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I.  WSTEP

Zgodnie z definicja Miedzynarodowej Unii Chemii Czystej 1 Stosowanej (IUPAC)
polimery to klasa zwigzkow chemicznych sktadajaca si¢ z makroczasteczek. Makroczasteczka
to molekula o wysokiej masie czasteczkowej, ktora zbudowana jest z wielokrotnie
powtarzanych jednostek pochodzacych z czasteczek o niskiej masie czasteczkowej (tzw.
merow).[1] W ostatnich dekadach polimery zaczely stanowi¢ dominujaca klas¢ materiatow,
dzigki temu, iz oferujg znacznie lepsze wlasciwosci fizyczne 1 chemiczne niz materialy
konwencjonalne. Znajduja szerokie zastosowanie we wspotczesnej gospodarce, od przemystu,
przez motoryzacje i elektronike, az po medycyne. Wykorzystywane sg m.in. jako smary,[2]
bezrozpuszczalnikowe elastomery,[3] modyfikatory powierzchni,[4] krysztaly fotoniczne,[5]
w litografii[6] lub jako nosniki lekéw oraz w produktach codziennego uzytku — kosmetykach,
produktach higienicznych, srodkach gospodarstwa domowego.[7,8] Tak znaczna ekspansja
polimerow ma swoje zrodto bezposrednio w tym, iz bardzo tatwo mozna modyfikowaé
1 kontrolowa¢ ich mase czasteczkowa (M), dyspersyjnos¢ (D), gestos¢ (d), strukture i1 sktad

chemiczny, produkujac materiaty o pozadanych wlasciwosciach uzytkowych.

W ostatnich latach dokonano ogromnego postepu technologicznego w dziedzinie chemii
polimerow, a tym samym rozwoju metod ich przetwarzania, takich jak — odwracalnej
dezaktywacji polimeryzacji rodnikowej, zwlaszcza polimeryzacji rodnikowej z przeniesieniem
atomu (ATRP).[9-15] Metody te umozliwiaja dostgp do bardziej zaawansowanych materiatow
polimerowych, ktore charakteryzuja si¢ pozadanymi i kontrolowanymi architekturami
makromolekularnymi, posiadajacymi inng topologi¢ niz liniowa, takie jak kopolimery,
struktury gwiazdziste, szczotkowe, usieciowane czy tez hiperrozgatezione/dendrymeryczne

(Rys. 1).[16,17]
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Rys. 1. Rodzaje topologii w$rdd polimerow.

Z biegiem lat materiaty polimerowe staty si¢ interesujagcymi obiektami badan dla
naukowcoOw pracujagcych na calym $wiecie. SzczegoOlnego znaczenia nabralo poznanie
1 zrozumienie zachowania polimeréw semikrystalicznych badz catkowicie amorficznych
w poblizu przejscia szklistego (Tg). Jest to istotne, gdyz wiele takich makroczasteczek,
stosowanych w r6znych gateziach przemystu, zmienia swoje podstawowe wtasciwosci fizyczne
na skutek starzenia i proceséw zwigzanych z reorganizacja molekularng w nich zachodzacych,
ktore majg wpltyw na szybsze ich zuzywanie, utrate odpowiednich wtasnosci mechanicznych.
Warto tutaj nadmieni¢, iz przejscie szkliste opisuje zakres temperaturowy, w ktorym
wlasciwosci mechaniczne materialdéw zmieniajg si¢ ze stanu twardego/kruchego ciata statego
na bardziej migkkie, gumowate o wlasciwosciach lepko-sprezystych, ktore jest bardziej
odksztatcalne, elastyczne.[18] Tak dramatyczna zmiana lepkosci, elastycznosci 1 twardosci
polimerow w poblizu T, jest waznym zagadnieniem fizyki materii skondensowanej, ale rowniez
ma duze znaczenie w kontek$cie projektowania i przetworstwa polimerow amorficznych.
Z pewnoscia systematyczne badania nad zrozumieniem natury przejscia szklistego prowadzone
w roznych warunkach termodynamicznych pozwola optymalizowaé procesy przetworcze oraz
okresli¢ wptyw czynnikow zewngtrznych, takich jak temperatura czy ci$nienie na degradacje

oraz fizyczne starzenie si¢ polimerow.[19,20]

11



Fizyczne zrozumienie przemiany szklistej jest obecnie aktualnym problemem fizyki
materii skondensowanej.[18,21,22] Gdy uktad tworzacy szkto zostaje przechtodzony ponizej
temperatury krystalizacji, jego dynamika molekularna ulega silnemu spowolnieniu na skutek
gwaltownego wzrostu lepkosci (n). W kontek$cie polimeréw, za proces zeszklenia
odpowiedzialna jest relaksacja segmentalna (a-relaksacja) odzwierciedlajaca kooperatywne
przegrupowanie czasteczek cieczy przechtodzonej, ktore odbywa si¢ z charakterystycznym
czasem, zwanym czasem relaksacji a, 1..[23,24] Z kolei temperature, z ktorej uktad przechodzi
ze stanu metastabilnego, rownowagowego do stanu metastabilnego, nieréwnowagowego
okresla si¢ jako temperature zeszklenia (Tg). Jest ona definiowana jako temperatura, w ktorej
lepkosé i czas relaksacji osiagaja odpowiednio wartosci =10 Pa x s, i T« = 100 5.[25-29]
Do badania zachowania polimeréw w poblizu przejsécia szklistego[ 18] wykorzystuje si¢ szereg
komplementarnych metod eksperymentalnych takich jak: Dynamiczne Rozpraszanie Swiatta
(DLS), Spektroskopi¢ Rozpraszania Neutrondow, Spektroskopi¢ Mechaniczng oraz
Szerokopasmowa Spektroskopi¢ Dielektryczng (BDS). Ostatnia z wymienionych technik jest
szczegollnie uzytecznym narzgdziem do badania dynamiki molekularnej polimeréw ze wzgledu
na rejestracje procesOw relaksacyjnych odzwierciedlajacych ruchliwo$§¢ molekularng
makroczasteczek o skrajnie réznych skalach czasowych, w szerokim zakresie czgstotliwosci,

temperatur 1 ci$nien.

Za pomocg wymienionych metod eksperymentalnych, wnikliwie zbadano dynamike
molekularng makroczasteczek, takich jak: cis-1,4-poliizopren (PI),[30-32] poli(tlenek 1,2-
butylenu) (POB),[33] poli(tlenek etylenu) (PEO),[34] poli(laktydy) (PLAs),[35] poli(tlenek
styrenu),[36] poli(izocyjanian heksylu),[37] poli(glikol propylenowy) (PPG).[38—44] Warto
nadmieni¢, iz w/w makroczasteczki sg bardzo atrakcyjne z punktu widzenia badan
dielektrycznych, poniewaz posiadaja wypadkowy moment dipolowy utozony rownolegle do

tancucha gléwnego, to tzw. polimery typu A wedlug klasyfikacji Stockmayera.[45] Wynika
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z tego, ze oprocz obecnosci procesu segmentalnego zwigzanego z ruchami kooperatywnymi
powtarzajacych sie jednostek tancucha (relaksacja o), na widmach strat dielektrycznych
obserwuje si¢ rowniez dodatkowy proces relaksacyjny, tzw. normal-mode, zwiazany
z fluktuacjami wektora laczacego dwa konce tancucha (ang. end-to-end). Co ciekawe, jezeli
poréwna si¢ czasy relaksacji procesu normal-mode wyznaczone z pomiarow dielektrycznych
z czasami relaksacji terminalnej otrzymanymi z pomiar6w mechanicznych, stwierdzi¢ mozna
bardzo dobra zgodno$§¢ migdzy nimi.[46—49] To proste pordwnanie jasno pokazuje,
ze ta dodatkowa mobilno$¢ zarejestrowana na widmach dielektrycznych jest zwigzana
z dynamikg catego tancucha polimeru. To jasno sugeruje, ze w przypadku polimeréow typu A
istnieje mozliwo$¢ §ledzenia dielektrycznie globalnej dynamiki tancucha calej

makroczasteczki.

Jednakze obserwacja w pomiarach BDS normal-modu, ktory daje informacje
o globalnej dynamice (dyfuzji) polimerow nie jest mozliwa dla wszystkich uktadow.
Makroczasteczki, dla ktorych moment dipolowy jest utozony prostopadle wzgledem tancucha
gléwnego, tzn. polimery typu B, nie wykazujg obecnosci na widmach strat dielektrycznych
relaksacji normal-mode.[50] Przyktadem moze by¢ poli(metylofenylosiloksan) (PMPS).[51—
58] Warto nadmieni¢, iz PMPS jest przedstawicielem polisiloksanéw, polimerow o dos¢
unikalnym charakterze, ktory zwigzany jest z ich budowa — tancuch gltoéwny sktada sie
z potaczenia tlenu (O) oraz krzemu (Si), co sprawia, ze caly szkielet makroczasteczki jest
o wiele bardziej elastyczny 1 charakteryzuje si¢ wigkszg swobodg rotacji w poréwnaniu do
polimeru o budowie weglowej. Co wiecej, w zaleznos$ci od dtugosci tancucha gltownego
1 charakteru przytaczonych grup bocznych do atomow krzemu, polisiloksany mogg przybierac
rozne formy — od cigzkich, smaropodobnych cieczy po state zywice. Zwigzki te sg bardzo
stabilne chemicznie oraz termicznie, charakteryzujg si¢ stabymi oddzialywaniami miedzy-

tancuchowymi, wynikajacymi z niskoenergetycznych wigzan Si-O, maja niskie napigcie
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powierzchniowe oraz wykazujg niskg toksyczno$¢ i reaktywno$¢ chemiczng.[59,60] W efekcie
znajduja powszechnie zastosowanie w medycynie (np. wyroby medyczne, takie jak implanty,
opatrunki hydrozelowe, itp.), w budownictwie (jako kleje, uszczelniacze, itp.), w kosmetykach,

produktach higienicznych, tworzywach sztucznych, a takze w przemysle spozywczym.[61-65]

PMPS byt obiektem badan spektroskopowych przez rézne grupy. Najwczesniejsze
badania wykonane dla tego polimeru przy uzyciu spektroskopii korelacji fotonowej (PCS)
pozwolily zaobserwowaé¢ dwa procesy relaksacyjne powyzej temperatury zeszklenia. Co wazne
czasy relaksacji otrzymane dla szybszego procesu wyznaczone z badan PCS dobrze zgadzatly
si¢ z czasami relaksacji procesu segmentalnego z badan dielektrycznych. Natomiast drugi,
wolniejszy proces, tzw. relaksacja o’, nie posiadal swojego odpowiednika w badaniach
dielektrycznych. Stad autorzy postulowali, ze proces a” jest zwigzany z dyfuzjg catego tancucha
polimerowego.[58,66] Nowe spojrzenie na dynamike molekularng PMPS przyniosty badania
podjete przez prof. Adrjanowicz i wsp., ktora zmierzyta dielektrycznie dwie probki PMPS
o réznych cigzarach czasteczkowych.[56,57] Pomiary te ujawnity istnienie dodatkowego
procesu relaksacyjnego, wolniejszego niz relaksacja segmentalna, ktorego dynamika byla
zalezna od masy czgsteczkowej polimeru. Dodatkowo z racji tego, ze czasy relaksacji nowego
modu nie zgadzaly si¢ z czasami relaksacji terminalnej (tr) wyznaczonymi z pomiardw
mechanicznych, jak réwniez biorgc pod uwage to, ze PMPS jest polimerem typu B, dodatkowy
proces dielektryczny zostal zaklasyfikowany jako sub-Rouse.[56] Warto tutaj wspomnie¢, iz
badania z wykorzystaniem metody PCS oraz pomiarow mechanicznych ujawnily obecno$¢
procesu typu sub-Rouse w poli(izo-butylenie) (PIB),[67,68] czy tez poli(metylo-para-

tolilosiloksanie) (PMpTS).[69,70]

W niniejszej rozprawie przeprowadzono badania dynamiki molekularnej substancji
wielkoczasteczkowych z grupy polisiloksanow i ich pochodnych, ktore formujg fazg szklista,

za pomocg szerokopasmowej spektroskopii dielektrycznej (BDS). Ta metoda badawcza
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umozliwia rejestracje ruchow relaksacyjnych wielu nisko- 1 wielkoczasteczkowych uktadow
w szerokim zakresie czestotliwosci 102 — 10° Hz i w réznych warunkach temperatury (T)
1 ci$nienia (p). Szczegdlng uwage skupiono na detekcji procesu relaksacyjnego typu sub-Rouse
w badanych uktadach oraz jego zachowania, wlasciwosci dynamicznych w zmiennych

warunkach termodynamicznych.
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I1. CEL PRACY

Celem niniejszej pracy doktorskiej bylo scharakteryzowanie dynamiki molekularne;j
badanych polimeréw z grupy polisiloksanéw — poli(merkaptopropylometylosiloksanu)
(PMMS) oraz syntezowanych na bazie PMMS kopolimerow szczepionych otrzymanych
metoda fotopolimeryzacji, w ktoérych w tancuchu bocznym poprzez grupe tiolowa -SH zostatly

przytaczone rézne monomery.

Przede wszystkim gtéwna motywacja niniejszych badan byto znalezienie wyjasnienia
dotyczacego natury dodatkowych ruchéw molekularnych, jakie obserwuje si¢
w pomiarach dielektrycznych polisiloksanéw. Natomiast dla polimerow modyfikowanych
grupami chemicznymi o rdznej strukturze i topologii szczego6lnie wazne wydato si¢ okreslenie
wptywu architektury polimeru na dynamik¢ molekularng w zmiennych warunkach
termodynamicznych. Dielektryczne badania temperaturowe i ci$nieniowe rozpatrywanych
w niniejszej rozprawie doktorskiej uktadow byty wspierane przez komplementarne techniki
eksperymentalne, takie jak réznicowa kalorymetria skaningowa (DSC) czy tez dynamiczna

analiza mechaniczno-termiczna (DMTA).

Rezultaty prowadzonych badan zostaty opublikowane w prestizowych czasopismach

naukowych z listy filadelfijskie;j:

Al. S. Zimny, M. Tarnacka, E. Kaminska, R. Wrzalik, K. Adrjanowicz, M. Paluch,
K. Kaminski. Studies on the Molecular Dynamics at High Pressures as a Key

Identify the Sub-Rouse Mode in PMMS. Macromolecules, 2022, 55 (13), 5581-5590.

A2. S. Zimny, M. Tarnacka, Z. Wojnarowska, D. Heczko, P. Maksym, M. Paluch,
K. Kaminski. Impact of the Graft’ Structure on the Behavior of PMMS-Based

Brushes. High Pressure Studies. Polymer, 2023, 271, 125790.
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A3.

S. Zimny, M. Tarnacka, P. Maksym, Z. Wojnarowska, M. Paluch, K. Kamifski. The
Influence of Graft Rigidity on the Dynamical Behavior of PMMS-Based Polymer
Brushes at Ambient and High Pressures. Macromolecules, 2024, 57 (22), 10754-

10766.

Tres¢ powyzszych publikacji stanowigcych podstawe niniejszej pracy doktorskiej mozna

znalez¢ w Rozdziale I'V. Wyniki uzyskane w trakcie mojego doktoratu zostaly zaprezentowane

na konferencjach naukowych:

. ,»XV. Kopernikanskie Seminarium Doktoranckie” (2022), Torun, Polska.

»IV. Seminarium Ogolnoakademickie ,,Metody fizykochemiczne w badaniach

naukowych” (2023), Sosnowiec, Polska.

. ,,05. Zjazd Naukowy Polskiego Towarzystwa Chemicznego” (2023), Torun, Polska.

»V. Seminarium Ogdlnoakademickie ,,Metody fizykochemiczne w badaniach

naukowych” (2024), Sosnowiec, Polska.

. ,12th Conference on Broadband Dielectric Spectroscopy and its Applications” (2024),

Lizbona, Portugalia.
“VI. Seminarium Ogolnoakademickie “Metody fizykochemiczne w badaniach

naukowych” (2025), Sosnowiec, Polska.

Ponadto jestem wspotautorem dwoéch artykuldw naukowych, ktore nie zostaty wilaczone do

roZprawy:

1.

A. Gorny, M. Tarnacka, S. Zimny, M. Geppert-Rybczynska, A. Brzozka, G.D. Sulka,
M. Paluch, K. Kaminski. Impact of Nanostructurization of The Pore Walls on the
Dynamics of a Series of Phenyl Alcohols Incorporated Within Nanoporous
Aluminum Oxide Templates. The Journal of Physical Chemistry C, 2022, 126 (43),

18475-18489.
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2. S. Zimny, M. Tarnacka, M. Geppert-Rybczyfnska, K. Kaminski. Is There a
Relationship Between Wettability and the Rates of Equilibration of Hydrogen-
Bonded Oligomer Poly(mercaptoproylmethylsiloxane) Under Confinement? 7he

Journal of Physical Chemistry C, 2023, 127 (47), 23034-23043.
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III. OMOWIENIE OTRZYMANYCH WYNIKOW

A. Wysokocisnieniowe badania dielektryczne poli(merkaptopropylo-
metylosiloksanu) (PMMS) w celu identyfikacji dodatkowych procesow

relaksacyjnych

W artykule A1 w celu zbadania dynamiki molekularnej polimeru asocjacyjnego z grupy
polisiloksanéw wybrano poli(merkaptopropylometylosiloksan) (PMMS). Polimer ten do
kazdego monomeru w szkielecie ma przylaczony tancuch alkilowy zakonczony grupa -SH,
ktéra wptywa na zdolno$¢ makroczasteczki do tworzenia slabych wigzan wodorowych.
Wykorzystany w badaniach homopolimer PMMS charakteryzuje si¢
M, = 2400 g/mol oraz B = 1,26, jest ciecza o dos¢ rzadkiej konsystencji podobnej do wody.
Jego temperatura zeszklenia (Tg) wynosi 178 K, a ponadto nie wykazuje on tendencji do
krystalizacji. Podstawowe informacje dotyczace struktury i nazewnictwa przedstawiono na
Rys. 2. Wybor tego polimeru nie byt przypadkowy, poniewaz poprzednio przeprowadzone
badania dielektryczne ujawnily obecno$¢ dodatkowego procesu relaksacyjnego, dla ktorego

jednoznaczne okreslenie jego pochodzenia byto trudne do ustalenia.[71]

poli(merkaptopropylometylosiloksan), PMMS

g o g
H3C—§|‘.i—O~ESi—O}S|i—CH3
CH, "CH,

SH
Rys. 2. Struktura i nazewnictwo badanej substancji.
W pierwsze] kolejnosci przeprowadzono badania za pomoca szerokopasmowej
spektroskopii dielektrycznej w szerokim zakresie temperatur (T = 173 — 213 K), w warunkach
ci$nienia atmosferycznego (p = 0,1 MPa). Otrzymane widma strat dielektrycznych (Rys. 3a)

badanej substancji ujawnily obecno$¢ przewodnictwa statopradowego zwigzanego
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z transportem ladunkéw oraz procesu relaksacyjnego o szerokim, bimodalnym ksztalcie,
widocznego przy najwyzszych czestotliwo$ciach. Bimodalny charakter krzywej strat
dielektrycznych wskazywat na obecnos¢ dwoch niezaleznych procesow relaksacyjnych - a1 o’
(Rys. 3b), ktorych skale czasowe stawaly si¢ coraz bardziej zblizone do siebie wraz ze
spadkiem temperatury. W efekcie, w poblizu przejscia szklistego obserwowany byt pojedynczy

proces relaksacyjny.

10°

a) PMMS (M, = 2 400 g/mol) T=213K
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Rys. 3. a) Widma strat dielektrycznych badanego PMMS zarejestrowane powyzej T,. b) Dopasowanie dwoch
funkcji Havriliaka-Negamiego (HN) do widm strat dielektrycznych zmierzonych w T = 197 K.

W celu wyjasnienia natury obu proceséw widocznych na widmach dielektrycznych,
wykonano dynamiczne pomiary mechaniczne. Badania te wykazaly obecno$¢ relaksacji
segmentalnej oraz relaksacji zwigzanej z globalng dynamika tancucha (relaksacj¢ terminalng).
Nalezy jednak zauwazy¢, ze separacja skali czasowej obu proceséw byla znacznie wicksza niz
w przypadku procesow relaksacyjnych obserwowanych w badaniach dielektrycznych.
Nastepnie, z analizy widm dielektrycznych za pomoca modelu Havriliaka-Negamiego,
wyznaczono czasy relaksacji 1, 1 1o, ktére poréwnano z czasami relaksacji uzyskanymi

z analizy badan mechanicznych (tq i t1). Wartosci czaséw relaksacji wykreslono w funkcji
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temperatury na Rys. 4a. Przedstawione dane ujawnily wyrazng rozbiezno$¢ miedzy czasami
relaksacji wyznaczonymi obiema technikami. W przypadku t«, mimo ogolnej rozbieznosci
z czasami relaksacji segmentalnej z badan mechanicznych, w poblizu przej$cia szklistego
zaobserwowano wieksza zgodnos¢. Dlatego zatozono, ze proces relaksacyjny widoczny na
widmach dielektrycznych przy wyzszych czestotliwosciach to relaksacja segmentalna (o).
Potwierdzeniem tego byla zgodnos$¢ wartosci Ty uzyskanych z badan kalorymetrycznych
(TP5C = 178 K) i dielektrycznych (T 2PS = 177 K). Natomiast, tak znaczna rozbieznoéé dla
zalezno$ci temperaturowych 1, 1 Tr sugerowala, ze wolniejszy proces o’ charakteryzuje si¢ inng
dynamika molekularng niz relaksacja calego tancucha monitorowana w badaniach
mechanicznych. Aby wyjasni¢ pochodzenie wolniejszego procesu o’, zestawiono zaleznosci
temperaturowe czasOw relaksacji dla PMMS z danymi literaturowymi innych polisiloksanow,
tj. poli(metylofenylosiloksanu) (PMPS) oraz poli(dimetylosiloksanu) z hydroksylowymi
grupami terminalnymi (HO-PDMS-OH).[56,72] Dane zostaty przeskalowane wzgledem
wartosci Ty (Rys. 4b). W przebiegu zalezno$ci czasow relaksacji a od Ty/T zauwazono, ze
wykresy 1(T¢/T) dla PMMS i PMPS naktadajg si¢ na jedng krzywa, co dodatkowo potwierdzito
identyfikacj¢ procesu a jako relaksacji segmentalnej. Ponadto, 1, badanego PMMS i Tsub-Rouse
dla PMPS natozyly si¢ na drugiej krzywej. To poréwnanie pozwolito stwierdzi¢, iz dodatkowy
proces o’ obserwowany w badaniach dielektrycznych dla polimeru PMMS jest relaksacja typu

sub-Rouse, tak jak zostato to stwierdzone dla polimeru PMPS.
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Rys. 4. a) Temperaturowe zaleznos$ci czasow relaksacji uzyskanych z pomiaréw dielektrycznych i mechanicznych.
b) Poréwnanie ewolucji temperaturowej czaséw relaksacji wyznaczonych dla réznych proceséw obserwowanych
w PMPS, HO-PDMS-OH i PMMS. Przedstawione dane zostaty przeskalowane wzgledem wyznaczonych warto$ci
Te.

Nastegpnie, na podstawie zarejestrowanych widm strat dielektrycznych uzyskanych
z wysokoci$nieniowych badan dielektrycznych w réznych warunkach T i p, dokonano
poréwnania ksztaltu krzywych strat dielektrycznych o zblizonej czgstotliwosci maksimum
procesu relaksacji segmentalnej (Rys. 5). Zauwazono, ze krzywe strat dielektrycznych sa
identyczne dla tych samych czasow relaksacji o, w zmiennych warunkach T i p. Zatem
spetniona jest superpozycja czasowo-temperaturowo-cisnieniowa (TTPS). Co istotne, dla
PMMS istnieje superpozycja wolniejszego procesu o’ oraz relaksacji segmentalnej a,
niezaleznie od warunkéw termodynamicznych. Podobne wyniki uzyskano dla poli(glikolu
propylenowego) (PPG) oraz cis-1,4-poliizoprenu (PI),[42,73] dla ktérych rowniez
przeprowadzono pomiary ci$nieniowe. Zaobserwowano, ze niezaleznie od warunkow
termodynamicznych, widma strat dielektrycznych zestawione dla tego samego 1, wykazujg
superpozycj¢ procesu normal-mode (zwigzanego z fluktuacjami wektora tgczacego konce

tancucha, odzwierciedlajacego globalng, tancuchowg dynamike) i relaksacji segmentalnej o.
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Rys. 5. Widma strat dielektrycznych zarejestrowane dla PMMS w roznych warunkach termodynamicznych,
charakteryzujace si¢ stalym 1.

Oznaczato to, ze dla PMMS zachowana jest ta sama zasada co w przypadku PPG i PL
Otrzymany wynik byt kolejnym argumentem potwierdzajacym, ze dodatkowy proces o’ jest
zwigzany z czeSciowymi ruchami molekularnymi tancucha polimeru (sub-Rouse), o duzo
wickszej skali czasowej niz relaksacja segmentalna, jednak mniejszej niz mobilno$¢ catego
tancucha polimerowego. Ponadto oszacowano objeto$¢ aktywacji (AV) dla obu proceséw
relaksacyjnych (Rys. 6). Otrzymane wartosci AV dla modéw a i o’ byly bardzo zbliZzone,
co stanowilto kolejne podobienstwo procesu a’ do zachowania relaksacji normal-mode 1 istotnie
wzmacnialo interpretacje, ze dodatkowa mobilnos¢ wykryta w PMMS jest procesem typu

sub-Rouse.
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Rys. 6. Objetos¢ (AV) oszacowana dla relaksacji segmentalnej i sub-Rouse, wykreslona od czaséw segmentalnej
(to) dla PMMS.

B. Wplyw struktury szczepéw na zachowanie dynamiki molekularnej kopolimerow

szczepionych w réznych warunkach termodynamicznych

Podobne badania dynamiki molekularnej przeprowadzono w pracy A3 dla
kopolimeréw szczepionych, w ktéorych do gltownego tancucha poli(merkaptopropylo-
metylosiloksanu) poprzez sfunkcjonalizowang grupe tiolowa -SH zostaty przytaczone
boczne odgalezienia wybranych homologicznych monomeréw akrylanow i metakrylanow.
Struktury chemiczne tych zwigzkéw oraz ich peine nazwy zostaty przedstawione na Rys. 7
1 8. Z uwagi na bardzo rozbudowane nazwy systematyczne badanych kopolimerow
szczepionych, w dalszej czesci korzystano z ich form skroconych. W pierwszej kolejnosci
dla badanych zwigzkéw wyznaczono T, z pomiarow metoda DSC, ktére zestawiono
w Tabeli 1 oraz dokonano ich poréwnania z wartosciami Ty wyznaczonymi z badan

dielektrycznych (Rys. 9).
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Kopolimery PMMS szczepione wybranymi monomerami akrylanow

a) PMMS-graft-MA b) PMMS-graft-nBA ' ©) PMMS-graft-HA
polifmerkapto(metylo-3-propaniano) polifmerkapto(7-butylo-3-propaniano) poh[merkapto(heksylo-ii-propamano)
propylometylosiloksan) propvlometylosiloksan] propylometylosiloksan]
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Rys. 7. Struktury chemiczne i nazewnictwo badanych kopolimerow PMMS szczepionych homologicznymi
monomerami akrylandw.

Kopolimery PMMS szczepione wybranymi monomerami metakrylanow

a) PMMS-graft-MMA b) PMMS-graft-BMA
polifmerkapto(metylo-3-(2-metylo)-propaniano) poli[merkapto(butylo-3-(2-metylo)-propaniano)
propylometylosiloksan] propylometylosiloksan)

¢) PMMS-graft-HMA
polifmerkapto(heksylo-3-(2-metylo)-propaniano)

propylometylosiloksan]

o g A A
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Rys. 8. Struktury chemiczne i nazewnictwo badanych kopolimerow PMMS szczepionych homologicznymi
monomerami metakrylanow.
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Tabela 1. Masy czasteczkowe (M,) 1 temperatury zeszklenia (T,) wyznaczone z pomiaré6w kalorymetrycznych
i dielektrycznych dla badanych kopolimeréw szczepionych. Dane dla PMMS zostaty zaczerpnigte z pracy [74].

M, [g/mol] TSP [K]dlate=1s T."5€ [K]
PMMS 2 400 177 178
Kopolimery PMMS szczepione monomerami akrylanow
PMMS-graft-MA 3400 231 224
PMMS-graft-nBA 4100 204 201
PMMS-graft-HA 4 600 198 196
Kopolimery PMMS szczepione monomerami metakrylanow

PMMS-graft-MMA 3600 244 244
PMMS-graft-BMA 4100 218 215
PMMS-graft-HMA 4700 206 198

Zaobserwowano, ze wartosci Ty dla kopolimerdw szczepionych sg znacznie wyzsze niz
dla homopolimeru PMMS (T, = 178 K) (Rys. 9). Najwyzsze Ty wykazywaly kopolimery
szczepione homologicznymi monomerami metakrylanéw, ktore cechowaty si¢ duzo wigksza
sztywnoscig fancucha niz kopolimery szczepione homologicznymi monomerami akrylanow.
Ponadto, wartosci temperatury zeszklenia malaty wraz ze zwigkszajaca si¢ dtugoscia tancucha
szczepu. Sugerowalo to, Ze na zmiany temperatur zeszklenia wyrazny wptyw ma zwigkszona
zawada steryczna spowodowana zaréwno wydtuzeniem, jak 1 sztywnosciag dolgczonych

tancuchéw bocznych.
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Rys. 9. Temperatury zeszklenia wyznaczone za pomoca réoznych technik eksperymentalnych wykreslone w funkcji
dtugosci tancucha szczepu.

Przeprowadzone badania dielektryczne w szerokim zakresie temperatur w warunkach
cisnienia atmosferycznego (Rys. 10) pozwolily stwierdzi¢ obecnos¢ na widmach
przewodnictwa statopradowego (przy nizszych czestotliwosciach, f) oraz przy najwyzszych f
relaksacje segmentalng a dla kopolimeréw PMMS szczepionych akrylanami o réznej dlugosci
tancucha alkilowego. Co zaskakujace, dla kopolimerow PMMS szczepionych homologicznymi
monomerami metakrylandw wykryto bimodalny proces relaksacyjny, bedacy ztozeniem dwodch
niezaleznych relaksacji — a 1 o’, dla ktérych skale czasowe stawaly si¢ bardzo zblizone

w poblizu przejscia szklistego — podobnie jak w przypadku homopolimeru PMMS.

27



a) PMMS-graft-nBA b) PMMS-graft-BMA

f [Hz] f[Hz]

10°4

Rys. 10. Reprezentatywne widma strat dielektrycznych zmierzone powyzej T, dla wybranych kopolimerow
szczepionych monomerami akrylanow: a) PMMS-grafi-nBA, ¢) PMMS-grafit-HA oraz metakrylanow: b) PMMS-
graft-BMA, d) PMMS-graft-HMA; o r6znych dtugosciach tancuchow alkilowych.

Nastepnie wykonano pomiary mechaniczne, ktore pozwolity na obserwacje dwoch
procesOw — relaksacji segmentalnej oraz relaksacji terminalnej. Co wigcej, wykryte procesy
relaksacyjne wystepowaty dla wszystkich badanych uktadéw niezaleznie od zastosowanego
szczepu. Porownujgc temperaturowe zaleznosci czasoOw relaksacji wyznaczonych z analizy
widm dielektrycznych modelem HN (1, 1 1o°) oraz z analizy danych mechanicznych (tq 1 T7)
(Rys. 11) zauwazono bardzo dobrg zgodno$¢ t, uzyskanych z pomiaréw dielektrycznych
1 mechanicznych zaréwno dla reprezentatywnego kopolimeru PMMS szczepionego akrylanem
butylu (PMMS-graft-nBA) jak i szczepionego metakrylanem butylu (PMMS-g-BMA). Jednak,
co ciekawe zauwazono wyrazng rozbiezno$¢ skali czasowej relaksacji o’ z relaksacjg
terminalng. Dokonana analiza wykazata, ze dodatkowy proces relaksacyjny obserwowany
w kopolimerach PMMS szczepionych homologicznymi monomerami metakrylanéw nie jest
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powigzany z globalng dynamika lancucha ze wzgledu na inne skale czasowe obu

zarejestrowanych procesow.

PMMS-graft-nBA
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Rys. 11. Temperaturowe zaleznosci czaséw relaksacji uzyskanych z pomiarow dielektrycznych i mechanicznych
dla dwoéch reprezentatywnych kopolimerow PMMS szczepionych akrylanem butylu i metakrylanem butylu.

Ze wzgledu na duze podobienstwo zaobserwowanego dodatkowego procesu o’
w badanych kopolimerach szczepionych homologami metakrylanow z procesem sub-Rouse
wykrytym w homopolimerze PMMS, wykonano wysokocisnieniowe badania dielektryczne
w réznych warunkach temperatury i ci$nienia w celu lepszego wyjasnienia obserwowanego
zjawiska. Podobnie jak w przypadku badan dielektrycznych przeprowadzonych w ci$nieniu
atmosferycznym, w badaniach ci$nieniowych rowniez wykryto obecno$¢ pojedynczego
procesu relaksacyjnego dla kopolimerdw szczepionych homologicznymi monomerami
akrylandbw oraz wyrazny bimodalny proces relaksacyjny dla kopolimerow PMMS

szczepionych monomerami metakrylanow.
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Rys. 12. Widma strat dielektrycznych zarejestrowanych w réznych warunkach termodynamicznych
charakteryzujace si¢ stalym 1,, dla wybranych kopolimeréw PMMS szczepionych homologicznymi monomerami
akrylanéw (a i ¢) oraz homologicznymi monomerami metakrylanéw (b i d).

Co istotne, porownujac krzywe strat dielektrycznych w réznych warunkach
termodynamicznych (Rys. 12), zauwazono, ze ich ksztalt jest identyczny dla tych samych
warto$ci czaséw relaksacji segmentalnej, t,. Zatem réwniez i w tym przypadku zostata
spelniona regula superpozycji czasowo-temperaturowo-cisnieniowej (TTPS). Takze
stwierdzono, ze dla kopolimeréw PMMS szczepionych monomerami metakrylanu istnieje
superpozycja wolniejszego procesu o’ oraz relaksacji segmentalnej a, niezaleznie od warunkow
termodynamicznych. Przeprowadzona analiza badan ci$nieniowych sugeruje, ze dodatkowy
proces relaksacyjny wykryty w kopolimerach PMMS szczepionych monomerami
metakrylanow jest zwigzany z czgSciowymi ruchami molekularnymi fancucha polimeru, typu
sub-Rouse. Jednakze, nie mozna calkowicie wykluczy¢, ze dodatkowy proces a’ moze by¢

przejawem ruchow molekularnych pochodzacych od szczepéw monomerdéw metakrylandw
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z grupy bocznej kopolimerow, ktére cechuje znacznie wigksza sztywnos$¢ tancucha niz

w przypadku szczepow monomerow akrylanow.

C. Okreslenie wplywu struktury ,,ramienia” i zawady sterycznej na zachowanie si¢
dynamiki molekularnej kopolimerdéw szczepionych. Badania dielektryczne
w wysokim cisnieniu.

Bioragc pod uwage silny wpltyw struktury szczepow w tancuchach bocznych na
dynamike molekularng catego polimeru, przedmiotem dalszych badan w artykule A2 byly
réwniez kopolimery szczepione PMMS, do ktorych poprzez sfunkcjonalizowang grupe -SH
przytaczono izomery akrylanu butylu — akrylanu n-butylu (PMMS-graft-nBA), izo-butylu
(PMMS-graft-izoBA) oraz tert-butylu (PMMS-grafi-tertBA), z coraz bardziej rozgat¢ziong
strukturg chemiczng szczepu. Wzory strukturalne badanych kopolimeréow szczepionych

oraz ich nazewnictwo zostaly przedstawione na Rys. 13.

Kopolimery PMMS szczepione izomerami akrylanu butylu

a) PMMS-graft-nBA b) PMMS-graft-izoBA ¢) PMMS-graft-tertBA
polifmerkapto(n-butylo-3-propamanc) poliimerkapto{izo-butylo-3-propaniano) polifmerkapto(tert-butylo-3-propanano)
propylometyvlosdoksan] propylometylosiloksan] propvlometylosiloksan]
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Rys. 13. Struktura chemiczna i nazewnictwo badanych kopolimeréw PMMS szczepionych izomerami akrylanu
butylu.
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W pierwszym etapie przeprowadzono badania kalorymetryczne. Reprezentatywne
termogramy badanych kopolimerow przedstawione na Rys. 14 uwidocznily endotermiczne
skoki ciepta wtasciwego wskazujace na przejscie do fazy szklistej. Wyznaczone temperatury
zeszklenia byly znacznie wyzsze w porownaniu z Ty homopolimeru PMMS (T, = 178 K).
Ponadto ich warto$ci wzrastaty wraz ze wzrostem rozgat¢zienia szczepu, np. PMMS-grafi-
tertBA cechowat si¢ najwyzsza wartoscia Tg. Sugerowato to, Ze na obserwowane zmiany Tg ma
wplyw zwigkszajaca si¢ zawada steryczna zwigzana z wydtuzeniem si¢ tancuchéw bocznych
kopolimerow. Podobne zjawisko obserwowano w przypadku kopolimeréow PMMS

szczepionych homologicznymi monomerami akrylanéw i metakrylanow.[75]

Tempo grzania 10 K/min

a) PMMS-graft-nBA b) PMMS-graft-nBA ——T=253K
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Rys. 14. a,c,e) Termogramy i b,d,f) reprezentatywne widma strat dielektrycznych dla badanych kopolimerow
szczepionych.
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W nastgpnym kroku wykonano badania dielektryczne w warunkach ci$nienia
atmosferycznego i1 szerokim zakresie temperatur. Uzyskane widma strat dielektrycznych
ujawnity obecnos$¢ przewodnictwa statopradowego oraz jednego, szerokiego procesu relaksacji
segmentalnej o (Rys. 14b,d.f). Podobny scenariusz byl obserwowany dla szczepionych
homologicznymi monomerami akrylanéw w artykule A3. Dodatkowo wykonano badania
mechaniczne, ktore wskazaty na obecnos¢ relaksacji segmentalnej i terminalnej. Na podstawie
uzyskanych danych eksperymentalnych, dokonano poréwnania widm strat dielektrycznych
€”(f) z widmami modutu stratno$ci G”(f) z badan mechanicznych (Rys. 15). Okazato sig, ze
pierwsze z wymienionych s3 znacznie szersze niz widma modutu G”, w szczegdlnosci dla

PMMS-graft-tertBA.

a) PMMS-graft-nBA b) PMMS-grafi-tertBA
N\
\
g E
) " EJ E
= = = ]
© © 0
Dane: ] Dane:
4 dielektryczne ] dielektryczne
mechaniczne ] e mechaniczne
hbbl AL LLLL IR LA LLLL B L AL B LLLL B LLLL AL L L
102100 10 100 10 10 107! 10° 10!
f[Hz] f[Hz]

Rys. 15. Poréwnanie widm €7/€”max 1 G”/G”max 0d czestotliwosci (f) charakteryzujacych si¢ statym t, dla
kopolimeréw PMMS szczepionych a) akrylanem n-butylu oraz b) akrylanem fert-butylu.

Ostatnim etapem badan byly wysokoci$nieniowe pomiary dielektryczne.
Wykorzystujac zmierzone dane w réznych warunkach termodynamicznych (T 1 p) pordwnano
je tak, aby maksima strat dielektrycznych dla procesu segmentalnego byly takie same (Rys.
16). Takie porownanie wykazato, ze ksztatt procesu relaksacyjnego jest identyczny, a zatem

zasada superpozycji (TTPS) w zmiennych warunkach T 1 p jest spetniona.
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charakteryzujacych si¢ takim samym czasem relaksacji segmentalnej .

Ciekawych wynikéw dostarczyly wspolczynniki ci$nieniowe temperatury przejscia
szklistego (dT¢/dp) oszacowane w granicy ci$nienia atmosferycznego (Rys. 17a) oraz wartos$ci
objetos¢ aktywacji (AV) wyznaczone dla réznych t, (Rys. 17b). Warto$ci obu parametrow byty
znacznie wyzsze dla badanych kopolimeréw szczepionych niz dla homopolimeru PMMS.
Zachowanie to moze by¢ zwigzane bezposrednio z budowa przylaczonych szczepow

w tancuchu bocznym. Mozna wnioskowac, iz coraz wigksza ilo$¢ podstawnikOw oraz rosngca

zawada steryczna uniemozliwia tworzenie si¢ wigzan wodorowych makroczasteczce.

T, [K]

Rys. 17. a) Zaleznosci T, od p; wyznaczone z réwnania Avramova, b) Objetos¢ aktywacji AV w funkcji czasu
relaksacji segmentalnej o dla badanych kopolimeréw szczepionych i homopolimeru PMMS, dla ktérego dane
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ABSTRACT: In this paper, we have investigated the molecular dynamics of the Poly(mercaptopropyl)metylsiloxane,
associating polymer, poly(mercaptopropyl)methylsiloxane (PMMS), at high of M, =2 400 g/mol s T
pressure (up to p ~ S0S MPa) by means of broadband dielectric spectroscopy. Hporposton
valid for

Previous studies revealed that PMMS exhibits two dielectric relaxation processes
observed above the glass transition temperature related, most likely, to either the
mobility within self-assemblies or the sub-Rouse mode (a'-slower process) and

- sub-Rouse and
©

AE

segmental (a-faster process) dynamics, whereas mechanical measurements
=U

L N\ alpha relaxation
sub-Rouse |

revealed only the presence of terminal and segmental relaxations [Tarnacka et 10 o odeE processes
al. Macromolecules 2020, 53 (22), 10225—10233]. In order to determine the origin :g;la"::';g: at various

of the dielectric a'-process, further high-pressure experiments were performed. It ——250MPa, 233K| | pressures
was found that the timescale separation between relaxation times of segmental (a) —_smMPa el o
and a'-processes is invariant to the compression, and activation volume calculated w “;; - c}DJ[Hz']u‘ L =0 &
for both kinds of motions is comparable. These dynamical features are ’
characteristic of the chain relaxation (called usually normal mode) found in fype-A polymers. However, because mechanical data
excluded identification of the slow dielectric relaxation as normal mode, we assigned it as the sub-Rouse process. This assignment is
in the line with previous studies on poly(methylphenyl)siloxane. Further density functional theory computations revealed that the
detection of the relatively strong sub-Rouse process is most likely possible due to the presence of a highly polar side group (thiol,
—SH, moiety) that gives a strong contribution to dipole moment along the main polymer backbone. Additionally, we demonstrated
that the pressure coefficient of the glass transition temperature, dTg/ dp, in PMMS is one of the smallest among those reported to
date for various polymers (dT,/dp = 156 K/GPa). This quite surprising finding was assigned to the specific interactions formed by
the thiol group. Finally, it should be emphasized that high-pressure experiments turned out to be the key element to identify the sub-
Rouse mode in dielectric spectra—a process that might provide important information about the chain dynamics in polysiloxanes.
However, to finally prove this hypothesis, further studies are required to discard the eventual possibility that the slow mode is
somehow related to the nanoscopic organization in PMMS.

1. INTRODUCTION commonly used in medicine (e.g, medical devices), polishes,
adhesives, cosmetics, hygiene products, coating, plastics,
households, and so forth.”®

Over the years, polysiloxanes have become interesting
objects for molecular dynamics studies because, in the vicinity
of the glass transition temperature (Tg), one can observe
multiple relaxation processes in the spectra of these materials.
Previous photon correlation spectroscopy (PCS) investigations
on model poly(methylphenylsiloxane) (PMPS) have clearly
demonstrated that there are two relaxation modes above T, in
this polymer irrespective of M,.” Correlation relaxation times,

In recent years, there is a growing interest in new polymer-
based systems. It is because they very often offer enhanced
physical and chemical features compared to traditional
materials. Moreover, one can easily tune/modify mechanical,
rheological, and other properties of macromolecules by varying
their molecular weight (M,,), dispersity, chemical composition,
topology, and so forth. An intriguing group of polymers is
polysiloxanes, whose unique character is solely related to the
connection between oxygen (O) and silicon (Si) in the basic
unit/mer, making the overall backbone very flexible.
Importantly, depending on the length of the chain and the

nature of pendant groups attached to the Si atoms, the Received: February 21, 2022 “"[""‘l""""\
mentioned compounds can take different forms from heavy, Revised:  May 26, 2022 _{“:
grease-like oil-line fluids to solid resins."”” Moreover, they are Published: June 27, 2022 A ;‘
chemically/thermally stable and are characterized by low p\ T4

surface tension, toxicity, and chemical reactivity.A’4 It is also 28

worth mentioning that such kinds of macromolecules are

© 2022 The Authors. Published b:
American Chemical sme& https://doi.org/10.1021/acs.macromol.2c00378
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7, of the faster process corresponded very well with the
segmental ones determined from dielectric measurements. On
the other hand, the slower mode, not detected in dielectric loss
spectra, was assi§ned to the normal mode, reflecting the global
chain dynamics.” However, it was postulated that due to the
lack of the dipole component parallel to the backbone, the
chain-related processes are not visible in dielectric spectra.
Interestingly, later studies have proved that this hypothesis was
wrong.”~"" Studies on PMPS of varying molecular weight, M,
~ 2.5 kg/mol and M, ~ 27.8 kg/mol, revealed that their loss
spectra exhibit, apart from the segmental process (), the slow
mode (a’) of much lower amplitude at the low-frequency side
of the main dielectric relaxation peak.” Moreover, as M, of
PMPS increases, the time scale separation between @ and o'
processes becomes greater. Note that the presence of a'-
process in PMPS was also observed by creep compliance and
PCS.” This process detected in a series of PMPS was assigned
as the so-called sub-Rouse mode because it was not related to
the global chain dynamics.””"" It should be highlighted that
the presence of the new relaxation process of similar features as
that seen for PMPS was, for the first time, discovered in high
molecular weight polyisobutylene by creep compliance and
PCS."*™"* Because its dynamical features did not agree with
those determined for the terminal relaxation from mechanical
studies, the new process was named the sub-Rouse mode,
characterized by the time and length scales intermediate
between the Rouse and segmental ones.'”' ™' After that the
sub-Rouse modes were also identified in various polysilox-
anes.'” Apart from PMPS, the sub-Rouse modes have been
also reported in poly(methyl-para-tolylsiloxane) (PMpTS)
polymers.'”'® PCS measurements revealed that there are two
relaxation modes in PMpTS, for which the time scale
separation between both modes is molecular weight depend-
ent. Importantly, it turned out that the relaxation times of the
faster (a)-process agree well with those determined from
mechanical and dielectric investigations. On the other hand,
the dynamics of the slow (') mode was much faster than that
of the terminal relaxation monitored by mechanical spectros-
copy.'® Further shear creep compliance measurements on a
high molecular weight PMpTS confirmed the presence of the
a’-mode, which was assigned as the sub-Rouse modes.'”

As can be deduced from the abovementioned discussion, in
the case of ordinary/classical polysiloxanes, the data obtained
from different experimental techniques agree very well when
we consider the dynamics of the segmental relaxation, while
some significant discrepancies are noted in the interpretation
of the slow (@') mode. Nevertheless, it seems that the latter
process provides information about the (sub)chain dynamics
and can be treated as the sub-Rouse mode. A much more
complicated situation is found when we deal with polysiloxanes
having polar moieties, such as —OH, —NH,, or —SH, which
can form effective H-bonds and consequently supramolecular
structures. As shown for hydroxyl-terminated polydimethylsi-
loxane (HO-PDMS—OH),"” except for the segmental
process, one can detect an additional slow mode in dielectric
loss spectra. Its amplitude decreased with the molecular weight
of the polymer. Moreover, this relaxation was absent in the
macromolecules without OH moieties. It was argued that the
origin of the slow relaxation is similar to that of the Debye (D)
process detected in low-molecular-weight glass formers
(monohydroxy alcohols) and is strictly connected to the
motions occurring within nanoassociates.
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Recently, we have studied the dynamics of poly-
(mercaptopropyl)methylsiloxane (PMMS), belonging to the
polysiloxane group and having a thiol (—SH) moiety (which
can form very weak H-bonds) attached to each monomer in
the polymer backbone.”” As in the case of PMPS or HO—
PDMS—OH, we identified two relaxation processes in the
dielectric spectra of the examined polymer. The faster one was
attributed to the segmental process, while the origin of the
slower (a') mode was discussed in the context of either
motion occurring within supramolecular self-assemblies or the
sub-Rouse process. The origin of the observed a'-process was
impossible to distinguish. Therefore, to investigate further this
issue and solve the mentioned problem, herein, we have
examined the dynamics of PMMS at high pressure.
Surprisingly, our data demonstrate that irrespective of the
applied thermodynamic conditions (T, p), there is a super-
position of the segmental and slow (a’) modes for the loss
spectra characterized by the same segmental relaxation times.
This finding clearly indicates that the a'-relaxation process
observed in PMMS is rather the sub-Rouse mode, not the
Debye relaxation related to the motions occurring within
supramolecular self-assemblies. However, to finally verify this
hypothesis further studies are required.

2. MATERIALS AND METHODS

2.1. Materials. PMMS homopolymer (75—150 cSt) was
purchased from Gelest and used as received (molecular weight,
M,gc = 2400 g/mol, dispersity, P = 1.26 determined by Viscotek
TDA 305 triple detection, and Tetrahydrofuran as the eluent). The
studied PMMS is a water-like thin liquid with the glass transition
temperature T, = 178 K. Note that no trace of crystallization was
observed on both cooling and heating calorimetric scans.

2.2. Broadband Dielectric Spectroscopy. Complex dielectric
permittivity, £*(w) = ¢'(w) — ie"(w), values at ambient pressure
were measured using the impedance analyzer (Novocontrol Alpha)
over a frequency range from 1 X 107" to 3 X 10° Hz. The samples
were placed between two stainless-steel electrodes (diameter: 10 mm;
gap: 0.05 mm) and mounted inside a cryostat. During the
measurement, each sample was maintained under dry nitrogen gas
flow. The temperature was controlled by a Quatro Cryosystem using a
nitrogen gas cryostat, with stability better than 0.1 K. The
temperature-dependent dielectric measurements were performed in
the range from 173 to 303 K. The obtained dielectric loss spectra
were analyzed by the superposition of one or two Havriliak—Negami
(HN) functions with an additional term related to the dc
conductivity”'

2 Ag,
SRR (Sp—T—
hi iid m.g =T W+ o)) (1)

where a and f are the shape parameters related to the symmetric and
asymmetric broadening of relaxation peaks, Ae is related to the
dielectric strength, 7y is the HN relaxation time, & is the vacuum
permittivity, and @ is the angular frequency, where @ = 2zf. It should
be added that in order to minimize the number of fitting parameters,
we fixed @y = 1 and fiy;y = 0.7 in the case of the slow mode. Such a
procedure was proposed to fit the normal mode in dielectric loss
spectra for the I lecular-weight ples.”” Details concerning
the fitting analysis, fits’ quality together with the temperature
dependences of HN shape parameters are shown in the Supporting
Information file.

For dielectric measurements at elevated pressure, we used a high-
pressure system developed at the Institute of High-Pressure Physics of
the Polish Academy of Science in Warsaw—UNIPRESS. Thin Teflon
spacers were applied to maintain a fixed distance between the plates.
The sample capacitor was sealed and mounted inside a Teflon capsule
to separate it from the silicon liquid used as a pressure-transmitting

https://doi.org/10.1021/acs.macromol.2c00378
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Figure 1. (a) Dielectric loss spectra of examined PMMS recorded as a function of temperature at ambient pressure; (b) master curves of measured
storage, G, and loss G”, modulus, (c) temperature dependences of relaxation times obtained from dielectric and mechanical measurements. As the
inset in panel (a), the chemical structure of examined PMMS is shown.

medium. The temperature was adjusted with a precision of 0.5 K by indicates that the two relaxation processes contributing to the
means of a refrigerating and heating circulator. Complex dielectric measured loss peak merge upon approaching the vitrification
permittivity was measured within the same frequency range as in the point. For the purpose of this paper, the slow and the faster

case of measurements carried out at ambient pressure. ¥ g :
2.3. DFT Calculations. Density functional theory (DFT) mode will be labeled as @’ and @, respectively. Therefore, a

calculations were carried out on Gaussian 09 package program question arises. What is the molecular origin of both processes
using the B3LYP functional method, 6-31G(d) basis set. The observed in dielectric loss spectra of the investigated
structure and dipole moments (according to the CHelp scheme) of polysiloxane? As already outlined in the introduction, the
isotactic and syndiotactic PMMS and PMPS polymers have been faster one should be the segmental () mode, responsible for

calculated for molecules with four units in the trans backbone
configuration. The structures of the molecules are shown in Figure
$10. The value of dipole moment and its components depends on the
conformation of the polymer, see Table S2. However, the performed

the liquid—glass transition, while the slower might be a
manifestation of the chain-related dynamics (possibly the sub-
Rouse mode), or bearing in mind thiol moieties in pendant

calculations show a significantly smaller PMPS dipole moment and a alkyl side groups in PMMS, it could be assigned to the
large value of the dipole moment component parallel to the axis of the reorientation occurring within nanoassociates, as was discussed
PMMS main chain. in the case of HO—PDMS—OH."” One can recall that,

alternatively, the observed slower a'-process could be also a
3. RESULTS AND DISCUSSION manifestation of additional movements related to the

= g ’ 2 . formation of mesophase in the studied polysiloxane. Herein,
In Figure la, we presented dielectric loss spectra measured for R : x
PMMS at different temperatures (T). As can be seen, at higher it ‘should 'be noted that poly(diethylsiloxane) and po.ly-
T, the loss peaks are enormously broad-bimodal, suggesting (dlpropy%sqoxane) are, capable tf’, form local vordem'lg
that there are in fact two relaxation processes underlying the characteristics for liquid crystals.™ However, differential

dielectric response of this polymer above the glass transition scanning calorimetry measurements perfom?e'd did not show
temperature (T,). This supposition can be easily proved by the presence of any addm‘onal phas:e transitions besides Tg.
fitting the experimental data to the one or superposition of the Therefore, we exclude this scenario from further consid-
two HN functions (for details see ref 20 and Figures S1—S6 in erations. Additionally, one can also recall that the presence of
the Supporting Information file). It is evident that the first the additional slow mode not related to Ehe terminal relaxation
approach yields a fit of poor quality with unreliable parameters has been also reported for polypeptides,” which was assigned
describing the shape of this mode, while in the case of the to the molecular motion of “a-helical peptide secondary
latter procedure, one can obtain an accurate description of the motif”, Intex"estingly, a similar behavior was also shown for
obtained loss peaks. As temperature decreases, the width of the polystyrene.”® However, in this particular case, the presence of
main loss peak becomes narrower. Consequently, in the the slow mode and spatial organization of this polymer was
vicinity of Ty, it can be well described by the single HN induced by solvent treatment.”” Herein, one can also recall our
function. For details please see ref 20. This observation very recent molecular dynamics simulations on the model
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oligomer with a similar structure to PMMS. It was found that
due to H-bonds, most likely some kind of ordering, similar to
the nematic one, is present in this system.27 Finally, it should
be mentioned that very recent studies on a series of thin
polymer films demonstrated that the presence of the relaxation
process, slower than the a-mode, could be a general feature of
glassy dynamics and, therefore, does not originate from any
kind of polymeric features.”®

To gain insight into this problem, we have carried out
additional mechanical measurements. Master curves of
measured storage, G’, and loss, G”, modulus of PMMS are
shown in Figure 1b. Herein, it should be noted that this plot
was constructed from the frequency dependencies of G’ and
G" measured in the 0.1—100 rad™' range at different
temperatures, which were further shifted horizontally by the
shift factor, aT, to superimpose at the reference temperature,
T,s = 180 K. As can be seen, at a higher frequency, the storage
and loss modulus cross each other, in the vicinity of the
maximum of the segmental relaxation process. On the other
hand, at a lower frequency, a clear change in the mechanical
response is noted in G’, suggesting the existence of an
additional mode. Considering the slopes of G’ ~ »' and G’ ~
@, we can certify that it is a terminal relaxation, observed for
polymers. Note that the important feature of the terminal
process is that it depends on M, and the entanglement point of
a given macromolecule.

The master curve presented in Figure 1b clearly shows that
there is more than two decades in timescale separation
between the segmental and terminal relaxation in PMMS. This
separation is clearly larger than the difference in the relaxation
times determined from dielectric measurement. To quantify
those differences, we compared the relaxation times of the slow
and fast relaxation processes obtained from the dielectric
investigation with the ones determined from the mechanical
data. However, to do that properly, one should keep in mind
that dielectric data must be converted to the modulus
representation (for details, see the Supporting Information
file). The application of this procedure is crucial to make a
reliable comparison between the relaxation times of the slow
and fast modes determined from dielectric data with the ones
estimated from the analysis of the storage and loss modulus.
After simple recalculations, the loss modulus was fitted to the
superposition of the two (high-temperature region) or three
(vicinity of T,) HN functions with an additional term
describing the charge transport, where the third fitting
component was used to describe the secondary mode
appearing in the experimental window upon approaching Tg.
To estimate segmental and terminal relaxation times from the
mechanical data, the procedures described in refs 20 and 29
were adopted. Afterward, determined relaxation times were
plotted versus reciprocal temperature in Figure lc. Presented
data show that there is a notable discrepancy between the
temperature evolution of the slow dielectric process and
terminal modes detected in PMMS. Although in ref 30, it was
shown that the relaxation processes of the same molecular
origin may have different times scales in dielectric and
mechanical response functions, our data clearly indicates that
a' should not be assigned as the normal mode. To support this
thesis, one can remind that according to the Stockmayer
classification, polysiloxanes are identified as type-B polymers.”'
It means that these polymers have no component of dipole
moment parallel to the main backbone. Consequently, the
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chain global dynamics cannot be detected by broadband
dielectric spectroscopy (BDS) in this material.

Having this discussion in mind, we decided to digitalize the
data reported in the literature for other polysiloxanes, where a
part of the segmental relaxation type, also slower modes were
detected in dielectric spectra, to gain further insight into the
molecular origin of a’observed in PMMS. To simplify the
comparison and make some credible conclusions, all temper-
ature evolutions of the segmental and slow modes in PMMS,
PMPS, and hydroxyl-terminated HO—PDMS—OH of low M,
(indicated in the figure caption) were rescaled versus T, and
plotted in Figure 2. As can be seen, Ta(Tg/T) collapses more or

2

PMMS: @ 1, B 1 B
|pues: W <, [ S—— g
» |[Ho-POMS-OH":
of M,=550g/mol ® 7, B T j
of M, = 1100 g/mol Y¥ =, + 1, . ] By
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Figure 2. Comparison of the temperature evolution of the segmental
and slow mode relaxation times obtained for PMPS, HO—PDMS—
OH, and PMMS rescaled with respect to the T,. *Data for PMPS
were taken from ref 11. “Data for HO—PDMS—OH were taken from
ref 19.

less onto one master curve for all polymers, while in the case of
analogous dependencies for the slow mode, the situation is
quite different. It is well seen that there is a very good
agreement between Ty pouse(Ty/T) and 7,(Ty/T) depend-
encies for the slow modes found in PMPS and PMMS,
respectively (see Figure 2). On the other hand, the
temperature evolution of the Debye relaxation times (zp)
versus Tg/ T in HO—PDMS—OH reveals different pattern of
behavior. This experimental finding suggests that, most likely,
the a'-relaxation process detected in dielectric spectra
measured for PMMS is the sub-Rouse mode, reflecting
motions of the (sub)chain units, and is not related to the
mobility within nanoassociates. Nevertheless, to verify this
hypothesis, further high-pressure BDS measurements on
PMMS were carried out.

In Figure 3a,b, we presented dielectric loss spectra measured
for this polymer at isothermal (T = 233 K) and isobaric (p =
505 MPa) conditions. As can be seen, during cooling or
compression, the maximum of the observed bimodal loss peak
moves toward a lower frequency. Moreover, similar to the data
obtained at ambient p, as the maximum of this process shifts to
a higher frequency (shorter relaxation times), it becomes
broader. This pattern of behavior clearly indicates a bimodal
character of this mode even at very high pressure (p = 505
MPa, Figure 3b). To visualize this effect in a better way and
illustrate the impact of the compression on the dynamics of the

https://doi.org/10.1021/acs.macromol.2c00378
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Figure 3. Dielectric loss spectra measured for PMMS at (a) isothermal (T = 233 K) and (b) isobaric (p = S05 MPa) conditions.
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Figure 4. (a) Comparison of the loss spectra (a) obtained for examined PMMS at various thermodynamic conditions that were characterized by
the same 7,. The solid black lines represent the two HN functions used to fit recorded dielectric data. (b,c) Superposition of dielectric loss spectra
shown for PPG-OH (b) and PPG—OCH; (c) of molecular weight M, = 2000 g/mol at different thermodynamic conditions. Data for various

PPGs were taken from ref 32.

slow and segmental relaxations in PMMS, we compared the
loss spectra obtained at various T and p conditions that were
characterized by the same 7, (see Figure 4a).

Herein, it should be noted that usually such a comparison is
done for the data collected in the vicinity of T,. However, this
time, we performed it at temperatures much above T, because
the contribution of the a’-process to the loss spectra was
detectable only for a data characterized by short segmental
relaxation times, 7,. As can be seen in Figure 4a, dielectric
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spectra that were measured at many different thermodynamic
conditions almost perfectly collapse onto each other. This
suggests that (i) the time—temperature—pressure rule, stating
that the shape of the loss peak is governed by the structural/
segmental relaxation time, is satisfied, and (ii) there is a perfect
superposition of the slow and segmental process in PMMS. It
means that the timescale separation of both modes is well
preserved and does not depend on the thermodynamic
conditions. This supposition is also confirmed by fitting the

https://doi.org/10.1021/acs.macromol.2c00378
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Figure S. Temperature and pressure dependences of 7, and 7, obtained during isothermal (a) and isobaric (b) measurements for PMMS of M, =

2400 g/mol.

data to the superposition of the two HN functions (see Figure
4a). Herein, it should be noted that a similar finding has been
reported for the normal mode and segmental process in
poly(propylene glycol) (PPG) or cis-1,4-polyisoprene classified
as type-A polymers.’”

In Figure 4b,c, we presented dielectric loss spectra measured
for various PPGs of M, = 2000 g/mol with hydroxyl and
methyl terminated units labeled as PPG-OH and PPG—
OCHy, respectively. As demonstrated, apart from the variation
in the amplitude of the normal mode, there is a perfect
agreement between the loss spectra measured for both PPGs at
various thermodynamic conditions. Therefore, the time scale
difference between the chain and segmental dynamics is well
preserved upon compression. Thus, high-pressure experiments
revealed notable similarities in the behavior of the slow mode
in PMMS to the normal mode detected in type-A polymers. It
might suggest that, most likely, the a'-process might reflect the
(sub)chain motions and could be classified as the sub-Rouse
mode. Herein, one can stress that even if we had assumed that
the a'-relaxation is a manifestation of the motions occurring
within nanoassociates, as was done for HO—PDMS—OH, we
would have expected a much different dielectric response of
this mode with respect to the segmental process at high p. It is
commonly accepted that densification changes the strength of
H-bonds or even the molecular architecture of self-assemblies.
Consequently, the dynamics of the relaxation process,
connected to the reorientation of the supramolecular structures
with respect to that of the segmental mode, should be modified
at varying thermodynamic conditions, as was reported for the
low-molecular-weight monohydroxy alcohols.** In other
words, in such a situation, it is highly anticipated that there
will be no superposition of the segmental and slow modes at
elevated p, which obviously is not the case. Based on the
abovementioned argumentation, we can certify that although
PMMS forms supramolecular structures and molecules
organize themselves into a nematic-like order, a process driven
by thiol moieties (deduced from MD simulations), the slow
mode is not a manifestation of the motions within nano-
associates. Contrarily, the presented data suggest that the a'-
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process reflects the motions of the chain and could be
considered the sub-Rouse mode.

In the next step, we analyzed dielectric data obtained at
varying T and p conditions to gain insight into the dynamics of
segmental and sub-Rouse modes in PMMS. In Figure 5, the
pressure and temperature evolution of 7, and 7y, gouse(7) are
shown. At first glance, it is found that both modes tend to
merge upon approaching T,. This clearly indicates that the
relaxation times of the sub-Rouse mode have much weaker
pressure and temperature sensitivity with respect to the
segmental process. Interestingly, a similar pattern of behavior
was noted, when we compared the dynamics of the normal
mode and a-process in type-A polymers.™

Further, we decided to calculate the pressure coefficient of
the glass transition temperature (dT,/dp), as well as the
activation volume (AV)—useful parameters characterizing the
dynamics of the investigated systems that have strong physical
grounds. To do that, we applied the Avramov model that can
be used to parametrize the temperature and pressure
dependence of the segmental and sub-Rouse relaxations
times and further predict their evolution at given thermody-
namic conditions. Herein, one can briefly mention that the
following equation was used to fit the data®

c »
T n.,(l——cf In(H-ﬁ)) p B
T, = T, exp| ln(tg/rw)(?'] " (1 + H]

()

where 7, is a relaxation time at extremely high T, 7, = ( Tg),
T, is a reference temperature lying close to the Ty, IT is a
constant with the dimension of pressure, @, and f are
exponential parameters, which are linked to the thermody-
namic quantities via the following relations

2C
ay = —2
7 zZr (3)
. 2a,V,,
ZR 4)
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Figure 6. (a) Segmental relaxation times plotted vs temperature and pressure for PMMS. Violet areas represent surface fits to the modified
Avramov equation (eq 2). (b) Activation volume (AV) obtained for the segmental, and the sub-Rouse mode plotted vs 7, for PMMS and PMPS.

where C, is a specific heat capacity, Z represents the

degeneracy of the system, a, is a volume expansion coefficient
at ambient p, and V,, is a molar volume. The results of fitting
7(T, p) and T peue(T, p) dependencies to the Avramov
equation are presented in Figures 6a and S8. It should be noted
that the obtained fits are of very high quality because R* ~
0.998 for 7, and R* & 0.993 for 7, pouse. in both cases (see
Table S1 in the Supporting Information presenting the
parameters of eq 2 determined from the global numerical
fitting).

Having done the fitting procedure, we calculated T, at
varying pressures as well as the pressure coefficient of the glass
transition temperature in the limit of ambient pressure using
the pressure derivative of the following Avramov equation™

Blalp)
T(p) = Tg(po)(l s ) "
where
C b4
a(p):a[] ——(1n1+—]]
1T < [ ”] ©

It was obtained that dT,/dp for PMMS is equal to dTg/dp &
156 K/GPa. It seems tflat this value is, unexpectedly, really
low, considering that polysiloxanes are quite flexible polymers,
for which the pressure coefficient of the glass transition
temperature should be rather high. Herein, it should be noted
that silyl derivatives of low-molecular-weight glass formers are
characterized by the highest dT,/dp of all liquids. Just to
remind silyl derivative of glucose and trehalose, for which this
parameter reaches 412 and 453 K/GPa, respec'(ively.*‘"38
Moreover, one can compare the obtained result to the dT,/dp
determined for other polymers. Note that for some
representative vinyl macromolecules, including 1,2-PBD,*
polyethylene,*” poly(vinyl acetate),*" and poly(vinyl methyl
ether),” dT,/dp ~ 180—250 K/GPa. What is more, dT,/dp
for polystyrene varied from 306 to 294 K/Gpa, depending on
the molecular weight. One can also mention that PPGs have
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different terminal units. In these polymers, dT,/dp changes
from ~150 to ~200 K/GPa. To make this discussion even
more credible and informative, we decided to perform
additional high-pressure dielectric experiments on PMPS of
nearly the same molecular weight, which has a similar
backbone to PMMS, but a different pendant group (phenyl
moiety). Obtained data were analyzed in the analogous way as
it was done in the case of PMMS. It was found that dT,/dp
obtained for PMPS, which equals 250 K/GPa, is nearly twice
higher than that determined for the investigated macro-
molecule. Hence, one can claim that such a low value of de/
dp in PMMS with respect to the majority of the investigated
polymers, including other polysiloxanes having a similar
backbone, is strictly related to the presence of thiol moieties,
which are capable of forming H-bonds. Although specific
interactions created by —SH units are regarded as one of the
weakest, they have a tremendous impact on the dynamics of
the segmental process and pressure coefficient of the glass
transition temperature in PMMS.

Further, we calculated the activation volume in the limit of
ambient pressure for segmental and sub-Rouse modes in a
wide range of temperatures and compare them to the values
determined for PMPS. Herein, it should be stressed that
according to transition state theory, AV is a measure of a
different volume in the activated and standard states. It can be
calculated according to the definition

dlog 7,
AV, = RT Mw)[L] ,x=a,a
b ) @)

One can mention that to estimate the activation volume at
different thermodynamic conditions, we utilized the parame-
ters obtained from the Avramov fits to the 7,(T, p) and
T sub-rouse(T) p) evolution in PMMS and PMPS (listed in
Table S1 in the Supporting Information). Next, the
determined values of AV have been plotted versus segmental
relaxation times, as shown in Figure 6b. The activation volume
for the segmental process is slightly higher, within the limit of
uncertainty, with respect to AV of the sub-Rouse mode.

https://doi.org/10.1021/acs.macromol.2c00378
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Interestingly, a similar observation has been reported in
previous papers, where it was shown that values of AV of the
normal mode, reflecting motions of the whole chain, are
comparable to AV of the shorter distance segmental
mobility.** At first sight, this finding seems to be controversial
because segmental motions obey few reorienting segments,
while the sub-Rouse or normal mode is a result of longer
distance chain motions. Nevertheless, it was argued that AV is
not a volume required for the cooperative reorientations of the
whole chain but a volume required for the reorientation of the
chain ends. Therefore, this is the main reason why the
activation volume is so similar in the case of segmental and
normal modes in the type-A polymer. Hence again we found a
similarity in the dynamical behavior of the slow process in
PMMS to the normal mode in type A polymer. This finding
can be another important clue for identifying the a’-process in
the investigated oligomer to the sub-Rouse motions. Herein, it
should also be commented that the activation volume
determined for the segmental relaxation process in PMPS is
more than twice as high as that of PMMS. This result was
expected considering both (i) a notable difference in the
pressure evolution of Ty and (ii) the size of the pendant phenyl
units, which is much larger with respect to the isopropyl alkyl
unit. In literature, we can find numerous examples, where the
authors demonstrated that AV changes with the size of the
pendant moiety.**

Having analyzed the high-pressure data, one can state that
the dynamical behavior of a’-process strongly mimics
characteristic features of the normal mode in type-A polymers.
This suggests that the slow mode must reflect some kind of
motions of the chain and could be considered as the sub-Rouse
mode found in many polymers including other polysiloxanes
characterized by a similar chemical backbone to PMMS. In this
context, it should be stressed that although one can consider
other molecular motions underlying this mode, they are less
probable. To justify this thesis, it should be reminded that in
contrast to the a’-mode observed in PMMS, the slow
processes assigned to the helical conformations detected in
polystyrene (treated with various solvents) show an Arrhenius-
like behavior and do not merge with the segmental
relaxation.”® The same pattern of behavior applies to the
slow mode detected in the series of thin films, which was
supposed to be a universal feature of glass-forming materials.”®
Finally, our last molecular dynamics simulations indicated that
although PMMS molecules tend to arrange themselves in a
nematic-like order, this process is clearly driven by the H
bonds formed by the thiol moiety.”” On the other hand, it is
highly anticipated that due to compression, there should be a
clear change in the H-bond pattern and molecular arrange-
ment, which must be reflected in the dynamics of the slow
mode as regorted repeatedly in numerous monohydroxy
alcohols. ™%

As a final point of this paper, we decided to examine, why
there is such a strong variation in the amplitude of the sub-
Rouse mode in PMMS and PMPS. This difference is well
illustrated in the loss spectra of both polymers measured much
above T, see Figure S9 in the Supporting Information. For
that purpose, additional DFT calculations on the distribution
of the dipole moment along the main chain for the monomers
as well as oligomers consisting of a few (up to 4) repeated
units were performed. The value of the dipole moment and its
components depends on the conformation of the polymer, as
shown in Table S2. As presented in Figure S10, it was found
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that both the parallel (y)) and perpendicular (x4 ,)
components of the dipole moment along the main chain in
PMMS (4 ~ 1.9-2.8 and p; ~ 1.4-2.3) are much higher
than that in PMPS (u ~ 0.1 and y£; ~ 0.3—0.6, see Table S2).
It should be highlighted that the determined dipole moment’s
components are solely generated by the presence of the
polymer side groups. As shown, these computations clearly
indicated that the presence of highly polar moiety in the
pendant unit group gives rise to a significant parallel
component of dipole moment in PMMS. We are convinced
that this is the main source of the difference in the amplitudes
of the sub-Rouse modes in both polymers.

4. CONCLUSIONS

In this work, we have investigated the molecular dynamics of
PMMS at high pressure. These experiments allowed us to find
out that the additional (a’) relaxation process, slower than the
segmental mode detected in dielectric loss spectra of this
polymer, mimics the behavior of the normal mode at varying
thermodynamic conditions. Herein, one can list a few
similarities, such as a constant time scale separation between
7, and 7, during compression, as well as activation volumes
comparable to those determined for the segmental motions.
Obtained results, together with earlier mechanical data,
suggested that the @’-process in PMMS might be the sub-
Rouse mode. Herein, it should be mentioned that we have also
considered other possible molecular motions that could be
responsible for the slow mode in PMMS. However, it seems
that although at the moment they cannot be completely
rejected, they are less probable. Therefore, apart from PMPS,
this polymer is a second polysiloxane, for which such kind of
mobility was identified in dielectric loss spectra. Further DFT
computations revealed that it was possible due to a high
parallel component of dipole moment along the main
backbone, which resulted from the presence of the polar
thiol moiety in the pendant unit. Moreover, we also found that
the pressure coefficient of the glass transition temperaure
determined for PMMS is much smaller than PMPS of similar
M, and other polymers investigated in the literature. This
outcome, although quite surprising considering the flexible
nature of the Si—O connections, is surely connected to the
presence of thiol moiety in side groups attached to each
monomer. Even though specific interactions formed by this
moiety are regarded as one of the weakest of all known, they
have a strong impact on the dynamics of segmental and sub-
Rouse mode in PMMS. The data presented in this paper
clearly emphasize the important role of high-pressure experi-
ments in the elucidation of the most probable nature of
additional motions detected in the loss spectra. Furthermore,
they seem to be a key element to identify the sub-Rouse mode,
which provides information about larger distance chain
motions.
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ABSTRACT

In this paper, we have investigated dielectric response at ambient and elevated pressure of poly(mercaptopropyl)methylsiloxane (PMMS) based oligomeric brushes,
where the thiol moiety was substituted by various butyl acrylate isomers (n-butyl acrylate (nBA), iso-butyl acrylate (isoBA), tert-butyl acrylate (tertBA)). It was found
that the glass transition temperature, Ty, of PMMS is much lower with respect to the other systems despite its ability to form weak hydrogen (H) bonds. What is more,
the length scale of cooperativity was the highest in homopolymer and scaled with the steric hindrance of the graft. We also demonstrated that in the examined grafted
copolymers, there is one broad relaxation process in dielectric spectra which is wider than that recorded in mechanical response. That probably means that similarly
to PMMS, there are two relaxation processes above T in grafted copolymers. However, due to similar timescale, they cannot be separated. Further, high-pressure
experiments revealed that pressure coefficient of the glass transition temperature, dT/dp, as well as the activation volume, AV, calculated for the segmental process
surprisingly does not scale with either the size of monomer nor steric hindrance. This unexpected result must be related to the specific structure adopted by the
studied grafted oligomers. Presented herein data expand our understanding on the impact of topology on the dynamics of polymers at ambient and high pressure.

1. Introduction

Grafted copolymers (polymer brushes, molecular brushes) [1-4] are
“macromolecules of two or more different chemical chains in which a
chain (named backbone) has multiple branches (grafts) formed from
macromolecular chains with a chemical composition different from that
of the backbone™ [5]. Consequently, the topology of grafted copolymers
resembles a comb/brush, which can be moderated by three major pa-
rameters: backbone degree of polymerization (N), side-chain degree of
polymerization (N;.) and grafting density (z). Therefore, the polymer
brushes are a very diverse group as those systems can be composed of
varying number of (chemically) different branches, introducing addi-
tional intra- and intermolecular interactions within those materials.
Accordingly, grafted copolymers are often stimuli-responsive materials,
sensitive to the variation in temperature, solvents, light,
electro-magnetic fields, pH [6-8]. Moreover, one can also mentioned
that, interestingly, recent studies on various grafted oligomeric poli
(ionic liquids) showed that those materials exhibit enhanced ionic
conductivity when compared to their linear counterparts [9,10].

* Corresponding author.
E-mail address: magdalena.tarnacka@us.edu.pl (M. Tarnacka).
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Despite of the high importance of molecular brushes, their molecular
dynamics studies especially with the use of dielectric spectroscopy are
limited [11-14]. Note that the vast majority of papers devoted to
polymer brushes focused on both the probing of mechanical (flow)
properties in these materials [7,15-19]. As for oligomeric materials,
recent studies on associating poly((mercaptopropyl)methylsiloxane,
PMMS) shown that it undergoes the self-association into nanoaggregates
[20], which surprisingly, also prevails under confinement [21]. Note
that the dielectric studies on various linear telechelic poly(dimethylsi-
loxane, PDMS) clearly show that the impact of hydrogen bonding end
groups of their behavior is dominant only in the low molecular weight
range [22-24]. On the other hand, in the case of polymeric bottle
brushes, one can recall work by Jakobi et al. [11] on the segmental
dynamics of PDMS-based bottlebrushes (PDMS-g-PDMS) as a function of
their side-chain degree of polymerization (N = 4-155). Interestingly, it
was observed that an increase in Ny between examined PDMS-g-PDMS
results in longer segmental relaxation times, 7,, when compared to the
“respective single side chains™ [11]. Surprisingly, the greatest difference
in 7, was observed in the case of lowest N. = 4. One can mention that
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also in the case of poly(2-bromoisobutyryloxyethyl methacrylate)
(PBiBEM) backbone grafted with poli(n-butyl acrylate, PBA) [13], the
dynamics were altered when compared to their homopolymer counter-
parts. However, it should be highlighted that those systems become
“dynamically more homogeneous” due to the architectural design.

It is also important to stress that another aspect lacking in our un-
derstanding of non-linear polymers (including polymer brushes) is their
high-pressure (HP) behavior. This is quite large deficiency since HP
experiments deliver important information about the impact of density
fluctuation on the segmental dynamics. It should be mentioned that
especially recent studies emphasized the role of free volume related to
the molecular packing in controlling segmental dynamics of different
kind of polymers [25-27]. Moreover, it was clearly demonstrated that
the high-pressure data are also crucial to predict behavior of polymers
under nanospatial confinement and understand vitrification process in
these systems [28-30]. Up to now, the investigations on the compressed
linear polymers allowed to elucidate the role of temperature and volume
in controlling segmental dynamics and furthermore viscous flow [31,
32], which can be extremely helpful upon manufacturing of these ma-
terials. Moreover, previous high-pressure studies on the various kind of
polymers characterized by purely van der Waals interactions or other
specific intermolecular forces clearly indicated that pressure coefficient
of the glass transition, dT,/dp, strongly depends on the specific inter-
molecular interactions while not so much on the molecular weight [33].
Additionally, it was found that the variation in the structure of side
groups attached to the linear poli(methacrylate methyl) derivatives has
a strong impact on their high pressure response [34]. It was found that
together with the increasing steric hindrance of the side unit, dT,/ dp as
well as activation volume, AV, varied significantly pointing different
role of density in controlling segmental dynamics in these materials. As
all available HP data focus on linear polymer, the question arises how
bottle brushes (both oligomeric and polymeric) would behave under
elevated pressure conditions?

Taking into account that a simple chemical modification of the small
side group attached to the backbone of linear polymers has so strong
impact on the properties of the macromolecules, we would like to know
how the varying steric hindrance of graft affects the behavior of polymer
brushes. Therefore, in this paper, we have studied a series of oligomeric
PMMS backbone grafted with the different butyl acrylate isomers (BA,
see Fig. 1) by means of dielectric spectroscopy measurements performed
at both ambient and high-pressure conditions (up top > 500 MPa). We
believe that studies on the oligomeric systems (which physicochemical
properties often rapidly change with their molecular weight in the
narrow range of M,) might help us to gain detail knowledge allowing to
design (polymeric) material according to our desired purpose. It should
be highlighted that all examined grafted copolymers were produced by
one of “grafting to” techniques (so kind of “click reactions™), in which
commercially supplied PMMS backbone functionalized with -SH groups
was coupled with acrylates. Note that the thiol-ene coupling photo-
polymerization is commonly used method characterized by high yield
that allows for production of macromolecules of varied composition and

Polymer 271 (2023) 125790

topology. For “grafting to” technique the average number of branches
were determined by degree of polymerization of homopolymer back-
bone (Ny, ~12), whereas the grafts have a length of one monomer unit
(Nsc = 1). The NMR analysis showed the lack of ~-SH groups confirming
the completed thiol-ene coupling (the grafting density, z = 100%, see
Iigs. S1-54 in the Supporting Information (SI) file).

2. Materials and methods

Materials. Poly(mercaptopropyl)methylsiloxane homopolymer
(PMMS, 75-150 cSt) was purchased from Gelest and used as received
(molecular weight, M, sgc = 2400 g/mol, dispersity, B = 1.26 deter-
mined by Viscotek TDA 305 triple detection calibrated with a narrow
polystyrene standard, THF as eluent). n-butyl acrylate (nBA), tert-butyl
acrylate (tertBA), iso-butyl acrylate (isoBA), 2,2-Dimethoxy-2-phenyla-
cetophenone (DMPA), DMSO-ds were purchased from Sigma-Aldrich.
Before the polymerization all monomers were purified by passing
through a neutral alumina column to remove inhibitors.

Thiol-ene coupling photopolymerization. Example of the syn-
thesis of PMMS-g-nBA. PMMS (degree of polymerization, DPpyys =
12;0.25 g, 0.05 mmol), nBA (0.5 g, 3.90 mmol) and DMPA (0.09 g, 0.36
mmol) were dissolved in THF (2 mL). The solution was purged under
nitrogen and purified by one freeze-pump-thaw cycle. Next, the flask
was stirred for 160 min under UV irradiation (4 = 365 nm), and then
THF was evaporated under vacuum. The polymer was purified by
washing many times first in methanol/water mixture and then meth-
anol. The purified sample was dried to a constant mass under reduced
pressure.

The structure of all grafted oligomers was confirmed by 'H and '*C
NMR analysis. Note that NMR spectra were recorded on using 500 MHz
spectrometer (Bruker) for samples in commercially available DMSO-dg.
Signals from the respective groups of atoms for PMMS-g-nBA, PMMS-g-
isoBA, and PMMS-g-tertBA are shown in Figs. S1-54. The total disap-
pearance of the thiol signal at 2.08 ppm initially present in the 'H NMR
spectra of PMMS and peaks coming from incorporated acrylate units
indicate a quantitative thiol-ene ligations (see representative spectrum
of PMMS-g-isoBA in Fig. 51). Similar observations were noted in the
previous papers concerning PMMS-based polymers [9,10]. As can be
seen, all spectra present purified products without the presence of
unreacted PMMS or monomers.

Differential Scanning Calorimetry (DSC). Calorimetric measure-
ments of PMMS were carried out by Mettler-Toledo DSC apparatus
equipped with a liquid nitrogen cooling accessory and an HSS8 ceramic
sensor (heat flux sensor with 120 thermocouples). Temperature and
enthalpy calibrations were performed by using indium and zinc stan-
dards. The sample was prepared in an open aluminum crucible (40 pL)
outside the DSC apparatus and measured on heating from 150 K to 298 K
at a constant heating rate of 10 K/min. Additionally, each sample was
cooled at different cooling rates (50, 20, 5, 1 K/min), an than heated
with a standard heating scan at 20 K/min. This procedure allows to
determine the fragility parameter from calorimetric measurements

(a)

CH; CHy CHy |(D) CH; CH; CH AU\
Lol Tl [ rlcqre CHy
“3‘3*"—0 i—0 l'-CHs H3C—?|—O-ES|—O}?|—CH3 n-buthyl, PMMS-g-nBA
n
CHy CHs CHj "CH, CH,
J\/CHB
SH s
[Poly(mercaptopropy i iso-buthyl, PMMS-g-isoBA
PMMS homopolymer o CH,
P whereR: CHy
R
PMMS-based grafted CHa
copolymers tert-buthyl, PMM S-g-tertBA

Fig. 1. The chemical structure of poly(mercaptopropyl)methylsiloxane, labeled as PMMS, (a) and its examined grafted derivatives (b).
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according to the procedure reported in Refs. [35-38].

Temperature-modulated Differential Scanning Calorimetry
(TMDSC). Using a stochastic TMDSC technique implemented by
Mettler-Toledo TOPEM ®, the dynamic behavior of PMMS has been
analyzed in the frequency range from 1 to 20 mHz in one single mea-
surement at a heating rate of 0.5 K/min. In the experiment, the tem-
perature amplitude of the pulses of 0.5 K was selected with a switching
time range with minimum and maximum values of 15 and 30 s,
respectively. The calorimetric structural relaxation times, 7, = 1/ 2xf,
were determined from the temperature dependences of the real part of
the complex heat capacity, C,(T), obtained at different frequencies in
the glass transition region. The glass transition temperature T, was
determined for each frequency as the temperature of the half step height
of Gy’ (T).

Broadband Dielectric Spectroscopy (BDS). Complex dielectric
permittivity, ¢ + (o) = £'(w) — i€ (w), values at ambient pressure were
measured using the impendance analyzer (Novocontrol Alpha) over a
frequency range from 1 x 10! to 3 x 10° Hz. The samples were placed
between two stainless-steel electrodes (diameter: 10 mm; gap: 0.05 mm)
and mounted inside a cryostat. During the measurement, each sample
was maintained under dry nitrogen gas flow. The temperature was
controlled by a Quatro Cryosystem using a nitrogen gas cryostat, with
stability better than 0.1 K. The temperature-dependent dielectric mea-
surements were performed in the range from 173 to 303 K.

For dielectric measurements at elevated pressure, we used a high-
pressure system developed at the Institute of High Pressure Physics of
the Polish Academy of Science in Warsaw — UNIPRESS. Thin Teflon
spacers were applied to maintain a fixed distance between the plates.
The sample capacitor was sealed and mounted inside a Teflon capsule to
separate it from the silicon liquid used as a pressure-transmitting me-
dium. The temperature was adjusted with a precision of 0.5 K by means
of refrigerated and heating circulator. Complex dielectric permittivity
was measured within the same frequency range as in the case of mea-
surements carried out at ambient pressure.

Shear Rheology. The viscosity of PMMS-g-nBA and PMMS-g-tertBA
was determined by means of an ARES G2 Rheometer. The viscosity
measurement in the vicinity of liquid-glass transition was performed by
means of aluminum parallel plates geometry (diameter = 4 mm). For the
oscillation-frequency rheological experiments, the investigated sample
was tested in the frequency range from 0.1 to 100 rad/s (12 points per
decade) and over the temperature range from T = 177-203 K. The fre-
quency dependencies of G" measured for studied graft and star-graft
copolymers are shown in Fig. S11. In the temperature range, where
the G” peaks are not visible, the time-temperature superposition (TTS)
rule can be applied to determine the segmental relaxation times, 7.
According to this criterion, G and G” spectra collected at various tem-
perature conditions form the master curve when shifted horizontally by
the shift factor, ar, to superimpose at the chosen reference temperature,
see Fig. 6. Therefore, 7, is determined according to the following
equation, log(7,(T)) = log(7(Try)) + log(ar). Note that 7(Tyy) indicates
the segmental relaxation time calculated by the following equation, r =
1/(2xf), where f is a frequency of G”(w) maximum at chosen Tys. On the
other hand, the relaxation time of the slower terminal relaxation, Tgpyse,
can be estimated from the crossover of the two straight lines, repre-
senting the dependences of log(G' ) ~ 2 log(w) and log(G") ~ log(w) in the
low frequency regime of the master curve (constructed due the time-
—temperature superposition) by as proposed by Graessley [39].

3. Results and discussion

DSC thermograms recorded for all examined PMMS-based polymer
brushes are shown in Fig. 2. As can be seen, aside of the one heat ca-
pacity jump (assigned to the glass transition), examined materials un-
dergo no additional phase transitions in the studied range of
temperatures. Interestingly, the glass transition temperatures, T, s,
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heating rate 10 K/min

T,=201K
(a) PMMS-g-nBA

T,=209K

(b) PMMS-g-isoBA

w

HF [a.u]

T, =233K

(c) PMMS-g-tertBA
225 250 275 300
Temp. [K]

T

175 200

Fig. 2. DSC thermograms of all studied grafted PMMS.

change significantly according to the increased steric hindrance of
grafts. Note that Ty increase from T, = 201 K to T, = 233 K for PMMS-g-
nBA and PMMS-g-tertBA, respectively. Values of T, determined from the
calorimetric investigations are listed in Fig. 2 and Table 1. Interestingly,
the more hindered branches, the higher glass transition of the polymer.
Moreover, it is also worthwhile to comment that all examined grafted
systems are characterized by higher T, with respect to PMMS homo-
polymer (T, = 178 K [20]). It is quite surprising taking into account that
usually associating materials are characterized by higher values of
various the phase transitions temperatures when compared to their van
der Waals counterparts [40]. Note that homopolymer is capable to form
weak H-bonds (by thiol moieties); while in the grafted polymers these
specific interactions are completely eliminated. Thus, it seems that our
data are in contrast to what can be expected. However, in this context,
one can refer to the studies on poly(tert-butoxystyrene (PtBOS) poly-
macromonomers [41], where non-associating materials showed a much
higher glass transition temperature (AT, = 10 K), when compared to
their macromonomers [41]. The authors attributed an increasing T, of
the grafted polymers to their more constrained structure, which pre-
vents the mobility of grafts. Additionally, also in the case of
PDMS-g-PDMS, the grafting process was observed to increase Ty [11].
Although this pattern of behavior is not the general rule, as for poly
(atactic polypropylene terminated norbornenyl) poly(aPP-NB), T is
within 3K of that measured for atactic linear polypropylene. Dalsin et al.
[15], also concluded that the glass transition temperature of bottle-
brushes is, in fact, governed by grafts and not backbone, chemistry nor
their molecular weight, M,,. In this context, one can assume that the
observed increase in the T, of the grafted copolymers with respect to the
PMMS homopolymer is a result on both (i) the elongation on the graft
and (ii) their hindrance, especially considering that thiol units form very
weak H bonds.

In addition, we also determined the length scale of cooperativity, ¢,
and the number of particles involved in correlated motion, N,. One can
recall that in terms of the Adam-Gibbs theory [42], the observed
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Table 1
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Glass transition temperatures (7,), the length scale of cooperativity (£), the number of particles involved in correlated motion, (N), fragility estimated from BDS (m,)
and DSC (m) data, activation energy of y-process (E,) and the pressure coefficient of the glass transition temperature (dT,/dp) determined for all examined materials.

sample T,.DSC [K] ¢ [nm] N Tg.sos [K] for r = 100s my m 7-process dTy/dp
E; [kJ/mol]

PMMS 178 0.76 107 171 91 113 28 156

PMMS-g-nBA 201 0.54 22 197 70 64 46 173

PMMS-g-isoBA 209 0.49 17 208 69 55 30 -

PMMS-g-tertBA 233 0.59 31 226 76 74 30 233

significant slowing down of supercooled liquid dynamics undergoing the
glass transition is connected to the increasing length scale of coopera-
tively rearranging regions (labeled as {) upon cooling. We would like to
know how both parameters would change dependently on the graft
structure. Taking into account the thermodynamic fluctuation theory, ¢
and N, can be estimated in the glass transition region using Donth
equation [43,44]:

5 _kBngA(C‘, )

= 1

p(oT)? w

_RTIA(C)') @
M)

where kg is Bolztman constant, 8T is the mean temperature fluctuation,
C, is the isochoric heat capacity, p is density, R is molar gas constant and
M is molecular mass. Determined values of both parameters are listed in
Table 1. As illustrated, the highest values of { and N. were obtained for
PMMS homopolymer which most likely result from the formation of
hydrogen bonding structure [20,21]. Interestingly, both parameters
decrease significantly in the case of examined grafted copolymers. This
might confirm the dominant impact of hydrogen bonding on the
behavior of PMMS homopolymer, as their removal in the case of grafted

(a) PMMS-g-nBA, T>T,

copolymers leads to a totally different behavior. One can also add that
interestingly, in the case of PMMS-g-tertBA, { and N, are slightly higher
when compared to the other examined brushes. As one can expect that
the presence of tert-butyl acrytale (tertBA) group leads to a higher value
of the length scale of cooperativity due to an increase steric hindrance.

Subsequently, we have carried out dielectric measurements in a wide
temperature range to characterize the molecular dynamics of grafted
copolymers at ambient pressure. Fig. 3 presents dielectric loss spectra of
PMMS-g-nBA and PMMS-g-tertBA measured above and below the glass
transition temperature Ty, respectively. The reference dielectric loss
spectra for PMMS are also shown in the inset to Fig. 3(b). As can be seen
for homopolymer, there is a bimodal loss peak consisted of the two
relaxation processes (segmental and sub-Rouse) that tend to merge upon
approaching the glass transition temperature [20,45]. This fact is
well-illustrated in Fig. S5 in the Supporting Information (SI) file, where
experimentally measured loss peaks were described using both one and
two Havriliak-Negami (HN) functions with an additional term related to
the dc conductivity [46]:

2
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()" =+ I Z‘( ®
where ayy and Sy are the HN shape parameters related to the sym-
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Fig. 3. Dielectric spectra of PMMS-g-nBA (a,b) and PMMS-g-tertBA (c,d) collected above and below their glass transition temperature. As the inset of panel (a), the
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poly PMMS are p
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d. Data for PMMS were taken from Ref. [20].
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metric and asymmetric broadening of relaxation peaks, Ae is related to
the dielectric strength, 7y is the HN relaxation time, & is the vacuum
permittivity and @ is an angular frequency, where @ = 2xf. As shown,
single HN function poorly describes experimental data collected at high
temperature regime for PMMS homopolymer indicating the presence of
additional relaxation process, see F'igs S5(a and ¢). On the other hand for
the all examined grafted copolymers, we can observe a single loss peak
above the glass transition temperature, see Fig. 3(a,c).

In Fig. 4, we compared directly the loss peaks characterized by the
same segmental relaxation times for the grafted copolymers together
with PMMS. This simple comparison clearly indicated that (i) the
relaxation processes of examined polymer brushes are monomodal
(although quite broad) in contrast to PMMS and interestingly, (ii) the
width of the a-loss peaks varies with the change in the steric hindrance
of the graft (where the broadest peak can be observed for PMMS-g-
tertBA (see Fig. 4(b)). Therefore, we assigned the relaxation process
recorded for graft copolymers solely to the a-process. Although, it
should be mentioned that the width of the loss peaks unexpectedly de-
creases with lowering temperature, see I'lg. S10. Note that the dielectric
loss spectra measured at different temperatures, were shifted horizon-
tally to coincide at the maximum. This might suggest that, in fact, the
loss peaks of polymer brushes, similarly to PMMS, is consisted of the two
relaxation processes whose time scale separation is too small to make it
possible to detect them as separated loss peaks. Consequently, similarly
to PMMS narrowing of the loss peak might be due to decreasing differ-
ence in their relaxation times upon approaching T. To find out whether
this explanation is correct, we performed additional fitting of the loss
peak recorded for the grafted polymers to the single and superposition of
the two HN functions, see Figs. S6-S8. Interestingly the quality of the fits
in both cases was very good. That means that most likely broad
segmental relaxation process of grafted polymers may be inherent
feature of these material. Although, we cannot completely reject the
possibility of a presence of two processes of similar times scale. Never-
theless, due to very good description of the data with the use of single
HN function in this paper, we will present results of this analysis.
Additionally, it should be mentioned that all samples reveal the presence
of one secondary relaxation, denoted with Greek letter y, appearing at
high frequencies region upon cooling, see Fig. 3(b,d).

To get better insight into the molecular dynamics of the grafted
polymers, we further analyzed the temperature evolution of the relax-
ation times, 7, for the all observed processes. Both 7, and 7, were esti-
mated from the fitting loss spectra obtained above and below T to the
HN function (Eq. (3)). Determined values of a- and y-relaxation times
plotted as a function of 1/T for all the investigated sample are presented
in Fig. 5(a). In addition, we also carried out a series of temperature-
modulated TM-DSC measurements to determine the value of 7, near
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T,. As found, the dielectric relaxation times agree well with the relax-
ation times from TM-DSC measurements suggesting that 7, is the
segmental relaxation associated with the glass transition. Due to a pro-
nounced differences in T, s between examined materials, additionally,
all determined relaxation times were plotted versus Ty/T to visualize
potential difference in their temperature evolutions, see Fig. 5(b). Note
that the glass transition temperature, T,, was defined as the temperature
at which 7, = 100s. As illustrated, one can see some differences in both
7, and 7, between all examined materials. To quantify the difference in
the steepness of 7,(T, /T), we calculated the fragility parameter, my,
defining sensitivity of the structural/segmental relaxation times upon
cooling:

o o dlog 7,
" a/m),,

Note that the fragility parameter typically changes in the range m, =
16 — 200 for various materials, whereas those characterized by low and
high m, are considered as strong and fragile systems, respectively.
Interestingly, m, determined for grafted copolymers are very similar and
varies between 69 and 72 (Table 1), which indicates that the examined
materials might be categorized as strong. One can add that similar
values of the fragility were determined from calorimetric data, m, which
also change in the range 55-74 (Table 1). Note that the m parameter was
estimated according to the procedure reported in Refs. [35-38].

Furthermore, in the case of the temperature evolution of the
y-relaxation times, one can see that although, 7,(T, /T) of PMMS and
PMMS-g-isoBA collapses almost perfectly onto each other; while, some
notable discrepancies can be found for the other two systems. That
means that variation in the steric hindrance of the side group has quite
significant impact on the dynamics of this local mobility. Therefore, we
calculated the activation barrier, E,, from the fitting of 7, (1 /T) to the
Arrhenius equation:

=7 exp(E")
T T

where 7, is the high temperature limit of the relaxation rate. Values of
calculated E, are listed in Table 1. All examined systems are charac-
terized by comparable values of the activation barrier; however, one can
see that the highest E, of the local motions was determined for the least
constrained graft copolymer, PMMS-g-nBA (see Table 1).
Complementary, we have performed also rheological measurements.
Master curves of the measured storage, G', and loss, G”, modulus of
examined PMMS-g-nBA and PMMS-g-tertBA are shown in Fig. 6. Note
that as the inset in Fig. 6(a), we shown the mechanical data for PMMS
homopolymer. The presented master curve was constructed from the

“)
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Fig. 4. Comparison of the distribution of relaxation times obtained at constant 7, for all examined materials.
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Fig. 5. Relaxation Times plotted as a function of 1/T (a) and T, /T (b). As the inset in panel (b), segmental, z,, and terminal, o, relaxation times determined from

the mechanical measurements are plotted as a function of Ty/T.
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Fig. 6. Master curves of measured storage, G, and loss, G, modulus of
examined (a) PMMS-g-nBA and (b) PMMS-g-tertBA. As the inset in panel (a),
master curves of G and G” of PMMS homopolymer is shown. In panel (b), the
log (7a /Trouse) Vs. Tg/T is presented.

frequency dependence of G* and G” measured in the range 0.1-100 rad/s
at different temperatures (see Fig. 510), which were shifted horizontally
by the shift factor, ar, to superimpose measured spectra with one ob-
tained at the chosen reference temperatures, T,.s. As can be seen, two
processes can be detected, attributed to (i) segmental motion (man-
ifested as maximum at higher frequency), and (ii) terminal relaxation
motion (Rouse mode; manifested as a shoulder at lower frequency),
respectively. Both of them are separated by ~2 orders of magnitude on
the time scale for all examined systems. One can recall that similar
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rheological results were reported for both linear homopolymers [22,47]
and a series of bottlebrushes, i.e., PBiBEM-g-PBA [13] and
polybutadiene-based multiarms star polymers [48]. Note that often for
heavily grafted copolymers, an additional process appears at the inter-
mediate frequency regime reflecting the relaxation of grafts [15,17-19,
49]. In case of our study, we do not see such a process most likely due to
low molecular weight of examined materials.

The obtained values of segmental, 7,, and Rouse, 7o, relaxation
times were added to Fig. 5. Details regarding the determination of 7, and
Trouse are given in the Experimental section. It can be clearly seen that
7, determined by mechanical studies agree with the values obtained
with previously applied techniques. This behavior supports the previous
analysis of the dielectric loss spectra with the use of one HN function
(see Iigs. S6-58) and confirms that the broad segmental relaxation
process of grafted copolymers might be inherent feature of these mate-
rials. In contrast, the Rouse mode are shifted by ~2 orders towards lower
frequencies for all examined samples. Although, one can see that the
difference in the timescale between segmental and Rouse mode is higher
for graft copolymers when compared to PMMS homopolymer, see the
inset in Fig. 5(b). Moreover, when we compare the loss modulus, G,
spectra with the dielectric loss, ¢, near T, one can see that the a-peak
recorded in mechanical measurements has much different shape (nar-
rower) than the one detected in dielectric spectra (Fig. 512). Note that
the difference between both relaxations increases with a steric hin-
drance of the graft, as for PMMS-g-tertBA, the dielectric a-mode is
significantly broader than mechanical one when compared to PMMS-g-
PnBA. This might imply that indeed, there is an additional process
present in examined grafted copolymers as previously reported for
PMMS homopolymer, although both of those processes have similar
times scale.

Finally, we have carried out high-pressure dielectric measurements
at various thermodynamic (T,p) conditions. In Fig. 7(a, c, €), we pre-
sented the representative dielectric loss spectra of homopolymer PMMS,
PMMS-g-nBA and PMMS-g-tertBA, collected at various isobaric and
isothermal conditions. As can be seen for all materials, the loss peak
shifts towards a lower frequency upon both compression and cooling.
Note that as the performed dielectric and calorimetric measurements
shows the greatest differences between PMMS-g-nBA and PMMS-g-
tertBA, further studies focused solely on those two materials in com-
parison to the homopolymer. The high-pressure data for PMMS homo-
polymer were taken from Ref. [45]. Moreover, similarly to the data
obtained at ambient pressure, the bimodal loss peak observed form
PMMS merge when approaching T, also at the elevated pressures. This
indicates a similar sensitivity of both processes (@ and sub-Rouse) to the
variation in temperature and pressure. Interestingly, we found that the
distribution of the relaxation times of the segmental process remains
constant with compression for all examined materials (Fig. 7(b, d, f)).
Note that the high-pressure dielectric spectra measured at various
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Fig. 7. (a, ¢, e) Dielectric loss spectra measured at various isobaric conditions.
At the insets, dielectric loss spectra measured different isothermal conditions
are shown. (b, d, f) Comparison the loss spectra obtained at various thermo-
dynamic conditions that were characterized by the same 7.

thermodynamic conditions were shifted vertically to superpose at con-
stant 7,. This suggests that the shape of the a-loss peak depends on the
structural/segmental relaxation time and are not affected by varying T
and p conditions, fulfilling the Time-Temperature-Pressure (TPS) rule

(a) PMMS homopolymer (b) PMMS-g-nBA
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independently to the chemical structure of grafted copolymers. Similar
observation was made for other polymers [50].

Fig. 8 shows the temperature and pressure evolution of 7,,.. Note that,
the dielectric data obtained at high-pressure conditions were analyzed in
the same manner as those recorded at ambient pressure. Furthermore,
we calculated the pressure coefficient of the glass transition tempera-
ture, d Ty/dp, to parametrize pressure sensitivity of the glass transition
temperature examined grafted copolymers. For this purpose, the Avra-
mov model [51] was used to describe the pressure and temperature
dependence of the segmental relaxation times. Details regarding the
analysis are presented in the SI file. The results of fitting 7,(T.p) de-
pendencies to the Avramov equation are depicted in Fig. 9, whereas the
fit parameters are listed in Table S1. It should be noted that the obtained
fits are of very high quality since R? ~0.999 and R? ~ 0.988 for
PMMS-g-nBA and PMMS-g-tertBA, respectively. After fitting of z,(T,p)
shown in Fig. 9, T, was calculated at different pressures, and conse-
quently the pressure coefficient of the glass transition in the limit of
ambient pressure was determined using the pressure derivative of the
following equation [52]:

T:(p) = Tg(l’u)(l + %)”’”"Uﬂ) .
and
oo £ 1)

where I1 is a constant with the dimension of pressure, C,, is a specific
heat capacity, a, is a volume expansion coefficient at ambient p, ap and #
are exponential parameters (details in the SI file). Finally, we obtained
that the pressure coefficient of the glass transition temperature, dT,/dp,
is equal to 173.16 K/GPa and 233.48 K/GPa for PMMS-g-nBA and
PMMS-g-tertBA, respectively (see Table 1 and Fig. 10(a)). These values
are significantly higher than the one determined for the PMMS homo-
polymer (dT,/dp = 155.97 K/GPa). Note that for the homopolymer, this
value was assumed to be closely related to the presence of thiol mole-
cules capable of forming hydrogen bonds, which had a great impact on
the dynamics of the segmental process and dT,/dp. In grafted polymers,
due to the attachment of more and more branched substituents to the
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d during isobaric and isothermal measurements for PMMS and examined grafted copolymers. Note that
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Fig. 9. Segmental relaxation times plotted versus temperature and pressure for PMMS-g-nBA and PMMS-g-tertBA. Blue areas represent surface fits to the modified
Avramov equation (Eq. (S1)). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. (a) The pressure dependence of the glass transition temperature determined from the Avramow equation (eq. (5)) for indicated materials. (b) The activation

volume (AV) obtained for the segmental mode plotted versus 7, for PMMS, PMPS and two

side chain (as in the case of PMMS-g-tertBA) leading to the elimination of
the H bonds the values of dT,/dp are much higher than in the case of
homopolymer. However, the values are still low compared to silyl de-
rivatives of lo lecular-weight vitreous es, which have the
highest dTg/dp of all liquids. It is worth noting that also the dT/ dp for
polystyrene was 306-294 K/GPa [50,53,54], depending on the molec-
ular weight. On the other hand, for PMPS homopolymer, dT,/ dp = 250
K/GPa, similarly to the one determined for the polymer grafted with
tertBA groups. Therefore, the pressure coefficient of T, in the examined
herein grafted polymers seems to be very low with respect to that
determined for the other polymers.

Furthermore, the activation volume, AV, in the ambient pressure
limit for the segmental process was calculated and compared with the
values determined for PMMS and PMPS homopolymers. In terms of the
transition state theory, AV is a difference of volume between activated
and standard state, and is calculated according to the following defini-
tion:

H

AV =RT In(10) (‘”‘:’—p'“’") . (®)
e

Note that to estimate AV under different thermodynamic conditions, the
Avramow fit parameters were used (Table S1). The determined activa-

tion volumes plotted as a function of the segmental relaxation times are
shown in Fig. 10(b). As illustrated, AV of PMMS-g-tertBA is much larger
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d grafted

when compared to the one of PMMS homopolymer and, interestingly, is
similar to the activation volume of PMPS. In contrast, for PMMS-g-nBA,
AV is only slightly larger than the AV of PMMS. The results are quite
unexpected since we did not see any regularity in the variation of this
parameter with the size of the monomer/graft etc. In this context, it
should be mentioned that generally there is correlation between acti-
vation volume and the size of the segment for the investigated polymer
[11]. One can suppose that the this behaviour could be connected to the
chemical structure of grafts (especially their an increasing steric hin-
drance) in the examined copolymers. However, this issue must be
verified in the future.

4. Conclusion

In the present work, we investigated the molecular dynamics of three
different PMMS-based oligomeric brushes under various thermody-
namic conditions. Interestingly, it was shown that the glass transition
temperature and the length scale of cooperativity rearranging regions
are strongly affected by a graft structure. Dielectric studies combined
with results from mechanical tests confirm that the broad segmental
relaxation process of grafted copolymers may be an inherent feature of
these materials. Pressure tests showed that the distribution of relaxation
times of the seg; 1 process r with p for all
materials tested. In addition, it was found that the pressure coefficient of
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the glass transition determined for grafted polymers are significantly
higher than for the homopolymer, due to the increasing steric hindrance
coming from the grafted side groups, which limit the ability to form
hydrogen bonds. The data presented in this paper clearly highlight the
important role of high-pressure experiments in elucidating the effect of
graft structure on the behavior of local mobility dynamics. We believe
that the presented herein data allow better understanding of the impact
of topology on the dynamics of polymers and further developing the
correlation between the structure, architecture and properties of great
importance in the context of further development of new generation of
polymeric materials.
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ABSTRACT: In this paper, we investigated the molecular e
dynamics of polymer brushes based on poly(mercaptopropyl)- mcﬂ\icr‘:l.l:: rsusl d

methylsiloxane (PMMS), in which the thiol group was grafted with £ gt gy P

different homologous flexible acrylates (acrylate-based PMMS SIS cosctoim e ha

copolymers) and more rigid methacrylate (methacrylate-based @, oo o 5. - -

PMMS copolymers) monomers of varying lengths of alkyl chain 'SCL-[-L‘H-QB £ s ' °
under ambient and elevated pressure conditions. It was found that &" k &, B M
the glass transition temperature, T, of PMMS homopolymer is g 5 m‘-w/‘-./.‘,,,,
significantly lower compared to the other systems. Moreover, oﬂ%@ NS —
surprisingly, in the methacrylate-grafted copolymers, there are two )

relaxation processes ( and a’), while in the systems grafted with it samplo

various acrylates, only a single process is present in the supercooled

phase. Complementary rheological investigations indicated that the

faster a process comes from the segmental motions, while @’ is not detected in the mechanical response. Further high-pressure
experiments showed that there is a superposition between segmental and a’ modes irrespective of applied pressure, p, in
methacrylate-based PMMS copolymers. This result suggests that the latter process might be considered as a sub-Rouse mode, or
alternatively, it may originate from the dielectric active relaxation of the rigid polar side chain (grafts). Moreover, analysis of the
high-pressure data allowed us to estimate the pressure coefficient of the glass transition temperature, dT,/dp, which was much higher
for polymer brushes with respect to the PMMS homopolymer. Interestingly, the values of dTg/dp for methacrylate-grafted
copolymers are slightly higher compared to acrylate-based PMMS copolymers, which may be due to the different flexibility/rigidity
of both groups of materials as all examined materials have the same degree of polymerization of homopolymer backbone (N, ~ 12)
and side chain (N, = 1). However, for both groups of studied systems, dT,/dp values did not scale with chain length. This
unexpected result must be related to the structure of the studied grafted copolymers and the character of grafts, derivatives of
acrylates/methacrylates. The data presented here extend our knowledge of the influence of the architecture of different molecules on
the dynamics of polymers at ambient and high pressures.

I. INTRODUCTION tures.'®"” This expansion of (often) complex polymeric
structure clearly suggests that the latter factor, topology,
might significantly influence the properties and applications of
these materials. Hence, growing attention has been focused on
studying the fundamental relationship between the spatial
organization of chains and their properties. For example, in the

Today, polymers constitute a significant group of compounds
that are finding an increasing number of applications in many
different fields, replacing traditional materials. They are used as
lubricants,” solvent-free elastomers,” surface modifiers,” in
photonic crystals,” as membranes for batteries,” in lithog-
raphy,” or as drug delivery agents.”” This substantial expansion
takes its source from their properties, which can be easily
controlled and modified by varying the molecular weight,
density, dispersity, chemical composition, and topology. It is
worthwhile to mention that the recent development of the

molecular brushes, their physical properties are assumed to be
governed by the grafted polymer side chains.'® Thus, when
rigid grafts are attached to the flexible main chain, they might
act as “stiffeners” to the backbone affecting strongly macro-

reversible deactivation radical polymerization methods (espe- Received: July 26, 2024 Vacromelecules
cially atom transfer radical polymerization, ATRP),”™"> has Revised:  October 22, 2024

enabled access to a variety of advanced materials (i.e. Accepted:  October 22, 2024

polymeric responsive systems) characterized by desired and Published: November 15, 2024

controlled macromolecular architectures, such as molecular
brushes, star-shaped, dendrimeric, or hyperbranched struc-

© 2024 The Authors. Published b,
American Chemical Societ¥ https://doi.org/10.1021/acs.macromol.4c01779

v ACS Publications 10754 Macromolecules 2024, 57, 10754-10766
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Scheme 1. Chemical Structure of Poly(mercaptopropyl)methylsiloxane, Labeled as PMMS, (a) and Its Examined Grafted

Derivatives, (b)

(a) ®) 1)
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molecules conformation. However, in the opposite scenario
(“flexible” grafts attached to the rigid backbone), they will have
an unnoticeable effect on the conformation and physical
properties of the entire molecule.'”*" Moreover, it should also
be mentioned that an increasing degree of side-chain
polymerization, N, and graft density, z, helps to reduce the
entanglement plateau modulus in molten bottlebrushes and
polymer brushes.””'™>* Just to mention work focused on
poly(2-ethyl-2-oxazoline, PEOXA)-based molecular brushes
(differentiated as linear grafts, “loop” and cyclic brushes)** has
shown that the physicochemical properties of all examined
systems  significantly vary depending on their topology. As
found, the cyclic and “loop” brushes were characterized by
better lubricating properties or reduced viscoelasticity
compared with the linear ones. Additionally, it was pointed
out that for PEOXA-based “loop” brushes, the presence of
“loops” itself increased the steric stability of the particle,
whereas the cyclic structure provided the most increased steric
stability for the macromolecule.

Dielectric studies on poly(dimethylsiloxane, PDMS) grafted
polymers (PDMS-g-PDMS)*® revealed changes in the
dynamics of examined systems, i.e., a strong deviation in the
segmental relaxation times, 7, with increasing side chain
length. The observed effect was attributed to the grafting
process and was found to be independent of the grafting
density.

For bottlebrush polymer consisting of poly(2-bromo-
isobutyryloxyethyl methacrylate, PBiBEM) grafted with poly-
(n-butyl acrylate, PBA),Z? it was shown that the dynamics of
the side chains is slowed down compared to homopolymers,
due to the constraints imposed by the main chain and the
strong interactions of the disordered side chains. Meanwhile,
the backbone dynamics became plasticized by the PBA chains,
which further stiffened the polymer backbone. Although,
PBiBEM retains some conformational freedom. In a separate
study on bottlebrushes with a polyisoprene backbone (PI)
grafted with polystyrene side chains (PS),”* dielectric and
rheo-optical studies revealed global (main) chain relaxation,
which reflects the fluctuation of the end-to-end vector in the

10755
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examined samples. The intensity of this relaxation was much
higher than expected for linear PI, indicating that the PI
backbone is locally stiffened and stretched. Additionally, PI-g-
PS showed lower main chain stiffness compared to PS-g-PS,
which was attributed to differences in branching density along
the main chain.

In this context, one can also recall previous investigations on
a series of poly(mercaptopropyl)methylsiloxane (PMMS)
oligomeric brushes grafted with various butyl acrylate (BA)
isomers (with increased steric hindrance, PMMS-g-+BA),”
which revealed that the glass transition temperature, Tg, and its
pressure coefficient, dT,/dp, of PMMS-g-xBA polymers were
significantly higher compared to the homopolymer. This
increase was due to increased steric hindrance from the
grafted side groups. Inspired by these results, we aim to expand
our knowledge of this group of materials by exploring the
impact of the grafts’ stiffness/flexibility on the molecular
dynamics of a series of oligomeric PMMS grafted with a
various acrylate (acrylate-based PMMS copolymers—consid-
ered as more flexible grafts) and methacrylates (methacrylate-
based PMMS copolymers, marked as more rigid ones)
homologous monomers (methyl, butyl and hexyl) by means
of dielectric spectroscopy measurements under various
thermodynamic conditions (where temperature, T = 193—
303 K, and pressure, p 0.1—450 MPa). The chemical
structures of the chosen systems are listed in Scheme 1. It
should be highlighted that studied materials were obtained by
the “grafting to” technique, where the -SH present within
PMMS homopolymer was substituted by either acrylates or
methacrylate-based monomer of varying length of alkyl chain.
Thus, all examined grafted copolymers were characterized by
the same degree of polymerization of homopolymer backbone
(Nyp ~ 12), whereas the grafts have a length of one monomer
unit (N, = 1) of varying alkyl chain. The NMR analysis of
synthesized PMMS-based copolymers (confirming the grafting
density, z = 100%) is shown in Figures SI—S6 in the
Supporting Information (SI).

https://doi.org/10.1021/acs.macromol.4c01779
Macromolecules 2024, 57, 10754-10766
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Il. MATERIALS AND METHODS

IL.l. Materials. Poly(mercaptopropyl)methylsiloxane homopoly-
mer (PMMS, 75—-150 cSt) was purchased from Gelest and used as
received (molecular weight, M, ¢z = 2400 g/mol, dispersity, D = 1.26
determined by Viscotek TDA 305 triple detection calibrated with a
narrow polystyrene standard, tetrahydrofuran (THF) as eluent).
Methyl acrylate (MA), n-butyl acrylate (nBA), hexyl acrylate (HA),
methyl methacrylate (MMA), butyl methacrylate (BMA), hexyl
methacrylate (HMA), 2,2-Dimethoxy-2-phenylacetophenone
(DMPA), and DMSO-d;, were purchased from Sigma-Aldrich.

All copolymers were synthesized by one of the “grafting to”
techniques, in which commercially supplied PMMS backbone
functionalized with — SH groups was coupled with either acrylates
or methacrylates. For “grafting to” technique, the average number of
branches was determined by the degree of polymerization of
homopolymer backbone (N, ~ 12), whereas the side-chain degree
of polymerization, N, = 1, and the grafting density, z = 100%. The
chemical structures of the chosen systems are shown in Scheme 1.
Before the polymerization, all monomers were purified by passing
through a neutral alumina column to remove inhibitors.

ILII. Thiol-Ene Coupling Photopolymerization: Example of
the Synthesis of PMMS-g-HMA. PMMS (0.25 g, 0.0S mmol),
HMA (0.5 g 2.94 mmol), and DMPA (0.09 g, 0.36 mmol) were
dissolved in THF (2 mL). The solution was purged under nitrogen
and purified by one freeze—pump—thaw cycle. Next, the flask was
stirred for 160 min under ultraviolet (UV) irradiation, and then, THE
was evaporated under vacuum. The polymer was purified by washing
it many times, first in a methanol/water mixture and then in
methanol. The purified sample was dried to a constant mass under
reduced pressure.

The structure of all grafted oligomers was confirmed by 'H and "*C
NMR analysis. Note that NMR spectra were recorded using a 500
MHz spectrometer (Bruker) for samples in commercially available
DMSO-d,. Signals from the respective groups of atoms for all
examined copolymers are shown in Figures S1—S6. The total
disappearance of the thiol signal at 2.08 ppm initially present in the
"H NMR spectra of PMMS, and peaks coming from incorporated
acrylate and methacrylate units, indicate quantitative thiol—ene
ligations. Previous papers noted similar observations concerning
PMMS-based polymers.””*' As can be seen, all spectra present
purified products in the absence of unreacted PMMS or monomers.
The molecular weights, M,, of the oligomers were determined usin,
SEC-LALLS (triple detection, THF). As previously demonstrated,”
for the “grafting to” technique, the average number of branches was
determined by the degree of polymerization of the homopolymer
backbone (N, ~ 12), while the grafts consist of a single monomer
unit (N, = 1). The final theoretical polymer M,, is determined by the
number of PMMS initiating centers. Considering that NMR analysis
showed the absence of —SH groups, this confirms the completion of
the thiol—ene coupling (Figures S1—-S6). Significant differences in M,,
are not expected, as the monomers chosen for the photopolymeriza-
tion process have very similar molecular weights. Taking into account
the Ny, of PMMS and the molecular weights of the monomers, the
theoretical molecular weights should fall within a narrow range of
3400—4700 Da.

ILIII. Differential Scanning Calorimetry (DSC). Calorimetric
measurements of PMMS were carried out by a Mettler-Toledo DSC
apparatus equipped with a liquid nitrogen cooling accessory and an
HSS8 ceramic sensor (heat flux sensor with 120 thermocouples).
Temperature and enthalpy calibrations were performed using indium
and zinc standards. All samples were prepared in an open aluminum
crucible (40 L) outside the DSC apparatus and measured on heating
from 150 to 298 K at a constant heating rate of 10 K/min.

ILIV. Broadband Dielectric Spectroscopy (BDS). Complex
dielectric permittivity, £* (@) = ¢'(w) — ie”(w), values at ambient
pressure were measured using the impedance analyzer (Novocontrol
@) over a frequency range from 1 X 107" to 3 X 10° Hz. The samples
were placed between two stainless-steel electrodes (diameter: 10 mm;
Teflon spacer: 0.05 mm) and mounted inside a cryostat. During the
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measurement, each sample was maintained under a dry nitrogen gas
flow. The temperature was controlled by a Quatro Cryosystem using a
nitrogen gas cryostat with stability better than 0.1 K. The
temperature-dependent dielectric measurements were performed in
the range from 173 to 303 K.

For dielectric measurements at elevated pressure, we used a high-
pressure system developed at the Institute of High-Pressure Physics of
the Polish Academy of Science in Warsaw, UNIPRESS. Thin Teflon
spacers were applied to maintain a fixed distance between the plates.
The sample capacitor was sealed and mounted inside a Teflon capsule
to separate it from the silicon liquid used as a pressure-transmitting
medium. The temperature was adjusted with a precision of 0.5 K by
means of a refrigerated and heating circulator. Complex dielectric
permittivity was measured within the same frequency range as that in
the case of measurements carried out at ambient pressure.

ILV. Shear Rheology. The viscosity of the examined polymer
brushes was determined by means of an ARES G2 Rheometer. The
viscosity measurement in the vicinity of the liquid-glass transition was
performed by means of an aluminum parallel plate geometry
(diameter of 4 mm). For the oscillation-frequency rheological
experiments, the investigated sample was tested in the frequency
range from 0.1 to 100 rad/s (12 points per decade) and over the
temperature range from T = 177-303 K. In the temperature range,
where the G” peaks are not visible, the time—temperature
superposition (TTS) rule can be applied to determine the segmental
relaxation times, 7,. According to this criterion, G' and G” spectra
collected at various temperature conditions form the master curve
when shifted horizontally by the shift factor, ay, to superimpose at the
chosen reference temperature, see Figure 4.

Ill. RESULTS AND DISCUSSION

lIl. Ambient Pressure Studies. As a first step, we
performed the calorimetric measurements. Representative
thermograms are displayed in Figure 1. For all samples, only
a prominent step in the recorded heat capacity, related to the
glass transition, can be seen. Values of the determined

calorimetric glass transition temperatures, Typgc, are shown
heating rate 10 K/min
] the increasing
7| grafts' length |
Sl Tg =2240K
E
E b T,=201.0K
g ——PMMS-g-MA
] = PMMSS-g-nBA
] / 'I'g = 1962 K e PMMS-g-HA
] / P T,=2440K
- ti]c i;crcaising
& grafts' length =
u; [P Tgf2l4.8K
B = PMMS-g-MMA
] ] : = PMMS-g-BMA
[,=198.1K PMMS-g-HMA
150 200 220 240 260 280

Temp. [K]
Figure 1. DSC thermograms recorded for all examined graft
copolymers..
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in Figure 2 and listed in Table 1. It should be highlighted that
T, pscs of all explored graft systems are much higher compared

&
250 acrylate-based PMMS copol:
increasing @ B T, g (determined for 7= 15)
240 { grafis' rigidity O Ty psc
methacrylate-based PMMS copolymers:
230 ® T, s (determined for 5,= 15)
K o Tg[)s(
2204
—_ - -4
E. 2104
0
=

T
PMMS
homopolymer

PMMS-g-MA
PMMS-2-MMA

PMMS-g-BA
PMMS-g-BMA

sample

Figure 2. Glass transition temperatures, T,, determined by different
experimental techniques plotted versus the length of the graft.

Table 1. Molecular Weights (M,,) and Glass Transition
Temperature (T,) Molecules Obtained from Both
Calorimetric and Dielectric Measurements (with an
Experimental Error of +2 K)

sample M, [g/mol] Tygps [K] for 7, = 1s Typsc [K]
PMMS homopolymer 2400 177.0 178.0
PMPS 2500 230.0 230.0

Acrylate-based PMMS Copolymers
PMMS-g-MA 3400 231.0 224.0
PMMS-g-nBA 4100 204.0 2010
PMMS-g-HA 4600 198.0 196.2
Methacrylate-based PMMS Copoly
PMMS-g-MMA 3600 244.0 244.0
PMMS-g-BMA 4100 218.0 2148
PMMS-g-HMA 4700 206.0 198.1

to the associating PMMS homopolymer (which can form
specific interactions via thiol moiety but of relatively weak
strength), characterized by Typsc =178 K.** This result agrees
with our previous studies carried out for PMMS-based
oligomeric brushes grafted with various butyl acrylate isomers
(PMMS-g-xBA),”” where a similar trend was observed.
Moreover, one can see that the glass transition shifts toward
lower temperatures with the elongation of the grafts.
Additionally, methacrylate-based PMMS copolymers are
characterized by the higher T s compared to their acrylates
counterparts, as seen in Figure 2. This implies that the
increased steric hindrance caused by both the grafts’ elongation
and stiffness leads to a pronounced variation in the glass
transition temperatures. However, it seems that the latter
factor, stiffness, seems to have a higher impact, as the observed
effects intensify in the case of methacrylate-based PMMS
copolymers. Note that taking into account the chemical
structure of the studied PMMS-based copolymers, they are all
characterized by the same degree of polymerization of
homopolymer backbone (N, ~ 12), and grafting density (z
= 100%). The only differences between them are the stiffness
of the grafts and the length of the alkyl chain; see the chemical
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structures shown in Scheme 1. Similarly, in the case of PMMS-
g-xBA, it was clearly observed that the more hindered the
grafts, the higher the TS.Z‘) In this context, it is also worthwhile
to stress that increased glass transition temperatures were
reported for the bottlebrush polymers PDMS-g-PDMS, which
was attributed to the grafting process.”® Similar results were
reported for poly(tert-butoxystyrene, PtBOS) polymacromo-
nomers, which were characterized by a higher T, compared to
the macromonomer. The effect of increasing glass transition
temperature was attributed to the restrictive structure of the
grafted polymer, which prevented the mobility of the grafted
side chains.*® Dalsin et al. pointed out that the glass transition
temperature of brush polymers depends on the grafted side
chains and does not depend on the molar weight, M,, chemical
structure, or skeleton length.“

Furthermore, we performed dielectric measurements over a
wide temperature range to characterize the molecular dynamics
of the studied systems. Figure 3 shows the representative
dielectric loss spectra of chosen acrylate-based PMMS
copolymers and their methacrylate counterparts measured
above T, Data obtained for the PMMS homopolymer, taken
from ref 32, are shown as the inset in Figure 3a. For acrylate-
based PMMS copolymers, we can distinguish: (i) dc-
conductivity associated with the charge transport of ions (at
lower frequencies) and (ii) a single (monomodal) segmental
a-relaxation process, which shifts toward lower frequencies as
the temperature decreases. However, surprisingly, in the case
of the methacrylate-grafted copolymers, the dominant
relaxation process appearing at high frequencies seems to be
clearly bimodal. Upon lowering the temperature, this bimodal
character is lost, and around Ty only a single broad relaxation
process is detected. For a better representation of what is
mentioned above, dielectric loss peaks measured for acrylate-
based PMMS copolymers and their methacrylate counterparts
were compared in Figure S7. For this purpose, we have chosen
spectra recorded at various temperatures that coincide at the
maximum of the peak. As displayed, the main relaxation mode
of methacrylate-based PMMS copolymers clearly exhibits a
bimodal nature, indicating the presence of additional mobility
within those systems, which cannot be observed in the case of
acrylate-based PMMS copolymers. Note that all acrylate-
grafted PMMS reveals a similar monomodal mode, as shown in
Figure S8. It should be highlighted that this agrees with
previous studies on PMMS-g-xBA, which reported the
presence of only one broad relaxation process in which
shape remains constant under varying thermodynamic
conditions.””

Interestingly, dielectric studies allowed us to observe
pronounced differences between PMMS-based copolymers
grafted with either acrylate or methacrylate monomers. The
former systems, acrylate-based PMMS copolymers, exhibited a
single a-relaxation mode. On the other hand, methacrylate-
based PMMS copolymers showed a bimodal relaxation
process, similar to that observed in the case of PMMS
homopolymer. A bimodal loss peak in this material (see the
inset in Figure 3a)*” was discussed as due to a superposition of
the two processes reflecting different mobility. Originally, it
was assumed that the (additional) slower relaxation mode
(assigned as a’-process) resulted from either “the association—
dissociation phenomenon within lamellar-like self-assemblies
or the sub-Rouse mode”; whereas the faster process reflects the
segmental dynamics.”” Nevertheless, the performed dielectric
high-pressure experiments clearly supported the latter (sub-

https://doi.org/10.1021/acs.macromol.4c01779
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Figure 3. Dielectric spectra of (a) PMMS-g-nBA and (c) PMMS-g-HA, as well as their methacrylate (b, d) counterparts collected above their glass
transition temperature. As the inset of panel (a), the dielectric spectra of homopolymer PMMS are presented. Data for PMMS were taken from ref
32.

(a) PMMS-g-nBA (b) PMMS-g-BMA

G

:
w{| " G 1004 ®

e G"

10° 4
1071

10° 4

loss modulus, G" [Pa]
storage modulus, G' [Pa]
storage modulus, G' [Pa]
2
™I

"1e T=201-243K 10' 4 T=206-258K
i Bl = T~ 203K 0] Tam T.= 206K
"
103 b Ebiiie B BAbh BRAL B BhALA EAb BAAL EaRe | i P e Mo Eofin B By G Biie Sdais R ¢
10% 107 10 10° 10% 107 107 100 10" 10" 10 107 10% 107 10° 10° 10* 107 107 107 10" 10!
Frequency [Hz] Frequency [Hz]
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Figure S. (a) Temperature dependences of dielectric relaxation times, 7, of acrylate-based PMMS copolymers. (b) Temperature dependences of
mechanical segmental, 7,, and terminal, 7y, relaxation times determined for acrylate-based PMMS copolymers..

Rouse) supposition.”* However, note that the systems studied
herein are grafted copolymers. Therefore, additional processes
may be directly related to the presence of grafts in their
structure. Recent studies on grafted molecular brushes,
poly(poly(dimethylsiloxane methacrylate)) (polyPDMSMA)
and their three-armed star counterparts revealed multiple
relaxation processes in their dielectric loss spectra, including
the chain and segmental modes, as well as a process related to
graft relaxation and/or star arm relaxation.>® One would expect
that copolymers grafted with acrylate/methacrylate monomers
would exhibit similar behavior, i.e., an additional graft
relaxation process. However, it should be noted that the
grafted polyPDMSMAs had significantly higher molecular
weights compared with the grafted copolymers investigated
herein. Thus, the question remains: what kinds of mobility did
we observe dielectrically (sub-Rouse or graft relaxation)? And
why is it so different for both examined types of grafted
copolymers? Is stiffness the major factor responsible for the
observed differences?

To further investigate the PMMS-based brushes, a
rheological study was conducted. The master curves of storage
modulus G’ and loss modulus G” for PMMS-g-nBA and
PMMS-g-BMA are presented in Figure 4, with additional data
included in Figure S9. As observed, two processes can be
detected: (i) the segmental process visible at a higher
frequency (where both moduli cross each other near the
maximum) and (ii) the Rouse mode at a lower frequency,
where a clear change in the mechanical response is observed
(where G'(f) ~ f* and G"(f) ~ f). This agrees with our
previous mechanical results collected for PMMS-g-xBA.*’ One
can recall that similar data were also reported for PBiBEM”” or
polyoleﬁn»based“ polymer brushes. However, it should be
highlighted that there is no presence of the additional
(intermediate) process related to the graft relaxation,** ™%’
which might be due to the relatively small molecular weight of
examined materials. Nevertheless, comparing the loss modulus
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spectra G” with the &”(f) near T, for methacrylate- or acrylate-
based PMMS copolymers (Figure S10), it can be seen that the
peak recorded in the mechanical studies has a significantly
different shape, being narrower than the relaxation process
observed in the dielectric loss spectra (Figure S10(a)). This
difference is clearly visible in both dielectric (Figure S10(c))
and mechanical data obtained for PMMS-g-BMA, where the
dielectric dominant process is much broader than the
mechanical one. In the case of PMMS-g-nBA the shape of
the segmental mode in mechanical and dielectric data is
similar. Indeed, this confirms that for the methacrylate-derived
graft copolymers under study, there is an additional process, as
described earlier, for the PMMS homopolymer. Herein, it
should be emphasized that branched brush polymers are
expected to exhibit sequential relaxation: the chain segments
should relax first, then the side chains, and finally the whole
polymer. Therefore, in the mechanical response of such
materials, three relaxation processes—segmental, terminal, and
those originating from the side chains (graft/arm relaxation) —
should be observed. This scenario was found in brush
polymers such as polynorbornene-g-poly(D,L)-lactide,” or
the grafted molecular brushes polyPDMSMA.” However,
herein, only two processes (segmental and Rouse modes) are
visible. This apparent inconsistency with the data presented in
previous studies”*’ is related to the low M, of the studied
here systems.

At this point, in order to better characterize the molecular
dynamics of the studied systems, we plotted the temperature
dependences of the relaxation times, 7, for all observed
relaxation processes determined from both dielectric and
mechanical measurements, as shown in Figure 5. For dielectric
data, the measured dielectric loss peaks are described using one
or two Havriliak—Negami (HN) functions with an additional
term related to dc-conductivity*'

https://doi.org/10.1021/acs.macromol.4c01779
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where ayyy and Sy are the HN shape parameters related to
the symmetric and asymmetric broadening of relaxation peaks,
Ae is related to the dielectric strength, 7y is the HN
relaxation time, &, is the vacuum permittivity and @ is an
angular frequency (where @ = 27f). It should be highlighted
that in the case of acrylate-based PMMS copolymers, we used
one HN function (for details, see data for PMMS-g-nBA shown
in Figure S11(a)), whereas for the studied methacrylate-grafted
brushes, only the application of two HN functions allows us to
describe the experimental data in a satisfactory manner (due to
the presence of an additional relaxation process, see data for
PMMS-g-BMA shown in Figure S11(b)). The determined
values of relaxation times were plotted as a function of 1/T and
are shown in Figure Sa for acrylate-based PMMS copolymers,
whereas all collected 7,(T) dependences are displayed in
Figure S12. Data for the PMMS homopolymer was also
added.’” Note that at this point, we also determined the values
of dielectric glass transition temperatures, T, sps, by fitting the
obtained 7,(T) — dependences with the Vogel—Fulcher—
Tammann (VET) equation*™**

i=1

DrTy

= To exp[?,ro

(2)

where 7, Dy, and T, are the fitting parameters. Estimated
values of T pps were added to Figure 2 and Table 1. Note that
Typps was defined as the temperature at which segmental
relaxation time is equal to 7, = 1 s for further comparison with
the high-pressure data. It should be mentioned that the
obtained Ty ppg of all samples are comparable to those
estimated from the DSC technique, see Figure 2. Additionally,
we also estimated activation barriers, E, = R - dIn7,/dT, for
both segmental and a’ relaxations at T, for both kinds of
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polymer brushes, see Table SI. It was found that there are
some notable differences in E, between acrylate- and
methacrylate-based copolymers. Furthermore, the activation
barrier for the slow process is much smaller with respect to the
segmental relaxation in the latter polymer brushes.

On the other hand, the mechanical relaxation times, 7, were
determined according to the following equation

log(7(T)) = log(#(T,s)) + log(ay) 3)
where 7(T,) indicates the corresponding relaxation time
determined at the chosen T, and @y is the shift factor. In the
case of mechanical 7, 7,(T,) is calculated at frequency, f, of
G"(f) maximum (as 7 1/2zf). On the other hand, the
relaxation time of the terminal relaxation, Tp,ue(Twf), Was
estimated using the Graessley“ method, from the crossover of
the two straight lines, representing the dependences of log(G’)
~ 2log(f) and log(G") = log(f) in the low-frequency regime
of the master curve (constructed due the time—temperature
superposition). The temperature dependences of mechanical
7, and Tp,,. obtained for acrylate-based PMMS copolymers
are shown in Figure Sb.

In Figure 6a, the relaxation times determined from both
mechanical and dielectric measurements are compared for
PMMS-g-nBA (acrylate derivative) and PMMS-g-BMA (meth-
acrylate derivative). As can be seen, for the former system, the
mechanical 7, agrees with the values obtained from the
dielectric investigations, and the Rouse mode is slower by ~2
decades. The same agreement in segmental dynamics can also
be observed for the second grafted copolymer (PMMS-g-
BMA). However, interestingly, there is a clear discrepancy in
the time scale of the mechanical Rouse mode and the dielectric
a'-process observed for this material, as shown in Figure 6b.
This discrepancy indicates that the additional dielectric mode
is not related to global chain dynamics. One can recall that
similar behavior was reported for the PMMS homopolymer,
leading to the primary assignment of the observed dielectric

https://doi.org/10.1021/acs.macromol.4c01779
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Figure 7. Dielectric loss spectra measured for PMMS-g-nBA (a, b) and PMMS-g-BMA (c, d) at various temperatures and pressures.

a'-process to either “the association—dissociation phenomen-
on within lamellar-like self-assemblies or the sub-Rouse
mode”.”” However, high-pressure studies suggest that the
latter origin (as the sub-Rouse mode) is more likely. Note that
our data are in agreement with other studies on various
poly(dimethylsiloxane) derivatives, which clearly report the
occurrence of the sub-Rouse relaxation characterized by
intermediate time and length scale between segmental and
Rouse mode relaxation.**™*” Based on the similarities with the
data collected for the PMMS homopolymer, one can assume
that the dielectric a’-process distinguished for methacrylate-
based PMMS copolymers might also be related to some kind
of backbone motions.** This claim is even more supported
once we consider temperature evolution of the mechanical
Rouse and dielectric @’ mode that can be easily superimposed
within experimental uncertainty (having the same curvature) in
the studied range of temperatures as can be deduced from
Figure 6b.

In fact, when we shift the data vertically, they collapse almost
perfectly onto each other (see Figure S13). Nevertheless, as
the a'-process is not observed for their acrylates counterparts,
it is supposed that its appearance in the dielectric loss spectra
could be related to the grafts’ stiffness, which is the only
significant difference between both examined groups of
oligomeric polymer brushes which have similar molecular
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weight, graft density, etc. Consequently, there might be
different dipole moment distribution in both studied herein
systems allowing us to observe additional sub-Rouse chain
mobility in methacrylate-based PMMS copolymers.

IILIl. High-Pressure Studies. Based on the above-
mentioned data, one can conclude that the additional dielectric
a'-process has a different time scale than the terminal mode
observed in the rheological study. Thus, we have reason to
believe that this process may reflect the movements of
(sub)chain units of the sub-Rouse mode kind, or alternatively,
it may be related to the motions of the grafts (side chains)
active in the dielectric measurement due to their stiffness.
Having that in mind, further high-pressure BDS measurements
were performed under various thermodynamic conditions
(temperature, T, and pressure, p) to gain new information on
the dynamics of a'-process in methacrylate-based PMMS
copolymers. In Figure 7, we present representative dielectric
loss spectra obtained under different isothermal and isobaric
conditions collected for PMMS-g-nBA and PMMS-g-BMA.
Data measured for the other systems are displayed in Figure
S14. As can be seen, similarly to the ambient pressure studies
of acrylate-based PMMS copolymers, a single (monomodal)
relaxation mode is observed, with the maximum shifting
toward lower frequencies upon both cooling and compression.
Conversely, for PMMS-based copolymers grafted with

https://doi.org/10.1021/acs.macromol.4c01779
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methacrylate monomers, a clearly bimodal relaxation process is
observed under various isobaric and isothermal conditions.
Notably, as seen at ambient pressure data, there is a narrowing
of the dielectric loss peak upon both cooling and compression
for PMMS-g-BMA, see Figure 7¢,d. At this point, it should also
be highlighted that the recorded dielectric loss spectra
superimpose at constant 7, independently on the thermody-
namic conditions, as shown in Figure 8. This indicates that (i)
there is a good superposition of the slow and segmental
process in copolymers grafted with methacrylate monomers
and (ii) time—temperature—pressure (TPS) rule is satisfied for
all materials studied herein.”’

Hence, in the methacrylate-based PMMS copolymers, we
have a situation similar to that found in the PMMS, where a
superposition of the segmental and slow modes under various
thermodynamic conditions was revealed. This suggests that o'
in the polymer brushes might rather be related to the sub-
Rouse motions. However, we cannot rule out the mobility of
the rigid methacrylate-based grafts to be responsible for this
additional process in these brushes.

To obtain better insight into the dynamics of graft
copolymers at elevated pressure, high-pressure dielectric loss
spectra were fitted using either one or two Havriliak—Negami
(HN) functions with an additional term related to dc-
conductivity in the case of acrylate- and methacrylate-based
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PMMS copolymers, respectively, in the same manner as for
ambient pressure data. The 7,(T, p) and 7.(T, p) —
dependences obtained at various thermodynamic conditions
are shown in Figure 9. The glass transition temperatures at
different pressures were estimated by fitting temperature and
pressure dependences of the segmental relaxation times to the
VET eq (eq 2) and its pressure counterpart (pVFT)SO‘51

|

where P, is an estimate of the ideal glass pressure and Dy, is the
pressure-related fragility strength parameter. It should be
added that T, and p, were defined as the temperature or
pressure at which 7, = 1 s. From the determined data, we
calculated the pressure coefficient of the glass transition
temperature, dT,/dp, which is a parameter that directly
informs about the sensitivity of structural or segmental
relaxation to compression. It is worth noting that the higher
the dT,/dp value, the greater the expected sensitivity of 7, to
changes in the sample density. For this purpose, this parameter
was determined using the empirical Andersson—Andersson
equatic.m';2

Dp
B-P

z;l = Tuo exp[
(4)
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materials; (b) dT,/dp plotted for all examined samples. T, or p, are defined as a temperature or pressure for which 7, = 1 s.

r 1/k,
T, =k|1+ —zp]
. ( ks )

where k), k,, and k; are material constants. The determined
dT,/dp for all tested samples is shown in Figure 10 and
summarized in Table S2. It should be noted that the dTg/dp
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values of graft copolymers are much higher compared to those
of the PMMS homopolymer (dTg/dp ~ 114 K/GPa), for
which the segmental relaxation and the dTg/dp value are
probably reflecting the possibility of formation of hydrogen
bonds by the thiol group. For acrylate-based PMMS
copolymers, the attachment of increasingly longer grafts

https://doi.org/10.1021/acs.macromol.4c01779
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(from MA to HA) to the PMMS side chain eliminates
hydrogen bonding or association ability, leading to the higher
dT,/dp that increases with the chain length. Interestingly, for
methacrylate-based PMMS copolymers dT,/dp remains similar
(dTg/dp ~ 152—158 K/GPa) regardless of the grafts’ length.
This is quite striking. Polysiloxanes are quite flexible polymers,
and the dTg/ dp value should be higher. In this context, one can
mention that in the case of polymer materials, the pressure
coefficient of the glass transition temperature, dTg/ dp, is
affected by many factors related to their structure, i.e.,
molecular weight, the presence of functional, terminal groups,
the flexibility and the length of the side chain.””**™>
Generally, high-molecular-weight polymers usually have higher
dTg/ dp values when compared to those of their low-molecular-
weight counterparts. Nevertheless, it should be highlighted that
taking into account the chemical structure of the studied
PMMS-based copolymers, they are all characterized by the
same degree of polymerization of homopolymer backbone
(N, ~ 12), and grafting density (z = 100%). The only
differences between them is the stiffness of the grafts and the
length of their alkyl chain. Thus, we can assume that grafting
the polymers with methacrylate and acrylate derivatives
promotes chain stiffness, and the chemical structure of the
grafts increases steric hindrance in the studied copolymers.
Based on the above-mentioned data, it was observed that the
acrylate-grafted copolymers showed one distinct segmental a
process in their dynamics, while the methacrylate-grafted
copolymers showed the presence of two @ and a’ processes.
The former corresponded to the segmental relaxation, and the
latter showed similarities to the sub-Rouse mode that occurs in
the PMMS homopolymer. These include (i) intermediate time
scale of the a'-process that is between segmental and terminal
relaxation times, (ii) superposition of the @' and segmental
process at varying thermodynamic conditions as found for
normal mode and segmental relaxation in type-A polymers
such as PPG or polyisoprene.”* > Furthermore, one can also
remind us that temperature dependences of the terminal
(mechanical response) and a' relaxation (dielectric data) have
similar curvature, which is highly expected for the sub-Rouse
mode in the materials where the time temperature super-
position (T'T'S) rule is satisfied when analyzing the mechanical
data.

IV. CONCLUSIONS

In the present work, we investigated the molecular dynamics of
oligomeric PMMS-based brushes grafted with acrylate and
methacrylate monomers of varying molecular weight under
different thermodynamic conditions. The study showed that
the glass transition temperature depends on the strain chain
length and the steric hindrance used in the grafting process.
These effects are enhanced with an increasing strain chain
stiffness in the case of methacrylate-based PMMS copolymers.
Dielectric studies revealed the presence of two relaxation
processes (@ and a’) in one group of grafted polymers and one
broad relaxation process (a) in the other. Moreover,
comparing dielectric data with mechanical data allowed us to
determine that the faster a relaxation process in both groups of
compounds originates from the segmental movements, while
the additional slower a'-process is not apparent in the
rheological measurements. Further high-pressure experiments
on methacrylate-based PMMS copolymers indicated that,
similarly to the PMMS homopolymer, there is a superposition
between the segmental and a’ mode regardless of the applied
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pressure. This behavior may suggest that the slow mode
originates from the movements of (sub)chain units of the sub-
Rouse kind. Additional support of this claim comes from the
direct comparison of the temperature dependences of the
terminal and @’ relaxation, which have the same curvature, and
after vertical shift, they superimpose very well in the studied
range of temperatures. However, we cannot rule out the
possibility that it is related to the relaxation of the stiff
methacrylate side group. Moreover, the pressure experiments
showed that values of dTg/ dp for the oligomeric brushes are
much higher than for the homopolymer. It can be related to
the increase in chain stiffness and steric hindrance in the
examined copolymers, as well as lack of specific interactions.
We believe that the data presented in this article clearly
emphasize the role of dielectric and mechanical studies in
explaining the influence of the structure of grafted polymers on
their dynamic properties under ambient and varying
thermodynamic conditions. However, more research is needed
to further understand the effect of the topology and
architecture of the grafts on the molecular dynamics of the
polymers and their correlation. All of this is important for
understanding the behavior of such materials and for further
the development of new polymeric materials.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01779.

'H and *C NMR spectra (Figures S1—S6); comparison
of shapes of the loss spectra (Figure S7); comparison of
dielectric loss peak shapes (Figure S8); master curves
(Figure S9); comparison of normalized shear and
dielectric a-peaks (Figure S10); comparison of the
data fitting (Figure S11); temperature dependences of
relaxation times (Figure $12); activation energies (Table
S1); temperature dependences of mechanical terminal
and dielectric a’-relaxation processes (Figure S13);
dielectric loss spectra (Figure S14); and pressure
coefficient of the glass transition temperature (Table
S2) (PDF)

B AUTHOR INFORMATION

Corresponding Author
Magdalena Tarnacka — Institute of Physics, University of
Silesia in Katowice, 41-500 Chorzéw, Poland; © orcid.org/
0000-0002-9444-3114; Email: magdalena.tarnacka@
us.edu.pl

Authors

Sara Zimny — Institute of Chemistry, University of Silesia in
Katowice, 40-006 Katowice, Poland; © orcid.org/0000-
0003-3812-1353

Paulina Maksym — Institute of Material Science, University of
Silesia in Katowice, 41-500 Chorzéw, Poland; © orcid.org/

] 0000-0002-8506-7102

Zaneta Wojnarowska — Institute of Physics, University of
Silesia in Katowice, 41-500 Chorzéw, Poland; © orcid.org/
0000-0002-7790-2999

Marian Paluch — Institute of Physics, University of Silesia in
Katowice, 41-500 Chorzéw, Poland; © orcid.org/0000-
0002-7280-8557

https://doi.org/10.1021/acs.macromol.4c01779
Macromolecules 2024, 57, 10754—10766



Macromolecules

pubs.acs.org/Macromolecules

Kamil Kaminski — Institute of Physics, University of Silesia in
Katowice, 41-500 Chorzéw, Poland; ® orcid.org/0000-
0002-5871-0203

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.4c01779

Funding

The part of this research was funded by National Science
Centre, Poland [Dec. no 2022/47/B/ST4/00236]. For the
purpose of Open Access, the author has applied a CC-BY
public copyright licence to any Author Accepted Manuscript
AAM) version arising from this submission.

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Wang, J.; Li, Z; Xu, Y.; Hu, W.; Zheng, G.; Zheng, L.; Ren, T.
Synthesis and Tribological Behavior of Bridged Bicyclic Polymers as
Lubricants. Ind. Eng. Chem. Res. 2020, 59 (47), 20730—20739.

(2) Abbasi, M.; Faust, L; Wilhelm, M. Comb and Bottlebrush
Polymers with Superior Rheological and Mechanical Properties. Adv.
Mater. 2019, 31 (26), No. 1806484, DOI: 10.1002/adma.201806484.

(3) Daniel, W. E. M.; Burdynska, J.; Vatankhah-Varnoosfaderani, M.;
Matyjaszewski, K.; Paturej, J.; Rubinstein, M.; Dobrynin, A. V,;
Sheiko, S. S. Solvent-Free, Supersoft and Superelastic Bottlebrush
Melts and Networks. Nat. Mater. 2016, 15 (2), 183—189.

(4) Miyake, G. M.; Weitekamp, R. A; Piunova, V. A.; Grubbs, R. H.
Synthesis of Isocyanate-Based Brush Block Copolymers and Their
Rapid Self-Assembly to Infrared-Reflecting Photonic Crystals. J. Am.
Chem. Soc. 2012, 134 (34), 14249—14254.

(S) Bates, C. M.; Chang, A. B.; Momdilovi¢, N.; Jones, S. C.; Grubbs,
R. H. ABA Triblock Brush Polymers: Synthesis, Self-Assembly,
Conductivity, and Rheological Properties. Macromolecules 2015, 48
(14), 4967—4973.

(6) Verduzco, R; Li, X; Pesek, S. L.; Stein, G. E. Structure,
Function, Self-Assembly, and Applications of Bottlebrush Copoly-
mers. Chem. Soc. Rev. 2015, 44 (8), 2405—2420.

(7) Pesek, S. L,; Lin, Y. H; Mah, H. Z,; Kasper, W.; Chen, B,;
Rohde, B. J.; Robertson, M. L.; Stein, G. E.; Verduzco, R. Synthesis of
Bottlebrush Copolymers Based on Poly(Dimethylsiloxane) for
Surface Active Additives. Polymer 2016, 98, 495—504.

(8) Johnson, J. A; Lu, Y. Y; Burts, A. O; Xia, Y; Durrell, A. C;
Tirrell, D. A; Grubbs, R. H. Drug-Loaded, Bivalent-Bottle-Brush
Polymers by Graft-through ROMP. Macromolecules 2010, 43 (24),
10326—10335.

(9) Matyjaszewski, K.; Xia, J. Atom Transfer Radical Polymerization.
Chem. Rev. 2001, 101 (9), 2921—2990.

(10) Jakubowski, W.; Matyjaszewski, K. Activator Generated by
Electron Transfer for Atom Transfer Radical Polymerization.
Macromolecules 2008, 38 (10), 4139—4146.

(11) Bérner, H. G.; Matyjaszewski, K. Graft Copolymers by Atom
Transfer Polymerization. Macromol. Symp. 2002, 177 (1), 1—16.

(12) Sheiko, S. S.; Sumerlin, B. S; Matyjaszewski, K. Cylindrical
Molecular Brushes: Synthesis, Characterization, and Properties. Prog.
Polym. Sci. 2008, 33 (7), 759—78S.

(13) Lee, H.-i; Pietrasik, J.; Sheiko, S. S.; Matyjaszewski, K. Stimuli-
Responsive Molecular Brushes. Prog. Polym. Sci. 2010, 3§ (1-2), 24—
44.

(14) Neugebauer, D.; Zhang, Y.; Pakula, T.; Sheiko, S. S.;
Matyjaszewski, K. Densely-Grafted and Double-Grafted PEO Brushes
via ATRP. A Route to Soft Elastomers. Macromolecules 2003, 36 (18),
6746—6755.

(15) Savin, D. A; Pyun, J; Patterson, G. D.; Kowalewski, T.;
Matyjaszewski, K. Synthesis and Characterization of Silica-Graft-
Polystyrene Hybrid Nanoparticles: Effect of Constraint on the Glass-
Transition Temperature of Spherical Polymer Brushes. J. Polym. Sci.,
Part B: Polym. Phys. 2002, 40 (23), 2667—2676.

10765

69

(16) Peterson, G. L; Choi, T. L. The Influence of Polymer
Architecture in Polymer Mechanochemistry. Chem. Commun. 2021,
57 (83), 6465—6474.

(17) Bhattacharya, A.; Misra, B. N. Grafting: A Versatile Means to
Modify Polymers: Techniques, Factors and Applications. Prog. Polym.
Sci. 2004, 29 (8), 767—814.

(18) Wu, Y,; Tang, Q; Zhang, M.; Li, Z.; Zhu, W.; Liu, Z. Synthesis
of Bottlebrush Polymers with V-Shaped Side Chains. Polymer 2018,
143, 190—-199.

(19) Liang, H.; Wang, Z.; Sheiko, S. S.; Dobrynin, A. V. Comb and
Bottlebrush Graft Copolymers in a Melt. Macromolecules 2019, 52
(10), 3942-3950.

(20) Mai, X.; Hao, P.; Liu, D.; Ding, M. Conformation of a Comb-
like Chain in Solution: Effect of Backbone Rigidity. ACS Omega 2023,
8 (12), 11177-11183.

(21) Hu, M; Xia, Y.; McKenna, G. B.; Kornfield, J. A.; Grubbs, R. H.
Linear Rheological Response of a Series of Densely Branched Brush
Polymers. Macromolecules 2011, 44 (17), 6935—6943.

(22) Lépez-Barrén, C. R;; Brant, P.; Eberle, A. P. R.; Crowther, D. J.
Linear Rheology and Structure of Molecular Bottlebrushes with Short
Side Chains. J. Rheol. 2015, 59 (3), 865—883.

(23) Fetters, L. J.; Lohse, D. J.; Garcia-Franco, C. A.; Brant, P.;
Richter, D. Prediction of Melt State Poly(a-Olefin) Rheological
Properties: The Unsuspected Role of the Average Molecular Weight
per Backbone Bond. Macromolecules 2002, 35 (27), 10096—10101.

(24) Dalsin, S. J; Hillmyer, M. A,; Bates, F. S. Linear Rheology of
Polyolefin-Based Bottlebrush Polymers. Macromolecules 2015, 48
(13), 4680—4691.

(25) Divandari, M,; Morgese, G.; Trachsel, L; Romio, M.;
Dehghani, E. S.; Rosenboom, ].-G.; Paradisi, C.; Zenobi-Wong, M.;
Ramakrishna, S. N.; Benetti, E. M. Topology Effects on the Structural
and Physicochemical Properties of Polymer Brushes. Macromolecules
2017, 50 (19), 7760—~7769.

(26) Jakobi, B Bichler, K. J; Sokolova, A.; Schneider, G. J.
Dynamics of PDMS-g-PDMS Bottlebrush Polymers by Broadband
Dielectric Spectroscopy. Macromolecules 2020, 53 (19), 8450—8458.

(27) Grigoriadis, C.; Nese, A.; Matyjaszewski, K.; Pakula, T.; Butt,
H.-J; Floudas, G. Dynamic Homogeneity by Architectural Design —
Bottlebrush Polymers. Macromol. Chem. Phys. 2012, 213 (13), 1311—
1320.

(28) Iwawaki, H.; Urakawa, O.; Inoue, T.; Nakamura, Y.;
Matsumiya, Y.; Watanabe, H. Rheo-Optical and Dielectric Study on
Dynamics of Bottlebrush-like Polymacromonomer Consisting of a
Polyisoprene Main Chain and Polystyrene Side Chains. Macro-
molecules 2020, 53 (16), 7096—7106.

(29) Zimny, S.; Tarnacka, M.; Wojnarowska, Z.; Heczko, D.;
Maksym, P.; Paluch, M.; Kaminski, K. Impact of the Graft’ Structure
on the Behavior of PMMS-Based Brushes. High Pressure Studies.
Polymer 2023, 271, No. 125790.

(30) Jourdain, A; Serghei, A.; Drockenmuller, E. Enhanced Ionic
Conductivity of a 1,2,3-Triazolium-Based Poly(Siloxane Ionic Liquid)
Homopolymer. ACS Macro Lett. 2016, S (11), 1283—1286.

(31) Maksym, P.; Tarnacka, M.; Bielas, R;; Hachula, B,; Zajac, A;
Szpecht, A.; Smiglak, M.; Kaminski, K.; Paluch, M. Structure-Property
Relationships of Tailored Imidazolium- and Pyrrolidinium-Based
Poly(Ionic Liquid)s. Solid-like vs. Gel-like Systems. Polymer 2020,
192, No. 122262.

(32) Tarnacka, M,; Jurkiewicz, K; Hachula, B.; Wojnarowska, Z.;
Wrzalik, R.; Bielas, R.; Talik, A;; Maksym, P.; Kaminski, K.; Paluch,
M. Correlation between Locally Ordered (Hydrogen-Bonded)
Nanodomains and Puzzling Dynamics of Polymethysiloxane Deriva-
tive. Macromolecules 2020, $3 (22), 10225—10233.

(33) Theodosopoulos, G. V.; Bitsi, S. L.; Pitsikalis, M. Complex
Brush-Like Macromolecular Architectures via Anionic and Ring
Opening Metathesis Polymerization: Synthesis, Characterization, and
Thermal Properties. Macromol. Chem. Phys. 2018, 219 (1),
No. 1700253.

(34) Zimny, S.; Tarnacka, M.; Kamifska, E.; Wrzalik, R;
Adrjanowicz, K.; Paluch, M.; Kaminski, K. Studies on the Molecular

https://doi.org/10.1021/acs.macromol.4c01779
Macromolecules 2024, 57, 10754-10766



Macromolecules

pubs.acs.org/Macromolecules

Dynamics at High Pressures as a Key to Identify the Sub-Rouse Mode
in PMMS. Macromolecules 2022, 55 (13), 5581—5590.

(35) Tarnacka, M.; Bielas, R.; V, A. K. S.; Wojnarowska, Z.; Maksym,
P; Neugebauer, D.; Paluch, M; Kaminski, K. The Impact of
Architecture on the Behavior of Siloxane-Grafted Polymethacrylate.
Polymer 2024, 297, No. 126827.

(36) Dalsin, S. J.; Hillmyer, M. A; Bates, F. S. Molecular Weight
Dependence of Zero-Shear Viscosity in Atactic Polypropylene
Bottlebrush Polymers. ACS Macro Lett. 2014, 3 (S), 423—427.

(37) Abbasi, F; Mirzadeh, H,; Katbab, A. A. Modification of
Polysiloxane Polymers for Biomedical Applications: A Review. Polym.
Int. 2001, SO (12), 1279—1287.

(38) Kempf, M.; Ahirwal, D.; Cziep, M.; Wilhelm, M. Synthesis and
Linear and Nonlinear Melt Rheology of Well-Defined Comb
Architectures of PS and PpMS with a Low and Controlled Degree
of Long-Chain Branching. Macromolecules 2013, 46 (12), 4978—4994.

(39) Haugan, I. N.; Maher, M. J.; Chang, A. B; Lin, T. P.; Grubbs,
R. H,; Hillmyer, M. A,; Bates, F. S. Consequences of Grafting Density
on the Linear Viscoelastic Behavior of Graft Polymers. ACS Macro
Lett. 2018, 7 (5), 525—530.

(40) Iwawaki, H; Urakawa, O.; Inoue, T.; Nakamura, Y. Rheo-
Optical Study on Dynamics of Bottlebrush-Like Polymacromonomer
Consisting of Polystyrene. II. Side Chain Length Dependence on
Dynamical Stiffness of Main Chain. Macromolecules 2012, 45 (11),
4801—4808.

(41) Havriliak, S.; Negami, S. A Complex Plane Representation of
Dielectric and Mechanical Relaxation Processes in Some Polymers.
Polymer 1967, 8 (C), 161-210.

(42) Vogel, H. Temperatura Bhangigkeitg
Fliissigkeiten. J. Phys. Z. 1921, 22, 645—646.

(43) Fulcher, G. S. Analysis of Recent Measurements of the
Viscosity of Glasses. J. Am. Ceram. Soc. 1925, 8, 339—355.

(44) Tammann, G.; Hesse, W. Die Abhingigkeit Der Viscositit von
Der Temperatur Bie Unterkiihlten Fliissigkeiten. Z. Anorg. Allg. Chem.
1926, 156, 245—257.

(45) Graessley, W. W. The Entanglement Concept in Polymer
Rheology. The Entanglement Concept in Polymer Rheology, Springer-
Verlag: Berlin/Heidelberg, Vol 16, pp 1-179.

(46) Ngai, K. L.; Plazek, D. J; Rizos, A. K. Viscoelastic Properties of
Amorphous Polymers. 5. A Coupling Model Analysis of the
Thermorheological Complexity of Polyisobutylene in the Glass-
Rubber Softening Dispersion. J. Polym. Sci,, Part B: Polym. Phys. 1997,
35 (4), 599-614.

(47) Plazek, D. J.; Ngai, K. L. Resolving the Sub-Rouse Modes by
Creep Compliance Measurements in Poly(Methyl- Para -Tolyl-
Siloxane). Macromolecules 2020, 53 (10), 3940—3945.

(48) Adrjanowicz, K.; Winkler, R.; Chat, K.; Duarte, D. M,; Tu, W,;
Unni, A. B.; Paluch, M.; Ngai, K. L. Study of Increasing Pressure and
Nanopore Confinement Effect on the Segmental, Chain, and
Secondary Dynamics of Poly(Methylphenylsiloxane). Macromolecules
2019, 52 (10), 3763—3774.

(49) Tu, W,; Ngai, K. L; Paluch, M.; Adrjanowicz, K. Dielectric
Study on the Well-Resolved Sub-Rouse and JG f-Relaxations of
Poly(Methylphenylsiloxane) at Ambient and Elevated Pressures.
Macromolecules 2020, 53 (S), 1706—1718.

(50) Roland, C. M.; Hensel-Bielowka, S.; Paluch, M.; Casalini, R.
Supercooled Dynamics of Glass-Forming Liquids and Polymers under
Hydrostatic Pressure. Rep. Prog. Phys. 2008, 68 (6), 1405—1478.

(51) Paluch, M,; Grzybowska, K.; Grzybowski, A. Effect of High
Pressure on the Relaxation Dynamics of Glass-Forming Liquids. J.
Phys.: Condens. Matter 2007, 19 (20), No. 205117.

(52) Andersson, S. P.; Andersson, O. Relaxation Studies of
Poly(Propylene Glycol) under High Pressure. Macromolecules 1998,
31 (9), 2999—3006.

(53) Talik, A; Tarnacka, M.; Dzienia, A.; Kaminska, E.; Kaminski,
K.; Paluch, M. High-Pressure Studies on the Chain and Segmental
Dynamics of a Series of Poly(Propylene Glycol) Derivatives.
Macromolecules 2019, 52 (15), 5658—5669.

Der Visk

it von

10766

70

(54) Floudas, G.; Gravalides, C.; Reisinger, T.; Wegner, G. Effect of
Pressure on the Segmental and Chain Dynamics of Polyisoprene.
Molecular Weight Dependence. J. Chem. Phys. 1999, 111 (21), 9847—
9852.

(55) Floudas, G.; Reisinger, T. Pressure Dependence of the Local
and Global Dynamics of Polyisoprene. J. Chem. Phys. 1999, 111 (11),
5201-5204.

https://doi.org/10.1021/acs.macromol.4c01779
Macromolecules 2024, 57, 10754-10766



Chorzow, dnia 15.05.2025 1.

Prof. dr hab. Kamil Kaminski

Instytut Fizyki im. A. Chetkowskiego
Wydziat Nauk Scistych i Technicznych,
Uniwersytet Slaski w Katowicach,

ul. 75. Putku Piechoty 1,

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, Ze w pracy:

Al. 8. Zimny, M. Tarnacka, E. Kaminska, R. Wrzalik, K. Adrjanowicz, M. Paluch, K.
Kaminski. Studies on the Molecular Dynamics at High Pressures as a Key Identify
the Sub-Rouse Mode in PMMS. Macromolecules, 2022, 55 (13), 5581-5590.

Mdj udzial polegat na nadzorowaniu przeprowadzonych analiz, dyskusji otrzymanych wynikéw
oraz finansowaniu badavi w ramach projektu NCN OPUS.

A2, S. Zimny. M. Tarnacka, Z. Wojnarowska, D. Heczko, P. Maksym, M. Paluch, K.
Kaminski. Impact of the Graft’ Structure on the Behavior of PMMS-Based
Brushes. High Pressure Studies. Polymer, 2023, 271, 125790.

Méj udzial polegal na nadzorowaniu przeprowadzonych analiz, dyskusji otrzymanych wynikéw
oraz finansowaniu badah w ramach projektu NCN OPUS.

A3.  S. Zimny, M. Tarnacka, P. Maksym, 7. Wojnarowska, M. Paluch, K. Kamifiski. The
Influence of Graft Rigidity on the Dynamical Behavior of PMMS-Based Polymer
Brushes at Ambient and High Pressures. Macromolecules, 2024, 57 (22), 10754-
10766.

Moj udzial polegat na nadzorowaniu przeprowadzonych analiz, dyskusji otrzymanych wynikow

oraz finansowaniu badav w ramach projektu NCN OPUS.,

Podpis wspétautora publikacji

71



Chorzéw, dnia 13.05.2025 r.

Dr hab. Magdalena Tarnacka, prof. US
Instytut Fizyki im. A. Chetkowskiego
Wydziat Nauk Scistych i Technicznych,
Uniwersytet Slaski w Katowicach,

ul. 75. Pulku Piechoty 1,

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Al. S. Zimny, M. Tarnacka, E. Kamifiska, R. Wrzalik, K. Adrjanowicz, M. Paluch, K.
Kaminski. Studies on the Molecular Dynamics at High Pressures as a Key Identify
the Sub-Rouse Mode in PMMS. Macromolecules, 2022, 55 (13), 5581-5590.

Méj udzial polegal na wykonaniu pomiaréw kalorymetrycznych, ich analizie i interpretacji,
dyskusji otrzymanych wynikéw, wspoltworzeniu manuskryptu wraz z odpowiedziami na uwagi
recenzentow.

A2. S. Zimny, M. Tarnacka, 7. Wojnarowska, D. Heczko, P. Maksym, M. Paluch, K.
Kamifiski. Impact of the Graft’ Structure on the Behavior of PMMS-Based
Brushes. High Pressure Studies. Polymer, 2023, 271, 125790.

Méj udzial polegal na wykonaniu pomiaréw kalorymetrycznych, ich analizie i interpretacyi,
dyskusji otrzymanych wynikéw, wspoitworzeniu manuskryptu wraz z odpowiedziami na uwagi
recenzentow.

A3. S. Zimny, M. Tarnacka, P. Maksym, Z. Wojnarowska, M. Paluch, K. Kaminski. The
Influence of Graft Rigidity on the Dynamical Behavior of PMMS-Based Polymer
Brushes at Ambient and High Pressures. Macromolecules, 2024, 57 (22), 10754-
10766.

Méj udziat polegal na wykonaniu pomiaréw kalorymetrycznych, ich analizie i interpretacyji,
dyskusji otrzymanych wynikéw, wspéltworzeniu manuskryptu wraz z odpowiedziami na uwagi
recenzentow.

............................................................

Podpis wspotautora publikacji

72



Chorzéw, dnia 19.05.2025 r.

Prof. dr hab. Marian Paluch

Instytut Fizyki im. A. Chelkowskiego
Wydziat Nauk Scistych i Technicznych,
Uniwersytet Slagski w Katowicach,

ul. 75. Putku Piechoty 1,

41-500 Chorzow

OSWIADCZENIE

Oswiadczam, ze w pracy:

Al. 8. Zimny, M. Tarnacka, E. Kaminska, R. Wrzalik, K. Adrjanowicz, M. Paluch, K.
Kaminski. Studies on the Molecular Dynamics at High Pressures as a Key Identify
the Sub-Rouse Mode in PMMS. Macromolecules, 2022, 55 (13), 5581-5590.

Moj udzial polegal na udziale w dyskusji otrzymanych wynikéw.

A2, S. Zimny, M. Tarnacka, Z. Wojnarowska, D. Heczko, P. Maksym, M. Paluch, K.
Kaminski. Impact of the Graft’ Structure on the Behavior of PMMS-Based
Brushes. High Pressure Studies. Polymer, 2023, 271, 125790.

Mdj udzial polegal na udziale w dyskusji otrzymanych wynikow.
A3.  S. Zimny, M. Tarnacka, P. Maksym, Z. Wojnarowska, M. Paluch, K. Kaminski. The
Influence of Graft Rigidity on the Dynamical Behavior of PMMS-Based Polymer

Brushes at Ambient and High Pressures. Macromolecules, 2024, 57 (22), 10754-
10766.

Moj udzial polegal na udziale w dyskusji otrzymanych wynikéw.

Podpis wspétautora publikacji

73



Chorzoéw, dnia 16.05.2025 r.

Prof. dr hab. Zaneta Wojnarowska
Instytut Fizyki im. A. Chetkowskiego
Wydziat Nauk Scislych i Technicznych,
Uniwersytet Slaski w Katowicach,

ul. 75. Putku Piechoty 1,

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, Zze w pracy:

A2. S. Zimny, M. Tarnacka, Z. Wojnarowska, D. Heczko, P. Maksym, M. Paluch, K.
Kamifiski. Tmpact of the Graft’ Structure on the Behavior of PMMS-Based
Brushes. High Pressure Studies. Polymer, 2023, 271, 125790.

Moj udzial polegat na wykonaniu badat: reologicznych. oraz ich analizie i dyskusji wynikow.

A3. S. Zimny, M. Tarnacka, P. Maksym, 7. Wojnarowska, M. Paluch, K. Kaminski. The
Influence of Graft Rigidity on the Dynamical Behavior of PMMS-Based Polymer
Brushes at Ambient and High Pressures. Macromolecules, 2024, 57 (22), 10754-
10766.

MG6j udzial polegal na wykonaniu badar reologicznych. oraz ich analizie i dyskusji wynikGw.

Podpis wspotautora publikacji

74



Chorzéw, dnia 13.05.2025 r.

Dr inz. Paulina Maksym

Instytut Inzynierii Materiatowej
Wydziat Nauk $cislych i Technicznych,
Uniwersytet Slaski w Katowicach,

ul. 75. Pulku Piechoty 1,

41-500 Chorzéw

OSWIADCZENIE

Os$wiadczam, ze w pracy:

A2. 8. Zimny, M. Tamacka, Z. Wojnarowska, D. Heczko, P. Maksym, M. Paluch, K.
Kaminski. Impact of the Graft’ Structure on the Behavior of PMMS-Based
Brushes. High Pressure Studies. Polymer, 2023, 271, 125790.

Mdj udzial polegal na wykonaniu syntezy kopolimeréw PMMS szczepionych réznymi
izomerami akrylanu butylu oraz charakterystyce uzyskanych produktéw metodg NMR.

A3. 8. Zimny, M. Tarnacka, P. Maksym, Z. Waojnarowska, M. Paluch, K. Kaminski. The
Influence of Graft Rigidity on the Dynamical Behavior of PMMS-Based Polymer
Brushes at Ambient and High Pressures. Macromolecules, 2024, 57 (22), 10754-
10766.

Mdj udziat polegal na wykonaniu syntezy kopolimeréw PMMS szczepionych homelogicznymi

monomerami akrylanéw i metakrylanéw oraz charakterystyce uzyskanych produktéw metodg
NMR.

Podpis wspélautora publikacji

75



Chorzéw, dnia 15.05.2025 r.

Prof. dr hab. n. farm. Ewa Ozimina-Kaminska
Katedra i Zaktad Farmakognozji i Fitochemii
Wydzial Nauk Farmaceutycznych w Sosnowcu
Slgskiego Uniwersytetu Medycznego w Katowicach
ul. Jagiellonska 4

41-200 Sosnowiec

OSWIADCZENIE

Oswiadczam, 7e w pracy:

Al. S. Zimny, M. Tarnacka, E. Kaminska, R. Wrzalik, K. Adrjanowicz, M. Paluch, K.
Kaminski. Studies on the Molecular Dynamics at High Pressures as a Key Identify
the Sub-Rouse Mode in PMMS. Macromolecules, 2022, 55 (13), 5581-5590.

Mdj udzial polegal na uczesimictwie w dyskusji otrzymanych wynikow.

G B v v by
...... Ot Uad minger. £aminsio

Podpis wspotautora publikacji

76



Chorzow, dnia 19.05.2025 r.

Dr hab. Roman Wrzalik, prof. US

Instytut Fizyki im. Augusta Chetkowskicgo
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75. Putku Piechoty 1

41-500 Chorzow

OSWIADCZENIE

Oswiadczam, ze w pracy:

Al. 8. Zimny, M. Tarnacka, E. Kaminska, R. Wrzalik, K. Adrjanowicz, M. Paluch, K.
Kaminski. Studies on the Molecular Dynamics at High Pressures as a Key Identify
the Sub-Rouse Mode in PMMS. Macromolecules, 2022, 55 (13), 5581-5590.

Mdj udzial polegal na przeprowadzeniu obliczer, DFT oraz dyskusji wynikow.

Podpis wspotautora publikacji

77



Prof. dr hab. Karolina Adrjanowicz
Instytut Fizyki im. Augusta Chelkowskiego
Wydzial Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75. Putku Piechoty 1

41-500 Chorzow

OSWIADCZENIE

Oswiadczam, 7e w pracy:

Chorzow, dnia 19.05.2025 r.

Al. 8. Zimny, M. Tarnacka, E. Kamifiska, R. Wrzalik, K. Adrjanowicz, M. Paluch, K.
Kamifski. Studies on the Molecular Dynamies at High Pressures as a Key Identify
the Sub-Rouse Mode in PMMS. Macromolecules, 2022, 55 (13), 5581-5590.

Moj udzial polegat na udziale w dyskusji otrzymanych wynikow.

78

Podpis wspotautora publikacji



Sosnowiec, dnia 16.05.2025 1.

Dr n. farm. Dawid Heczko

Zaktad Statystyki Medycznej

Wydzial Nauk Farmaceutycznych

Slaskiego Uniwersytetu Medycznego w Katowicach
ul. Ostrogdrska 30,

41-200 Sosnowiec

OSWIADCZENIE

Oswiadczam, ze w pracy:

A2.  S. Zimny, M. Tarnacka, Z. Wojnarowska, D. Heczko, P. Maksym, M. Paluch, K.
Kaminski. Impact of the Graft’ Structure on the Behavior of PMMS-Based
Brushes. High Pressure Studies. Polymer, 2023, 271, 125790.

Moj udzial polegal na uczestnictwie w dyskusji otrzymanych wynikdw.

ADIUNKT BADAWCZO-DYDAKTYCZN
¢ Zaktadu Statystyki Medycznej Y
laskiego Uniwersytetu Medycznego w Katowicach

...............................................

Podpis wspolautora publikacji

79



V. PODSUMOWANIE I WNIOSKI

Niniejsza rozprawa doktorska sktada si¢ ze zbioru trzech artykutow naukowych
poswieconych badaniom dynamiki molekularnej polimerow z grupy polisiloksanéw —
poli(merkaptopropylometylosiloksanu) (PMMS) oraz  kopolimerow  szczepionych
otrzymanych na bazie PMMS, do ktorego poprzez sfunkcjonalizowang grupe tiolowa
przytaczono tancuchy polimerowe monomerdéw akrylanow i metakrylanow o réznej dlugosci
tancucha alkilowego. Przedstawione wyniki przeprowadzonych eksperymentow podkreslity
istotng role wysokocisnieniowych badan dielektrycznych w wyjasnianiu natury dodatkowych
procesow relaksacyjnych obserwowanych w polisiloksanach, a w przypadku kopolimeréw
szczepionych pozwolity na lepsze zrozumienie wptywu topologii i architektury polimeru na ich

dynamike molekularng.

Pierwsza z prac (A1), w oparciu o wyniki badan mechanicznych oraz dielektrycznych
badan wysokoci$nieniowych ujawnila, ze dodatkowy proces relaksacyjny a’ obserwowany dla
PMMS jest relaksacja typu sub-Rouse. Co wigcej, proces o’ nasladuje zachowanie procesu
relaksacyjnego normal-mode w zmiennych warunkach termodynamicznych (T 1 p).
Podobienstwa te byly widoczne jako superpozycja wolniejszego procesu o’ i relaksacji
segmentalnej o (stata separacja skali czasowej obu procesoOw) niezaleznie od warunkoéw
termodynamicznych. Ponadto, wyznaczone objg¢tosci aktywacji dla obu relaksacji miaty
porownywalne wartosci. To niezwykte odkrycie sprawia, ze PMMS jest drugim
polisiloksanem, dla ktorego proces sub-Rouse zostal zidentyfikowany na widmach strat

dielektrycznych.

W drugiej pracy (A3) przeprowadzone badania dla kopolimeréw szczepionych
wskazaly, ze na temperatur¢ zeszklenia maja wpltyw zwigkszajaca si¢ zawada steryczna
zwigzana z dtugoscia oraz sztywnos$cig przytaczonych tancuchéw bocznych. Z kolei badania

dielektryczne wykazaly dla kopolimerow PMMS szczepionych homologicznymi monomerami
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akrylandéw (PMMS-graft-MA, PMMS-graft-nBA, PMMS-graft-HA) obecnos¢ jednego,
szerokiego procesu relaksacyjnego (o), natomiast dla kopolimeréw szczepionych monomerami
metakrylanow (PMMS-grafi-MMA, PMMS-graft-BMA, PMMS-graft-HMA) zaobserwowano
dwa procesy relaksacyjne (o i o’). Porownanie danych dielektrycznych z mechanicznymi
pozwolito ustali¢, ze proces o dla obu grup badanych zwigzkéw wynika z relaksacji
segmentalnej, podczas gdy proces o’ nie byl widoczny w badaniach reologicznych.
Wysokoci$nieniowe eksperymenty dielektryczne wykonane na kopolimerach szczepionych
monomerami metakrylanow wykazaty, ze podobnie jak dla homopolimeru PMMS, niezaleznie
od zastosowanych warunkow termodynamicznych, istnieje superpozycja pomiedzy relaksacjg
o’ a relaksacja segmentalng, co sugeruje, ze proces o’ jest zwigzany z czesciowymi ruchami
molekularnymi tancucha polimeru, typu sub-Rouse. Nie mozemy jednak catkowicie wykluczy¢
mozliwos$ci, ze proces o’ moze by¢é pewnym rodzajem relaksacji pochodzacej od szczepu

monomeréw metakrylanu w fancuchu bocznym kopolimeru.

Najwazniejszym wnioskiem wysunietym z trzeciej pracy (A2) bylo pokazanie, ze
modyfikacja polimeru poprzez szczepienie tancucha bocznego znaczaco wptywa na dynamike
molekularng. Temperatury zeszklenia dla kopolimeréw PMMS szczepionych izomerami
akrylanu butylu byly znacznie wyzsze niz T, homopolimeru, a ich warto§¢ wzrastata z coraz
bardziej rozgalgziong strukturg szczepu. Pomiary dielektryczne i komplementarne badania
mechaniczne wykazaty, ze zaobserwowany szeroki proces relaksacyjny pochodzi od relaksacji
segmentalnej o, a szeroko$¢ obserwowanego procesu koreluje z zawada steryczng szczepu.
Ponadto stwierdzono, ze warto$ci wspoOlczynnikow cisnieniowych temperatury przejscia
szklistego (dTg/dp) oraz objetosci aktywacji (AV) okres$lone dla kopolimeréw szczepionych sa

znacznie wyzsze niz dla homopolimeru PMMS ze wzgledu na wzrastajaca zawade steryczng.

Uzyskane wyniki wyraznie wskazuja jak wazne jest zrozumienie wptywu struktury oraz

topologii szczepow na dynamike molekularng polimeréw w zmiennych warunkach
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termodynamicznych. Dlatego tez, w dalszej perspektywie uzasadnione wydaja si¢ badania
kopolimeréow szczepionych PMMS, dla ktorych do glownego tancucha poprzez
sfunkcjonalizowang grupe -SH zostalyby przylaczone boczne odgal¢zienia wybranych
polimerow. Badania te mogg wnies¢ istotny wkiad w nauke o polimerach, a co wigcej pozwola
na jeszcze lepsze zrozumienie zachowania tego typu materialdow oraz beda kluczem do
wytworzenia nowych, unikalnych materialdow polimerowych 1 ich aplikacyjnosci w wielu

dziedzinach przemystu.
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