agents.
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3.3. Microscopic Analysis and the Effect of Processing Methodology on TiO, Dispersion

SEM imaging was used to assess the dispersion of TiO, particles in the epoxy matrix
(see Supplementary Information Section 4: SEM images of the TiO,/EP composites). It
was observed that the sample prepared with untreated TiO, by mechanical stirring showed
the largest agglomeration effect, as not only the particles of TiO, formed multi-micron
aggregates of size up to 50 um, but also these aggregates were surrounded by barely no
well-dispersed microparticles. On the other hand, both high-torque pump stirring and
application of organosilicon coupling agents improved the dispersion of the pigment. It
is visible on the SEM images of samples containing pristine TiO, that after pump mix-
ing, the primary aggregates observed are of size up to approx. 20 um, and that they are
accompanied by a fraction of particles of <2 um. Also, for all the sample series, the in-
crease in TiO; loading from 1% to 2% resulted in a higher number of aggregates visible on
the SEM images. At 0.5%, iBuTMOS was a highly effective dispersing agent both under
mechanical stirring and pump stirring conditions, the latter resulting in almost complete
elimination of TiO, aggregates above 2 pm, when the pigment was at the 1% loading. At
1.5%, iBuTMOS and 1% TiO, loading, all the pigment was dispersed below 1 um after
pump mixing, which proved the successful homogenization of the system components. In
comparison, GPTES was slightly less effective in terms of the size of the aggregates observed,
which was especially visible under mechanical stirring. ;BuySSQ-OEt was highly effective
at dispersing TiO, even when the pigment was at the 2% loading. When compared to
simple silane coupling agents (trialkoxysilanes), ;BuySSQ-OEt does not have the ability to
form gel products (polysilsesquioxanes), which, depending on the silane: filler ratio and
processing conditions, may cause secondary aggregation of TiO, by binding the particles
together with polysilsesquioxane gel. SS-6GP-2TMOS effectively dispersed the pigment
at 0.5% additive loading for both 1% and 2% of TiO; used, while at the higher loading of
silane agent, aggregation was observed due to the agent gelation. The gelling effect was
more visible for SS-5GP-3TMOS, however the additive still allowed for elimination of larger
(>10 pm) primary agglomerates. In addition, the dispersing effect of a selected modifier,
iBuySSQ-OEt, was visualized with aid of digital optical microscopy (Figure 9), where diluted
samples containing 0.0625% TiO, (see Section 3.4. Pigment Stability and Hiding Power Studies)
were observed in light transmission mode. For the samples containing modified TiOy, a sig-
nificant drop in abundance of larger pigment agglomerates was observed, and in their place,
even graininess effect was visible, which corresponded to the presence of finely dispersed
pigment particles, as confirmed with detailed SEM imaging discussed above (for SEM
images, see Supplementary Information Section 4: SEM images of the TiO, /EP composites).

Figure 9. Digital optical microscopic images of neat TiO, /EP (A) and 1.5% iBu;SSQ-OEt TiO, /EP (B).
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3.4. Pigment Stability and Hiding Power Studies

The stability of modified and pristine TiO, /liquid epoxy resin suspensions was as-
sessed by pouring samples of the suspensions in screw-capped centrifuge vials and leaving
them on standing. Then, they were checked every couple of days for any signs of phase
separation, including pigment precipitation on the vial walls or bottom, resin cloudiness, or
discoloration near the surface. The samples prepared by mechanical stirring all underwent
heavy phase separation within two weeks from preparation, as the larger agglomerates
of TiO, were characterized by poor stability in the suspension. It correlates with the SEM
images (Supplementary Information), as these larger agglomerates were captured. On
the other hand, the samples prepared by high shear pump mixing showed much higher
suspension stability, the improved dispersing method increasing the stability time by over
an order of magnitude for some of the studied systems (Figure 10). The main conclusion
obvious from the results obtained is that, independently of the discussed TiO, system used,
increasing pigment loading from 1% to 2% resulted in more or less severe reduction in
the suspension stability. It can be understood as higher concentration of TiO, particles
in the epoxy suspension causing their faster aggregation over storage time; however, the
SEM images of TiO, /EP composites made from freshly prepared suspensions also revealed
increased agglomeration in the composites containing 2% of TiO;. These results suggest
that for the TiO;, pigments of limited stability, formation of primary agglomerates (<10 um)
is a fast process, after which these agglomerates grow at the rate depending on the pigment
concentration in the suspension and the surface physicochemistry of the particles, up to the
point of spontaneous sedimentation. This idea is further supported by the results of hiding
power study (Figure 11). Interestingly, some of the studied coupling agents provided
virtually no stabilization to the pigment over prolonged time, that is, SS-6GP-2TMOS at
0.5% loading and SS-5GP-3TMOS at both loadings. It may be due to the protic character
of the diol groups generated during surface coupling of TiO;, resulting in interparticle
attraction, but also less effective particle coating with the coupling agent and the gelling
thereof, as discussed earlier (Section 3.2. Surface Properties of the Obtained Modified TiO,
Pigments). GPTES showed behaviour comparable to that of SS-6GP-2TMOS. On the other
hand, ;BuySSQ-OEt at 0.5% loading provided stabilization superior to all the other coupling
agents studied, and at 1.5% loading, slightly higher than that of iBuTMOS. It is due to the
apolar character of the isobutyl group, which both the SSQ and silane compounds share
in common.

The studies of hiding power based on the samples’ visible light transmittance revealed
the effect of both processing technique and coupling agent choice on the pigmenting
efficacy of the resulting epoxy systems. While application of modified TiO, via mechanical
stirring resulted in slight improvement of hiding power (approximately two-fold on the
average of the studied systems), and the implementation of pump mixing allowed for
a more significant improvement (over five-fold for neat TiO; at 1% loading), the most
impressive results were obtained when both surface treatment and pump mixing were
applied. It proves that chemical modification of the pigment particles results not only
in enhanced dispersability thereof in the epoxy during suspension preparation, but also
stabilizes these particles in the suspension, hampering their secondary self-aggregation.
For neat TiO,, increasing the pigment loading from 1% to 2% resulted in only 17% increase
of hiding power, making little change in the overall performance of the composition. On
the other hand, for the systems containing TiO, treated with 0.5% of ;Bu;SSQ-OEt it was
59% increase; for 0.5% and 1.5% of SS-6GP-2TMOS, 679% and 300%, respectively; for 0.5%
and 1.5% of SS-5GP-3TMOS, 958% and 1490%, respectively. Interestingly, despite showing
moderate to poor stability over storage time, the discussed spherosilicate-based modifiers
still performed well at enhancing pigmentation efficacy of the TiO; treated thereof. The
best performing pigment system was pump-mixed TiO, treated with 1.5% of iBuySSQ-OEt,
where at 1% TiO, loading, the relative hiding power was over ten times higher than that of
the sample containing pump-mixed neat TiOy; at 2% loading, the hiding power was nine
times higher than that of the neat pigment counterpart.
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poor pigmentation). After that, pigmentation was evaluated comparatively between the
series of samples by assessing their visual opaqueness on a colourful background. While
the samples containing neat TiO, were already visibly transparent at 0.5% loading, the
samples containing 1.5% iBuySSQ-OEt-modified TiO; provided satisfactory pigmentation
up to the 0.25% dilution.

s s el
0.50% e 0.25% [ 0.125%
| [

Figure 12. Serial dilution samples of mixing pump-prepared 1.5% iBuySSQ-OEt TiO, /EP (top) and
neat TiO, /EP (bottom).

3.5. Mechanical Studies

Mechanical analysis revealed subtle differences between the TiO;/epoxy systems
studied, even despite low loading of TiO; in the composites (Figures 13-16). For Young’s
modulus, it was observed that the systems present stiffness comparable to the neat epoxy
within the limits of the standard deviation (Figure 14). Also, for the samples containing
either 1% or 2% of the same type of prepared TiO; (either pristine or modified), there was
a tendency towards Young’s modulus increase along with the pigment concentration for
well-dispersed systems (e.g., 0.5% ;BuySSQ-OEt/TiO,, 0.5% iBuTMOS/TiO,), while for the
agglomerating pigments, the value would drop (e.g., pristine TiO,, 0.5% GPTES/TiO,).
Due to low loadings of the pigmenting filler used, retention of tensile properties (tensile
strength and elongation at break, that is) should rather be considered instead of their
improvement, as the loading of the filler is too small to provide enough reinforcement and
the mechanical failure may propagate throughout the bulk polymer. For tensile strength,
mechanical stirrer-prepared composites were the weakest from each series, as the agglom-
erated particles provided spots of structural imperfection, causing material failure. Some
of the highest values of tensile strength and elongation at break were recorded for systems
loaded with TiO, modified with 1.5% of SS-6GP-2TMOS and 0.5% of SS-5GP-3TMOS due to
high dispersion and well-developed particle-polymer interphase. Also, ;BuySSQ-OEt/TiO,,
performed slightly better than its silane counterpart system, iBuTMOS/TiO,, suggest-
ing that silsesquioxane- and spherosilicate-based coupling agents provide better surface
treatment agents, likely due to less gelation side reactions.

309



16 of 22

80

Materials 2022, 15, 494

\SQ,/V
// (e @@% m/i4 NN \Q@%&QO@N\
\8,0 &Q@b o e &QO@ Y
NN AN oy,
3, 2%y, NNAN' NN\N 299,795,
I¢ QN@IW&QO%\.& / 3 \Q@ Aom.v% Ly
(@ Y. &Q@b Y ...am e w&QO Y s
‘e o7 % N @0&\ o
Do 05 g NN
(g e, X & W T oS0y, ey,
%S0y, E g N 280, E e S
@, N 0«.,@@ S N NN
(o Oty PO S 2Oty 90,
%80, Exe. 806, ¢  Fd NN
(0, \v& O, «NQ / o O\\v QOh, %0
7 &JO RS2 rwam.h. £ ~ \OJ &\v%\ _mJ,ml
il \8@0@& o@@bﬁ% 9 > O \@\@O\V&Q@.b\. 4s
ON U, @.\Aw K= (), 0&5 .@\&
Oy, Vo, S0y, ere, Xt
N (o) Mg, 4 i (o, S0,
S0y, sy, ! & Son, "
/ / ¢ S@O&\A o@w‘ 2y m \@@O\v 2 g, QQW
N (q) &\&04 Q.QW e} (@), \é& .%Q.Q
\emo@ Y0y, g & Mos& w@@,@
@@o\s S0 2 (o 50, @,%,
(0 Sty S PRI
/ S0y, 94,55, « 50, e, S8
ol S e 2 NS
\Q\\/WO\A\& q@@.@%@x&u r.nlu. \O@//VO,O@,M\O,O,.M.
N O, S<i
\G@O OQQAO.Q,QQh.Q.QW m llllllllll \b\\/w o o) S 0%.\%
s, Osg e, % B0 NI
\Q%O,O %«c@ L =] p /WO,O Sens 4y,
ENCIN g D3, OS5, s,
\ s g, s, @ @, o,oe.w«omau
) (0N @«c@@..b i) ‘e & e %, o
e Seng Yo F %, S0,
Q, I - ),
p Ly %93 N 3} J %,
// / a.\QN = T T T T T T T T
N | I3 To) o 0 o To)
I IR [ T [ T == — N re) N (= N
o (e o o [} o ]
i - = = © h g i mm ] snin o.mE S mc:os i
[edIN] yibuans sjisus | ey dol sninp i A

Figure 14. Young’s modulus of neat and modified TiO, /EP composites.
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Impact resistance tests revealed that some of the prepared systems were characterized
by up to over 100% increase in durability described by the mean impact energy (Figure 16).
Among those, samples containing pristine TiO, showed satisfactory performance and that
the systems of the highest dispersion of the pigment are not the ones of the highest impact
resistance. This proves that the agglomerates and particles of moderate size may work as
crack propagation interrupters. Findings supporting such statement were reported earlier
when studying diatomite-filled epoxy composites [40]. Triethylenetetramine-cured epoxy
resins under low temperatures and high strain rates tend to undergo continuous crack
propagation and such heterogeneous regions introduced in the polymer bulk may help to
discontinue this propagation [41].

3.6. Thermal Studies

Although the studied materials share the same polymer matrix and the base pig-
menting filler, the preparation methodology applied and the coupling agent used cause
subtle structural and interfacial differences that can be elucidated with DSC (Figure 17,
top). Epoxy systems of similar polymer matrix were studied earlier [40,42]. It can be
seen that for the second heating cycle, the Tg of most of the samples appears at ~120 °C,
being close to that of the neat epoxy (Figure 17, bottom). However, for the mechanical
stirrer-prepared compositions, the Ty was observed to be slightly lowered for all examples,
both compared to the mixing pump-prepared ones and the neat epoxy. It has been a subject
of discussion that fillers presenting weak interaction with the polymer tend to reduce
Tg by creating an interface where due to poor filler surface wetting action, a fraction of
polymer is formed, characterized by more freedom than that of the bulk polymer [43—45].
By this thesis, it can be explained that the poorly dispersed TiO, particles create such
interface due to their reduced surface/volume ratio. Another observation was made on
the change of Tg over time. Two measurements were taken 21 days apart, after seven and
30 days of resin casting. By the time of the second measurement, Ty would increase by
average of two degrees Celsius for most samples, as additional diffusion between the epoxy
and TiO, occurred over time. The effect was less prominent for the samples containing
GPTES-treated TiO,, suggesting stronger and less elastic grafting of the epoxy chains on
the modified particles in the first place. Similar behaviour of nanocomposites containing
fillers with reactive group-containing coupling agents was described by Ash, Schadler
et al. [45]. Additionally, the glass transition of epoxy composites with no thermal treatment
was studied (glass transition of residually uncured resin, Tgy, Figure 17, middle). In this
case, the phenomenon of low-temperature glass transition is caused mostly by the bulk
resin, with polymer domains containing highly flexible chains containing either unreacted
oxirane or amine groups. These chains undergo further partial cross-linking upon sample
aging, but for more complete curing, samples need to be heated above that Tg, temperature
for the unreacted chains to regain mobility and undergo further cross-linking. As was
mentioned, this phenomenon is caused by the bulk material and by so, the filler has a
very small and unclear effect on the Tgy values. For the studied systems, Tgy was in a
52-54 °C range for all the samples after seven days from casting, and after 30 days the
value would increase by average of 6 °C. The highest AT, were observed for the samples
containing TiO; treated with 1.5% of GPTES and spherosilicate agents, and prepared by
mixing pump, supporting the abovementioned hypothesis that the well-dispersed, mod-
ified nanoparticles undergo grafting of epoxy chains on their surface, which introduces
regions of decreased chain mobility within the matrix. The effect was less prominent for
the remaining modifiers, suggesting more mobile nanoparticle-matrix interphase caused
by the non-covalent interactions.
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4. Conclusions

The conclusions to be drawn from this study, are:

(1) A novel method for preparation of highly dispersed TiO, /epoxy systems with the
aid of a custom high-shear gear pump was presented. The impact of the pigment dispers-
ing method on the properties of epoxy systems has been discussed in detail, including
suspension stability and composite hiding power. It was shown that physical means of
dispersing the nanoparticles are as much important as the chemical ones for their surface
treatment, and together, a synergistic effect is obtained.

(2) An effective and green method for TiO, surface treatment in aqueous media was
described. Herein the method may be introduced into the production line of TiO, pigments
for coating/paint industry, if professional application of such systems was to be considered.

(3) Improved mechanical properties were observed in terms of impact resistance and
Young’s modulus, when silsesquioxane coupling agent was used, due to good dispersion
of the nanoparticles within the epoxy matrix.

(4) High hiding power was obtained with the described methodology including both
chemical surface treatment of the TiO; pigment and high-shear dispersing procedure
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thereof, proving the synergistic effect of the two. The proposed methodology may serve
for preparation of novel, high-performance coating systems. Additionally, improved
dispersion and particle stability may allow for reduction of pigment loading for the epoxy
base to obtain the satisfactory hiding power.

(5) TiO, dispersions of long shelf life were obtained, the selected cage siloxane addi-
tives showing superior stabilizing effect over silane coupling agents.

(6) Superhydrophobic effect for TiO, surface was obtained for two coupling agents—
;BuTMOS and ;Bu;SSQ-OEt, showing the great possibilities in terms of modification of the
surface properties of TiO, with the application of silsesquioxane agents.

(7) The chemical reactions occurring during TiO, surface modification were proposed
and confirmed with FT-IR. The hydrolytic opening of oxirane ring to the corresponding
diol has been confirmed, possibly catalysed by TiO; itself, which is an important finding
concerning surface treatment of similar materials in water-based media.

The obtained findings show that the silsesquioxane- and spherosilicate-based coupling
agents are somehow similar to their silane counterparts, but have their advantages over
simple silanes. It might encourage tuning of silsesquioxane compounds structure and the
process of their application, if their use as surface treatment agents is sought for special
applications, e.g., high performance coating systems.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ma15020494/s1, Figure S1. Internal gear pump setup used for preparation of TiO2/epoxy
dispersions; Figure S2. A sample of cured TiO, /epoxy composite prepared; NMR spectroscopy of
the obtained compounds; MALDI-TOF mass spectra of obtained spherosilicate compounds; SEM
images of the TiO, /EP composites.
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1. Pictures of the equipment and samples

Figure S1. Internal gear pump setup used for preparation of TiOz/epoxy dispersions

Figure S2. A sample of cured TiO2/epoxy composite prepared
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2. NMR spectroscopy of the obtained compounds

1,3,5,7,9,11,13,15-hexa((3-glycidoxypropyl)dimethylsiloxy)-di((trimethoxysilyl) dimethylsilloxy)
pentacyclo[9.5.1.13°.1515.173]octasiloxane (SS-6GP-2TMOS)

\7/\0/\/§M620 OJ\gTMez }ﬁ/\/

e
Aot

N

1H NMR (400 MHz, CDCl3): § (ppm)

Sl/o\ i Jvlvv

SiMe,0— 3960\5|_o_oéuMe

SiM€,0— —Cjé;l\\() Eﬁ

o ome o
) ~0~—
SimMe,0 és,Me \/A

Si(OMey,

Si(OMey, B product jsomer

& proguct jsomer

= 3.70-3.67 (m, 6H position 3), 3.55 (s, 18H, OMe), 3.48-3.40 (m, 12H, position 4),

3.39-3.36 (m, 6H, position 3), 3.14-3.11 (m, 6H, position 2), 2.79-2.77 (m, 6H, position 1), 2.60-2.59 (m, 6H, position 1),
1.65-1.60 (m, 12H, position 5), 1.11 (d, alpha product -CHs), 0.62-0.59 (m, 20H, SiCH>CH-Si, position 6), 0.14 (s, 48H,

SiMez2); ac and P isomers were obseved in 8 : 92 ratio;

3C NMR (101 MHz, CDCls): & (ppm) =

74.25,71.59, 71.58 (glycidoxy group), 50.97, 50.78, 50.69 (OMe), 44.46 (propyl-3-

CHy), 23.32, 13.81, 13.80 (propyl-1 and propyl-2-CH>), 8.62, 8.60 (Si-CH2CH>-Si), 7.41, 5.29 (SiCH(CHb)Si), 0.44 (Si-
CH>CHb>-5i), -0.25, -0.28, -0.31 (glycidoxypropyl SiMe2), -0.95, -0.98, -1.01 (trimethoxysilylethyl SiMez);

»Si NMR (79,5 MHz, CDCls): 8 (ppm) = 13.23-13.18 (Si-trimethoxysilylethyl), 12.97-12.91 (Si-glycidyloxypropyl), -41.67
(S5i(OMe)s), -109.09 (core).
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1BC NMR
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1,3,5,7,9,11,13,15-penta((3-glycidoxypropyl) dimethylsiloxy)-tri((trimethoxysilyl)dimethylsilloxy)
pentacyclo[9.5.1.13°.1515,173]octasiloxane (SS-5GP-3TMOS)
1
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H NMR (400 MHz, CDCls): & (ppm) = 3.70-3.66 (m, 5H position 3), 3.54 (s, 27H, OMe), 3.47-3.43 (m, 10H, position 4),
3.39-3.33 (m, 5H, position 3), 3.14-3.09 (m, 5H, position 2), 2.77-2.74 (m, 5H, position 1), 2.59-2.55 (m, 5H, position 1),
1.64-1.63 (m, 10H, position 5), 1.12 (d, alpha product -CHs), 0.61-0.59 (m, 22H, SiCH>CH-Si, position 6), 0.14 (s, 48H,

SiMe2); o« and P isomers were obseved in 10 : 90 ratio;

13C NMR (101 MHz, CDCls): & (ppm) = 73.87, 71.31 (glycidoxy group), 50.61, 50.32 (OMe), 43.99 (propyl-3-CH2), 23.06,
13.55 (propyl-1 and propyl-2-CHz), 8.36 (Si-CH2CH>-Si), 7.14, 5.01 (SiCH(CH3)Si), 0.17 (Si-CH2CH>-5i), -0.54, -0.57, -0.61

(glycidoxypropyl SiMe2), -1.24, -1.27 (trimethoxysilylethyl SiMez);

»Si NMR (79,5 MHz, CDCls): 8 (ppm) = 13.17-13.13 (Si-trimethoxysilylethyl), 12.92-12.87 (Si-glycidyloxypropyl), -41.87

(Si(OMe)s), -109.12 (core).

H NMR
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1-ethoxy-3,5,7,9,11,13,15-heptaisobutylpentacyclo[9.5.1.1%°.1515.17 3] octasiloxane (iBurSSQ-OEt)

iBU
\Si/O\Si/OEt
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1H NMR (400 MHz, CDCls): § (ppm) = 3.84 (q, ] = 7.0 Hz, 2H, OCH2CHs), 1.92-1.80 (m, 7H, iBu), 1.23 (t, ] = 7.0 Hz, 3H,
OCH:CHs), 0.97-0.95 (m, 42H, iBu), 0.64-0.59 (m, 14H, iBu);

13C NMR (101 MHz, CDCls): § (ppm) = 59.48 (OCH2CHb), 25.85, 25.83, 24.02, 23.98, 22.64, 22.59, 22.51, 22.49 (iBu), 18.03
(OCH:CHp);

2Si NMR (79,5 MHz, CDCL): § (ppm) = -66.71, -66.94, -67.87 (cage), -103.22 (SiOEt).

TH NMR
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3. MALDI-TOF mass spectra of obtained spherosilicate compounds
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4. SEM images of the TiO2/EP composites

1% TiOz, unmodified, mechanical stirrer

3/16/2021 det HV pressure WD 50 pm
11;33:58 AM | LFD | 10.00 kv 76 Pa | 10.8 mm www.wczt.pl

3/16/2021 pressure WD 50 pm
11:26:32 AM | LFD | 10.00 kv 70Pa | 10.7 mm www.wezt.pl
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3/16/2021 | det HY mag [J : 20 pm ——————

337 www.mdpi.com/journal/materials



Materials 2022, 15, 494 22 of 73

1% TiOz, unmodified, mixing pump

3/3/2021 det mag [] pressure 20 pm
9:34:22 AM | LFD | 10.00 k¥ | 5000 x 70 Pa www.wezt.pl

3/3/2021 det mag [ pressure WD 10 pm
9:28:09 AM | LFD | 10.00 kv | 10 000 x 70Pa | 12.0 mm www.wezt.pl
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6202 | det | W | meg O e | wo
11:45:49 AM | LFD | 10.00 kV | 5000 x | 82.9 ym 11.7 mm
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2% TiOz, unmodified, mixing pump

3/16/2021 HFW pressure WD
11:47:59 AM | LFD | 10.00 kv 829um | 70Pa | 11.7 mm www.wezt.pl

/Y s ’G,‘/ Py = * - :

3/16/2021 det HV HFW pressure WD — 20 pm ———
11:50:42 AM | LFD | 10.00 kv 829pum | 70Pa | 12.0 mm www.wezt.pl
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3/3/2021 3 HV mag [ HFW
44 AM 00KV | 5000x | 829pum | 70Pa | 12.0 mm www.wczt.pl
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1%Ti0z, 0.5% iBuTMOS, mixing pump

3/17/2021 det mag [ pressure 20 pm
9:19:21 AM | LFD | 10.00 kv | 5000 x 70 Pa www.wezt.pl

3/17/2021 | det mag [ pressure WD 10 pm
9:21:35AM | LFD | 10.00 kv | 10 000 x 70Pa | 11.3 mm www.wezt.pl
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3/17/2021 det HV g HFW WD
LFD 00kV | 30000x | 13.8um | 70Pa 112
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2%TiOz, 0.5% iBuTMOS, mixing pump

3/15/2021 pressure WD 20 ym
12:08:17 PM 70 Pa 11.3 mm www.wezt.pl

/ »

.

»
-
g .
/
™,

. . 2
3/15/2021 pressure WD — 10 ym ——
12:09:59 PM | LFD | 10.00kv | 10000x | 41.4pm | 70 Pa 11.3 mm www.wezt.pl
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\ 4 : "
M0 | det | W | mag | MW | presre | o
1 PM | LFD | 10.00kV | 5000x | 829pm | 70Pa |113n
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1%TiOz, 1.5% iBuTMOS, mechanical stirrer

6/23/2021 det mag [ pressure V 50 pm
1:10:02PM | LFD | 10.00 kv | 1500 x 70 Pa www.wezt.pl

6/23/2021 det mag [ pressure WD 10 pm
1:11:29PM | LFD | 10.00 kv | 10 000 x 70Pa | 10.1 mm www.wezt.pl
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3/17/2021 det pressure V 50 pm
9:52:46 AM | LFD | 10.00 kv | 1 500 x 70 Pa www.wezt.pl

3/17/2021 | det mag [ pressure 20 pm
9:54:22 AM | LFD | 10.00 kV | 5000 x 70 Pa www.wezt.pl
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3/17/2021 HV pressure WD 50 ym
10:54:15AM | LFD | 10.00 kv 70Pa | 11.2 mm www.wczt.pl

3/17/2021 pressure WD —20 pm —————
10:56:18 AM | LFD | 10.00 kv 70Pa |11.1 mm www.wezt.pl

www.mdpi.com/journal/materials




Materials 2022, 15, 494 35 of 73

3/17/2021 det HV mag [ HFW pressure wD
11:01 AM | LFD | 10.00kV | 10000x | 41.4um | 70 Pa 11.1 mm
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1%TiOz, 0.5% GPTES, mixing pump

3/16/2021 pressure WD 50 pm
12:28:09 PM 70 Pa 13.0 mm www.wezt.pl

3/16/2021 det pressure WD 20 pm
12:30:50 PM | LFD 70Pa | 13.0 mm www.wezt.pl
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det | H HPW | pressure
LFD | 10.00 kV 414pm | 70Pa | 13.0 mm
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pressure
www.wezt.pl

3/16/202

1:46:08 PM

LFD | 10.00 kV

mag ]

1 500 x

70 Pa

20 pm

pressure
www.wezt.pl

3/16/2021
1:47:29 PM

LFD | 10.00 kV

mag O]
5000 x

70 Pa
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10PM | LFD | 10.00kV | 10000 | 41.4pm | 71Pa |12.2n
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1%Ti0z, 1.5% GPTES, mechanical stirrer

3/22/2021 det mag [] pressure 50 pm
1:10:24 PM | LFD | 10.00 kv | 1 500 x 71Pa www.wezt.pl

(

i ¥
3/22/2021 | det mag [ pressure 20 pm
1:11:27 PM | LFD | 10.00 kv | 5000 x 70 Pa www.wezt.pl
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HV g HPW wo | ———1opm———— | —— 10 ym ——
00 kY | 10000 | 41.4 pm 70 Pa
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1%Ti0z, 1.5% GPTES, mixing pump

N » S A
3/16/2021 WD 50 pm
11:59:03 AM | LFD | 10.00 kv 10.7 mm www.wezt.pl

3/16/2021 pressure WD 20 pm
12:01:49 PM 70Pa | 10.7 mm www.wezt.pl
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2%Ti0z2, 1.5% GPTES, mixing pum

A _:
( ‘ ) >1'] s 5

3/4/2021 det mag [] pressure 50 pm

8:09:57 AM | LFD | 10.00 kv | 1 500 x 70 Pa www.wezt.pl

3/4/2021 det pressure 20 pm
8:10:38 AM | LFD | 10.00 kV | 5000 x 70 Pa www.wezt.pl
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3/4/2021 det HV mag [ HFW p re WD — 10 pm ———
8:14:38AM | LFD | 10.00kV | 10000x | 41.4pum | 70Pa | 9.3 mm www.wczt.pl
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3/4/2021 HV mag [ pressure 50 pm
8:33:56 AM 10.00 kv | 1500 x 70 Pa www.wezt.pl

3/4/2021 mag [ pressure 20 pm
8:34:31 AM | LFD | 10.00 kV | 5000 x 70 Pa www.wezt.pl
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.

3/15/2021 pressure WD 50 ym
11:47:24 AM 70 Pa 10.4 mm www.wczt.pl

s

3/15/2021 HFW pressure WD —_— 20 pm —————
11:48:38 AM | LFD | 10.00 kv 829pum | 70Pa | 10.4 mm www.wezt.pl
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HFW pressure WD
11:52:10 AM | LFD | 10.00 kv 414um | 70Pa | 10.4 mm

365 www.mdpi.com/journal/materials
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1%Ti0z, 1.5% iBurSSQ-OEt, mechanical stirrer

3/22/2021 pressure WD 50 pm
12:14:58 PM 10.00 kv 70Pa | 8.8 mm www.wezt.pl

|
3/22/2021 pressure WD 20 pm
12:15:44PM | LFD 70Pa | 8.8 mm www.wezt.pl

www.mdpi.com/journal/materials




Materials 2022, 15, 494 51 of 73

200 | de | W P pressure | WD
12:16:33 PM | LFD | 10.00 kv 414pm | 70Pa | 8.8 mm
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1%TiOz, 1.5% iBurSSQ-OEt, mixing pump

= -

4

3/15/2021 pressure WD 50 ym
11:58:30 AM | LFD | 10.00 kv 70Pa | 10.4 mm www.wezt.pl

”

3/15/2021 det pressure WD 20 pm
12:01:03 PM | LFD 70Pa | 10.4 mm www.wezt.pl

www.mdpi.com/journal/materials
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3/22/2021 det Hv mag [] HFW pressure WD — 10 ym ——
12:36:04 PM | LFD | 10.00 kv 00x |414pm | 70Pa | 7.2n

369 www.mdpi.com/journal/materials
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2%Ti0z2, 1.5% iBuzSSQ-OEt, mixing pump

> " s §
s

{ Vo

5 |

3/22/2021 pressure WD 50 pm
12:11:39PM | LFD | 10.00 kv 70Pa | 8.8 mm www.wezt.pl

{ e 7
3/22/2021 det pressure WD 20 pm
12:12:43 PM | LFD 70Pa | 8.8 mm www.wezt.pl
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3/22/2021 | det | WV | mag O] | HAW | pressure | |
12:14:19PM | LFD | 10.00kV | 10000 x | 41.4pym | 70Pa | 8.8 mm

371 www.mdpi.com/journal/materials
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1%TiOz, 0.5% SS-6GP-2TMOS, mixing pump

\

3/22/2021 det mag [ pressure 50 pm
1:02:15PM | LFD | 10.00 kv | 1500 x 70 Pa www.wezt.pl

" o
3/22/2021 | det mag [ pressure 20 pm
1:03:12 PM | LFD | 10.00 kV | 5000 x 70 Pa www.wezt.pl
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2%Ti0z2, 0.5% SS-6GP-2TMOS, mixing pump

: ‘ Y ‘
3/4/2021 det mag [] pressure 50 pm
7:51:37 AM | LFD | 10.00 kv | 1 500 x 70 Pa www.wezt.pl

3/4/2021 det mag [ pressure 20 pm
7:55:05AM | LFD | 10.00 kV | 5000 x 70 Pa www.wezt.pl

www.mdpi.com/journal/materials
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WD —— 10 pm ——

.00 kV | 10 000 x 70Pa | 9.6 mm www.wczt.pl

375 www.mdpi.com/journal/materials



Materials 2022, 15, 494 60 of 73

1%Ti02, 1.5% SS-6GP-2TMOS, mechanical stirrer

3/3/2021 det Hv pressure WD 20 ym ———
10:20:39 AM | LFD | 10.00 kv 70Pa | 13.5mm www.wezt.pl

3/3/2021 det HV mag [J HFW pressure WD —_— 10 pym ——
10:21:13 AM | LFD | 10.00kv | 10000 x | 41.4 pym | 70 Pa 13.5 mm www.wezt.pl

www.mdpi.com/journal/materials
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3/3/2021 det HV mag [J HFW pressure wD
0:22:48 AM | LFD | 10.00kV | 30000x | 138 ym | 70Pa |13.5m

377 www.mdpi.com/journal/materials
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1%TiOz, 1.5% SS-6GP-2TMOS, mixing pump

i)

3/15/2021 det pressure WD 50 pm
12:50:21PM | LFD | 10.00 kv | 1 500 x 70 Pa 10.3 mm www.wezt.pl

3/15/2021 | det HV mag [ pressure 20 pm
1:10:21 PM | LFD | 10.00 kv | 5000 x 70 Pa www.wezt.pl

www.mdpi.com/journal/materials
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HV g HRW wo | ———1opm——— |
00 kY | 10000% | 41.4pm  70Pa | 103n

379 www.mdpi.com/journal/materials
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2%TiOz, 1.5% SS-6GP-2TMOS, mixing pump

3/15/2021 det mag [ pressure 50 pm
2:12:04PM | LFD | 10.00 kV | 1 500 x 70 Pa www.wezt.pl

“2[

3/15/2021 | det mag [ pressure 20 pm
2:13:45PM | LFD | 10.00 kV | 5000 x 70 Pa www.wezt.pl

www.mdpi.com/journal/materials
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-4

HV g HRW wo | ———1opm——— |
00 kY | 10000x | 414pm | 70Pa | 10.4mm  wwwatel |
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3/17/2021 mag [] pressure 50 pm
2:21:34PM | LFD | 10.00 kV | 1 500 x 70 Pa www.wezt.pl

L

3/17/2021 | det mag [ pressure 20 pm
2:23:31PM | LFD | 10.00 kV | 5000 x 70 Pa www.wezt.pl

-
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LFD | 10.00kV | 10000 x | 41.4pm | 70Pa | 15.3 mm

383 www.mdpi.com/journal/materials
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2%TiOz, 0.5% SS-5GP-3TMOS, mixing pump

3/17/2021 det mag [ pressure 20 pm
3:26:25PM | LFD | 10.00 kv | 5000 x 70 Pa www.wczt.pl

3/17/2021 | det mag [ pressure WD 10 pm
3:27:53 PM | LFD | 10.00 kv | 10 000 x 70Pa | 16.5 mm www.wezt.pl

www.mdpi.com/journal/materials
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b

00kV | 30000x | 13.8um | 70Pa | 16.5 mm i pl
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b

3/17/2021 mag [ pressure 50 pm
2:57:44PM | LFD | 10.00 kV | 2 000 x 70 Pa www.wezt.pl

3/17/2021 | det HV mag [ pressure 20 pm
3:00:34 PM | LFD | 10.00 kV | 5000 x 70 Pa www.wezt.pl

www.mdpi.com/journal/materials
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3/15/2021 det mag [ pressure 50 pm
2:16:10 PM | LFD | 10.00 kV | 1 500 x 70 Pa www.wezt.pl

3/15/2021 mag [ pressure 20 pm
2:25:21PM | LFD | 10.00 kV | 5000 x 70 Pa www.wezt.pl
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HV g HRW wo | ———1opm———— |
00 kY | 10000% | 41.4ym  70Pa_| 10.2 mm

389 www.mdpi.com/journal/materials
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