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2. OMOWIENIE CELU NAUKOWEGO PRACY BADAWCZE]

Ponizsza praca doktorska jest poswigcona zbadaniu wplywu anizotropii molekularnej
oraz anizotropii oddzialywan na wiasnosci fizykochemiczne substancji tworzacych szkta.
Badania zrealizowatem przy pomocy symulacji komputerowych metoda dynamiki
molekularnej z wykorzystaniem anizotropowego potencjalu Gaya-Berna.

Szczegdlng uwage poswiecitem weryfikacji podstaw teoretycznych skalowania
gestosciowego, ktore stanowi obecnie jedng z wiodacych idei badawczych w fizyce
cieczy przechtodzonych i przejécia szklistego. Gtoéwng motywacjg tych badan jest
wdrozenie koncepcji stosowania anizotropowych modeli symulacji dynamiki
molekularnej, w celu lepszego zrozumienia zjawiska powstawania fazy szklistej.
Stosowane dotychczas w symulacjach komputerowych modele izotropowe okazaty si¢
niewystarczajagce w odzwierciedlaniu zachowania substancji rzeczywistych. Ponizsza
rozprawa probuje odpowiedzie¢ na pytanie, dlaczego sugerowane podstawy teoretyczne
skalowania termodynamicznego nie wytrzymuja konfrontacji z wynikami skalowania
termodynamicznego dla substancji rzeczywistych? Rozstrzygnigcie tego dylematu moze
stanowi¢ wazny przyczynek do powstania kompletnej teorii przej$cia ciecz-szkto i

zjawisk zachodzacych w jego poblizu.

2.1 Wstep - Skalowanie termodynamiczne

Skalowanie termodynamiczne nazywane réwniez skalowaniem gestosciowym, ma
znamiona uniwersalnej koncepcji, ktora moze znaczaco przyczyni¢ si¢ do opracowania
modelu opisujgcego zachowanie dynamiki molekularnej w procesie witryfikacji
cieczy[1][2][3][4]

Glowng istotg koncepcji skalowania gestosciowego jest fakt, iz wielkosci dynamiczne
takie jak lepkos¢ czy czasy relaksacji strukturalnej, odpowiednio dla izobarycznych czy
izotermicznych eksperymentéw mogg zosta¢ ujednolicone na jednej krzywej skalujace;.
Krzywa ta jest funkcjg jednej uniwersalnej zmiennej 7V7 (1) gdzie T oznacza
temperature, V oznacza objetos¢ a y jest wyktadnikiem skalujgcym, ktory zalezy tylko i

wytacznie od badanego materialu. Z tego powodu jest on takze czesto nazywany stalg



materiatowa. Przyktadowo funkcja ta przybiera postat: 7(7,V)=f (T |28 ) gdzie

oznacza w tym przypadku strukturalny czas relaksacji.

Najwazniejsza cechg tej idei jest mozliwos¢ opisania dynamiki uktadu za pomocg funkcji
jednej zmiennej sktadajacej sie z dwoch wielkosci termodynamicznych (objetosé/gestosc
1 temperatura) 1 wykladnika skalujagcego y. Zrozumienie co determinuje warto$¢
wyktadnika vy, czyli statej materialowej, stanowi szczegOlnie interesujgcy problem
badawczy.

W 2001 roku po raz pierwszy wykazano skalowanie si¢ danych eksperymentalnych, ktore
powigzano z dobrze znanym juz dotad potencjatem Lennarda-Jonesa (LJ)[5], taczac
warto$¢ wyktadnika skalujacego, wynoszacego wowczas 4, z cztonem odpychajacym

potencjatu. Potencjal LJ mozna wyrazi¢ za pomocg wzoru U, , = A4 gdzie min

m n

r r

wynosi odpowiednio 12 1 6, a relacja wigzaca skalowanie z tym potencjatem to %, czyli

4. Znalazlo to podzniej swoje potwierdzenie przy probie zastosowania innych
wyktadnikow potencjalu  Lennarda-Jonesa[6][7]. Rozbudzito to bardzo duze
zainteresowanie wsrod wielu grup badawczych, motywujac ich do przetestowania
zauwazonego fenomenu skalowania danych na szerszej grupie materialdow oraz proby
znalezienia powodu takiego zachowania. Koncepcja skalowania termodynamicznego
zostala wowczas potwierdzona eksperymentalnie dla bardzo wielu cieczy, miedzy innymi
cieczy van der Wallsa, polimeréw oraz cieczy jonowych[S][8][9][10][11][12][13][14].
Grupa fizykoéw teoretycznych zajeta si¢ badaniem fenomenu skalowania gegstosciowego
w oparciu o symulacje komputerowe metodg dynamiki molekularnej stosujac
zasugerowany 1zotropowy potencjat Lennarda-
Jonesa[15][16][17][18][19][20][21][22][23][24][25][26][27][28].

Czes¢ badaczy stosowala jeszcze prostszy potencjat oddzialywan tzw. efektywny
potencjat krotkozasiggowy U, = i; +C,, ktory zawiera jedynie czton odpychajacy, ze
N

stalym wkladem przyciggajacym C,. Mialo to swoje uzasadnienie w pierwszych

eksperymentach, w ktorych zauwazono, ze warto$¢ gammy wigze si¢ bezposrednio z

warto$cig nachylenia cztonu odpychajacego potencjatu odwroconego prawa potegowego

U,, =——. Jedng z najbardziej obiecujgcych metod badawczych pozwalajagcych na

m
IPL
r

wyjasnienie znaczenia wykladnika skalujacego sg symulacje dynamiki molekularne;j.



Glownie dlatego, ze umozliwiajg one szczegdtowag werytikacje powyzszych zagadnien
poprzez badanie modeli uktadow molekularnych, dobrze zdefiniowanych pod wzglgdem
struktury jak réwniez oddziatywan miedzy molekularnych i przede wszystkim daja wglad
w mikroskopowa natur¢ dynamiki molekularnej, co w eksperymentach rzeczywistych
jest nicosiagalne. Sciezka ta zostata zapoczatkowana w 2008 roku przez grupe prof. J.
Dyrego, co zaowocowato w niedtugim czasie powstaniem teorii izomorfow[29][30]. W
najbardziej ekscytujagcej w tamtym czasie teorii izomordéw, przy zastosowaniu
specjalnych jednostek zredukowanych, udato si¢ uzyska¢ skalowanie danych
symulacyjnych i przedstawi¢ zwigzane z nim podstawy teoretyczne. W ramach tej teorii
wykazano, ze istnieje liniowa korelacjg chwilowych usrednionych po zespole wartosci
wiriatu (W) z energia potencjalng (U) badanego systemu. Wypadkowo wigc wiria

1 N
oznaczony jako Wz—Engrij VU (”y) wykazuje perfekcyjna korelacje z energia

i<j

_Mypy

potencjalng, gdy U =U,, gdyz W (t) = 3 U(t)w danym czasie ¢[16]. Okazalo sig, ze

usrednione nachylenie tych korelacji dla zadanych warunkoéw objetosciowych w roznych
warunkach termodynamicznych pozwolito uzyska¢ wartos¢ wyktadnika skalujacego.
Podejscie to znalazto swoje uzasadnienie w pierwszych probach symulacyjnych, lecz
bardzo szybko okazato si¢, ze skalowanie termodynamiczne dziala tylko po zastosowaniu
specjalnych jednostek zredukowanych zaproponowanych przez wspomniang juz grupg.
Byto to najpowazniejsze ograniczenie tej teorii co umozliwiato zastosowanie jej tylko do
modeli symulacyjnych i tylko w warunkach statej objetosci, czyli kanonicznym zespole
statystycznym. Uzycie podstawowych jednostek symulacyjnych nie pozwalato uzyskac
dobrego skalowania.

Podstawy teoretyczne powyzszej idei korelacji wiriatu i energii potencjalnej (WU)
pozwolity rowniez wyprowadzi¢ izotermiczne rOwnanie stanu, nazywane poczatkowo
roOwnaniem stanu dla ci$nienia konfiguracyjnego[31][32][33][34]. Rownanie to byto
pozniej rozwijane w celu uzyskania bardziej uniwersalnej jego wersji, opisujacej objetosée
badanego ukladu, wigzac je rownoczesnie z wyktadnikiem skalujagcym .
Wyprowadzenie tego réwnania pozwolito uzyska¢ ten sam wyktadnik skalujacy co
korelacja WU. Rownanie to w pelni odzwierciedlalo dane wolumetryczne czasteczek

symulacyjnych, jak rowniez dane eksperymentalne, w warunkach niskiej $cisliwosci, w



poblizu przejscia szklistego. Bardzo szybko réwnanie to stato si¢ jednym z narzedzi
stuzacych do analizy dynamiki rzeczywistych cieczy przechtodzonych.

Ujawnito jednak ono duze rozbieznos$ci pomiedzy danymi eksperymentalnymi, a danymi
symulacyjnymi[31][32][33][52][54][55][56][57][59]. Badania te pokazaly, ze
stosowanie rownania stanu do analizy danych symulacyjnych zwraca poprawne wartosci,
co jest zwigzane bezposrednio z energig oddzialywan czastek. Natomiast analiza danych
eksperymentalnych skutkowata otrzymywaniem gammy $rednio dwukrotnie wyzszej niz
v rzeczywiscie skalujaca wielkos$ci dynamiczne badanych materiatow. Nie znajdywano
dotychczas wyjasnien takiego zachowania, ktére nie bylo widoczne w symulacjach
komputerowych. Byl to jeden z pierwszych momentow uswiadamiajgcych badaczy, ze
oddzialywania anizotropowe, nie ujete w prostych modelach cieczy modelowanej
potencjatem LJ moga by¢ odpowiedzia na zauwazone odchylenia. Badania
eksperymentalne prowadzone w tej tematyce nie dawaty jednak precyzyjnych
odpowiedzi na temat pochodzenia wyktadnika, co doprowadzito rowniez do wyznaczenia
kryterium izochronicznego[35], przedstawionego za pomoca wzoru
log,, T, =y log,, p+C(7)gdzier = stata .

Kryterium to wynika z faktu, ze wykladnik skalujacy jest niezmienny w danych
warunkach izochronicznych — czyli w statym czasie relaksacji uktadu. Wyznacza si¢ go
na podstawie zebranych juz danych termodynamicznych i dynamicznych, gdzie dla
stalego czasu relaksacji strukturalnej wyznacza si¢ wartosci objetosci oraz temperatury.
Nastepnie po zlogarytmowaniu tych wielko$ci 1 zastosowaniu regresji liniowej,
wyznaczamy funkcje liniowa, ktorej nachylenie jest wartoscig wyktadnika skalujacego.
Aby zmaksymalizowa¢ doktadno$¢ wyznaczonego wspotczynnika, wartosci takie
wyznacza si¢ dla kilku czasoOw relaksacji, a nastepnie usrednia wartos¢ wyktadnika.
Kryterium to z powodzeniem zostalo zastosowane do wielu réznych substancji
eksperymentalnych, a takze symulacyjnych. Warto wspomnie¢, ze kryterium
izochroniczne nie wymaga stosowania jednostek zredukowanych, co byto konieczne w
przypadku teorii izomorfoéw. Nieskutecznos¢ stosowania metody korelacji wirialu 1
energii potencjalnej, a takze wyktadnika wyznaczonego z rownania stanu, doprowadzita
badaczy do ponizszych pytan. Co determinuje rozbiezno$¢ wyktadnika skalujacego dane
dynamiczne rzeczywistych substancji w stosunku do wykltadnika uzyskanego metoda
dopasowania rdwnania stanu, jesli zaktadamy, ze reguta skalowania opiera si¢ gtownie

na oddziatywaniach miedzy molekularnych? Jezeli y w teorii izomorfow opiera si¢ na



wiriale 1 energii potencjalnej, czyli fundamentalnych energetycznych wtasciwosciach
materiatlu, to w jaki sposob zamodelowa¢ potencjat oddziatywania migdzy
molekularnego, aby wykladnik wyznaczony ta metoda skutecznie skalowat dane
eksperymentalne rzeczywistych cieczy? Badacze zauwazyli nastepnie, ze odpowiedz na
te pytania moze znajdowaé si¢ w oddziatywaniach izotropowych, ktérych energie
wynikajg gtownie z odleglosci migdzy atomami i nie uwzglgdniajg one energii
wynikajacych z rotacyjnych stopni swobody molekut. Rzeczywisty swiat molekularny
nigdy nie objawia si¢ perfekcyjnie izotropowym ksztattem uzyskiwanych struktur.
Jednak $wiat fizyki teoretycznej w symulacjach komputerowych opiera si¢ gtownie na
modelach izotropowych ze wzgledu na prostot¢ uzycia 1 mniejszg ztozonos¢
obliczeniowg — stosunkowo krotki czas przeprowadzania eksperymentow. Biorac pod
uwage wszystkie opisane powyzej proby, istniejag powazne przestanki, ktore w tym
kontekscie nakazujg rozwazenie modeli anizotropowych, ktore lepiej odzwierciedlaja
wlasciwosci fizykochemiczne substancji rzeczywistych. Rozwigzaé ten problem mozna
stosujgc oddziatywania, ktore determinuja energi¢ ukladu nie tylko na podstawie
odlegtosci, ale rowniez na podstawie kierunku 1 zwrotu danej molekuly w przestrzeni.
Jednym ze sposobow jest potaczenie kilku atomoéw w wigksze sztywne ciata, modelujac
przy tym dowolny ksztalt, zaburzajac przy tym prostg strukturg oddziatujacych idealnych
atomow. Problemem w tym podejéciu okazuja si¢ jednak bardziej skomplikowane niz
dotad obliczenia wielkosci dynamicznych, gdyz nie postugujemy si¢ juz pozycja danej
czastki, ale srodkiem masy uktadu molekularnego. Oddziatywania katowe wyznaczamy
wiec na podstawie ksztattu zamodelowanego uktadu, co wprowadza dodatkowe czynniki
mogace wptywac¢ na wypadkowa dynamike. Ponadto modelowanie wigkszych cial za
pomoca czastek oddziatujacych ze sobg nadal w sposob izotropowy, skutkuje badaniem
tylko wptywu anizotropii ksztattu, a nie anizotropii oddzialywania pomi¢dzy
molekutami.

Sciezka ta zostata wdrozona jako pierwsza skonstruowaniem sztywnego anizotropowego
modelu molekuty w ksztatcie rombu, a nastgpnie rozszerzona réwniez o molekuty w
ksztalcie tetraedru, obie zbudowane przy pomocy prostych czastek oddziatujacych ze
sobg potencjatem LIJI[36][37][38][39][40][41][42][43][44]. Alternatywnym sposobem
jest zastosowanie czystego anizotropowego potencjatu, jak na przyktad potencjat Gaya-
Berna[45], ktory byl stosowany wowczas do badania ciektych krysztatow. Zostal on
poczatkowo analitycznie sformulowany jako anizotropowa odmiana potencjatu

Lennarda-Jonesa, ktéra umozliwia modelowanie ksztalttu molekuly za pomoca



parametréw energetycznych potencjalu, co umozliwia uzyskanie anizotropowej
molekuty oddziatujacej z innymi molekutami z wykorzystaniem anizotropowego
potencjatu. Sciezka zwiazana z Gayem-Bernem zapoczatkowana zostala badaniami
grupy prof. Austena Angella, ktory to przy pomocy odpowiedniej parametryzacji
potencjatu, zdotat uzyska¢ zachowanie cieczy przechtodzonej w jednosktadnikowej
cieczy sktadajacej si¢ z elipsoid o danej dlugosci. Badania temu poswigcone zostaty
opublikowane w 2012 roku w artykule[46] skupiajagcym si¢ na poszukiwaniu idealnych
szkiet 1 idealnych cieczy tworzacych szkta. Z badan wynikato, ze zastosowanie tego
potencjatu moze pozwoli¢ na skuteczne odwzorowanie termodynamicznych 1
wolumetrycznych danych w zerowym cisnieniu.
Byt to pierwszy raz, kiedy udato si¢ uzyskac stan przechtodzenia w jednosktadnikowe;j
cieczy w symulacji komputerowej, lecz niestety S$ciezka ta nie zostala wtedy
kontynuowana. Najwickszg wada wspominanych badan byla bardzo duza ztozonos$¢
obliczeniowa wynikajagca z obliczenia dodatkowych oddzialywan rotacyjnych.
Najwigksza zaleta za$ jest fakt, ze badana molekuta w stosunku do poprzednich
izotropowych modeli wyréznia si¢ elipsoidalnym ksztaltem nie posiadajac w sobie
wewnatrz molekularnych sit, co sprowadza caty eksperyment tylko do zbadania wplywu
anizotropii — w tym wypadku dlugosci molekuly — na zachowanie si¢ uktadow w
warunkach termodynamicznych zblizonych do przejscia szklistego.
Daje to idealng okazje do wdrozenia zaproponowanej parametryzacji, do giebszej analizy
stanu cieczy przechlodzonej oraz ewaluacji przedstawionych powyzej zagadnien
zwigzanych z skalowaniem ggstosciowym. Moze to przyczyni¢ si¢ do odpowiedzi na
pytania, ktorych osiggniecie nie bylo wczesniej mozliwe ze wzgledu na zaniedbanie
anizotropii.

2.2 Entropia cieczy przechtodzonych.
Rola entropii w dynamice molekularnej cieczy przechtodzonych byta szeroko
dyskutowana od dziesi¢cioleci. Najwiekszy wplyw na formowanie si¢ tej metodologii
wyznaczania zwigzku entropii ze skalowaniem miata koncepcja entropii konfiguracyjne;j
zaproponowana przez Adama i Gibbsa[47], w ktérej za pomoca estymat danych
eksperymentalnych mozliwe byto wyznaczenie wktadu konfiguracyjnego do entropii.
Byto to niezwykle trudne zagadnienie, gdyz eksperymenty rzeczywiste nie pozwalaja
wydzieli¢ danych wktadéw do entropii spowodowanych na przyktad energiag wigzan w
molekutach, wibracjami wewnatrz molekularnymi, czy chmurami elektronowymi. Teoria

zasugerowana przez Adama 1 Gibbsa, opierala si¢ na wyznaczeniu entropii
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konfiguracyjnej jako entropii catkowitej cieczy pomniejszonej o entropi¢ catkowitg
krysztatu. Mimo to bardziej popularna okazata si¢ by¢ zasugerowana przez Johariego[48]
interpretacja entropii konfiguracyjnej jako entropii catkowitej uktadu w stanie ciektym,
pomniejszonej o wartos¢ entropii catkowitej szkta. Innymi stowy byta to entropia cieczy
pomniejszona o wktad wibracyjny. Oba modele wymagajg jednak stosowania pewnych
estymat do wyznaczenia warto$ci entropii w eksperymentach rzeczywistych.

W  symulacjach komputerowych metoda dynamiki molekularnej wyznaczenie
wspomnianych wielko$ci wydawato si¢ niemozliwe ze wzgledu na niemozliwos¢
poprawnego wyznaczenia pojemnosci cieplnej. Wymagato to znalezienia innego sposobu
analizy tego problemu. Jednym z nich jest koncepcja entropii nadmiarowej, ktora to jest
entropig catkowitg uktadu pomniejszong o entropi¢ gazu doskonatego[49].

Wspomniana juz teoria izomorféw zostata wzbogacona o propozycje stosowania entropii
nadmiarowe] jako substytutu stosowania entropii konfiguracyjnej. Grupa badawcza,
ktora zaproponowata t¢ metode, zachecala do jej stosowania[29][30][50][51] mimo
wczesniejszych przestanek, 1z rola entropii nadmiarowej w eksperymentach
rzeczywistych nie wydawata si¢ gra¢ duzej roli[52]. Entropia nadmiarowa okazata si¢
jednak by¢ interesujaca alternatywa wyznaczania wyktadnika skalujacego, co znalazto
swoje odzwierciedlenie w symulacjach komputerowych[50][51]. Okazato si¢ bowiem, ze
wyktadnik skalujgcy dane dynamiczne eksperymentéw symulacyjnych, byt tez w stanie
skalowa¢ entropi¢ nadmiarowg. Jak pokazaly pdzniejsze eksperymenty rzeczywiste,
teoria faczaca wyktadnik skalujacy z entropig nadmiarowa nie przyniosta zamierzonych
rezultatow. Majac na uwadze roOwniez pozostate, wyzej wspominane metody 1 teorie,
rodzi si¢ pytanie czy to nie izotropia modeli symulacyjnych zabiera nam tak istotne

informacje w konteks$cie badania dynamiki cieczy przechtodzonych.
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3. OMOWIENIE OSIAGNIETYCH WYNIKOW

Glownym i zdecydowanie najwazniejszym wynikiem mojej pracy jest potwierdzenie tezy
o kluczowym znaczeniu anizotropii w badaniach cieczy przechtodzonych. Zastosowanie
anizotropowego potencjatu Gay-Berna, pozwalajacego w swojej strukturze na
szczegOtowa definicje parametrow energetycznych umozliwito na precyzyjne okreslenie
anizotropii, ktora w tym przypadku byta stosunkiem dtugosci do szerokosci molekuty o
ksztalcie elipsoidy. Przeprowadzenie wielu eksperymentéow w bardzo szerokiej skali
cinien 1 temperatur pozwolito wydzieli¢ kilka takich szczegdlnych przypadkow
anizotropii, w ktorych jednosktadnikowa ciecz Gaya-Berna, wykazywata zachowanie
cieczy przechtodzonej, z pomini¢ciem zjawiska krystalizacji. Objawia si¢ on zazwyczaj
nieciggloscig funkcji objetosci od temperatury w przypadku danych wolumetrycznych.
W moim przypadku przejscie szkliste manifestuje si¢ zmiang nachylenia funkcji objetosci
od temperatury 1 jest to zgodne z eksperymentami rzeczywistymi, w ktorych przejscie
szkliste wyznacza si¢ w ten sposob. Tym sposobem udato si¢ uzyskac i zweryfikowac
przechtodzenie dla 4 roznych anizotropii z zakresu 1.3 do 1.45. Pozostale dlugosci
(ponizej 1 powyze] wskazanych wartos$ci) wykazywaty tendencje do krystalizacji, lub
innych przemian fazowych — szczegdlnie przy wigkszych dtugosciach molekut. Faza
ciala przyjmowata wtedy cechy przejawiajace si¢ gldownie w ciektych krysztatach — fazy
smektycznej 1 nematycznej. Zweryfikowalem to gldwnie za pomocg parametru porzadku
wyznaczanego szczegolnie w badaniach ciektych krysztatow. Wyznacza si¢ go badajac
kat pomiedzy molekutami, a wyznaczonym jednym kierunkiem nazywanym potocznie
directorem. Parametr porzadku S przedstawia si¢ nastepujagcym wzorem[53].

S=L (R (e m) = 2len) =2 )=n-(0)n

i=1

N
Gdzie kierunkowy tensor 2 rzedu wyznaczamy jako: Q , =%ZQLﬂ gdzie
i=1

;3 1 o .
O,=-e,e ——0,, a a,f=xy,z Warto wspomnie¢, ze wektor kierunku n na
2

2
poczatku nie jest znany, ale po wykonaniu obliczen zaktada si¢ go jako wartos¢, ktéra
maksymalizuje warto§¢ parametru porzadku. Problem sprowadza si¢ po6zniej do
diagonalizacji macierzy Q, a warto$§¢ parametru porzadku jest zarazem najwicksza

warto$cig wlasng tej macierzy.

12



Whnioskiem wigc jest, ze specyficzna anizotropia molekut w cieczach rzeczywistych
moze utatwi¢ przeprowadzenie systemu do stanu przechtodzenia, a nawet zeszklenia, z
pominieciem punktu krystalizacji czy przejscia przez faze¢ ciektego krysztatu. Porzucenie
izotropowych modeli na rzecz potencjalu anizotropowego wydaje si¢ tu wrecz
niezbednym krokiem w celu dalszego rozwoju tej dziedziny fizyki materii
skondensowane;j.

W przypadku zastosowanego przeze mnie potencjatu Gaya-Berna warto zwroci¢ uwage
na fakt, ze jedynym elementem zmieniajacym si¢ w badanych modelach byta zmiana
dtugosci molekuly. Tylko ten jeden parametr spowodowal drastyczne zmiany w
dynamice badanych uktadow. Poprzednie proby oparte na potencjale izotropowym,
nawet po zastosowaniu mieszaniny 2 roznych typow molekut nie wykazato takich
efektow jak stosowanie anizotropii molekut. W modelach izotropowych mimo
osiggniecia stanu cieczy przechtodzonej, niemozliwym byto uzasadnienie zjawisk
wystepujacych w badaniu rzeczywistych substancji.

Grupa prof. A.Angella przeprowadzita proste badania wtasnosci wolumetrycznych[46] z
zastosowaniem tego potencjatu tylko w warunkach zerowego ci$nienia z pomini¢ciem
badania dynamiki uktadu. W moich badaniach pokazatem, ze przejscie szkliste nie tylko
jest widoczne w danym zakresie anizotropii, ale rowniez w szerokim zakresie ci$nien.
Badane przeze mnie cisnienia po przeliczeniu z jednostek symulacyjnych na jednostki
uktadu SI pokazuja, ze badane uktady mieszcza si¢ w granicach od 0 do 200 MPa, co
pokrywa wartosci typowych eksperymentow rzeczywistych cieczy. Badania te pokazuja
duzy potencjal zastosowania tego modelu.

Jednym z najwazniejszych cech przeprowadzonych przeze mnie symulacji jest fakt, ze
po zréwnowazeniu uktadu wszystkie symulacje wykonywatem w izobaryczno-
izotermicznym zespole statystycznym NPT. Oznacza to, ze rownowazenie uktadu
opieralo si¢ o ustalone ci$nienie 1 temperaturg, tak samo jak w eksperymentach
rzeczywistych. Obowigzkowo trzeba zaznaczy¢, ze badany po raz pierwszy w tak
szerokim zakresie potencjal Gaya-Berna, z uwzglednieniem danych dynamicznych
wymagat potwierdzenia poprawnosci zachowania si¢ cieczy w warunkach bliskich
przejsciu szklistemu. Analizy te pokazuj¢ w artykule A1, gdzie czasy relaksacji, wraz ze
zblizaniem si¢ do przejscia szklistego ukazujg zwigkszenie skali czasowej dynamiki
molekularnej, jak obserwuje si¢ to w przypadku rzeczywistych cieczy. Czasy relaksacji

wyznaczytem na podstawie niekoherentnej funkcji rozpraszania
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N
=<%Zexp[ik-<rj (¢)-r, (O))]> gdzie ( ) oznaczaja $rednig po zespole, r,
=

oznacza wektor polozenia i-tej molekuty w czasie t, N oznacza liczb¢ wszystkich

molekul w systemie a k jest wektorem falowym wyznaczonym z pierwszego maksimum
1 N N

funkcji statystycznego wspoOtczynnika struktury S :NZZ<GXP [zk ( r, )D
j=1 I=1

gdzie r;1 r, oznaczajg wektory potozenia czastek j oraz 1[53].

Kolejnym bardzo waznym wynikiem jest ewaluacja zaproponowanych w przeciggu
ostatnich 20 lat teorii dotyczacych zrédta wyktadnika skalujacego, opisanych
szczegblowo we wstepie niniejszej rozprawy. Podziele t¢ cze$¢ na sekcje, aby

szczegotowo nakresli¢ problem 1 wskaza¢ najistotniejsze wnioski.

3.1 Metody wyznaczania wyktadnika skalujacego
W tej sekcji opiszg, jak wplyngto zastosowanie prostego anizotropowego potencjatu na
wartosci wyktadnika skalujgcego w zaleznosci od zastosowanej metody do jego

wyznaczenia.

3.2 Metoda Korelacji Wiriatu 1 Energii potencjalne;.
Zaproponowana jako jedna z pierwszych metoda wyznaczania eksponenty skalujgcej na
podstawie korelacji wiriatu 1 energii potencjalnej wydawata si¢ mie¢ bardzo solidne
podstawy teoretyczne i bardzo szybko zyskata wielu zwolennikow. Tymczasem nalezy
zauwazyC, ze teoria ta zakladata przeprowadzanie eksperymentow w warunkach
izochorycznych, to znaczy eksperymentéw w warunkach statej objetosci. W symulacjach
komputerowych nazywane jest to kanonicznym zespolem statystycznym, potocznie
nazywanym NVT, gdzie N oznacza ustalong liczbe czgstek, V ustalong objetos¢ a T
ustalong temperature. W eksperymentach rzeczywistych przeprowadzenie takich analiz
jest niezwykle trudne, stad tez problem z odzwierciedleniem sugerowanych podstaw w
przestrzeni rzeczywistej. Stosowany przeze mnie potencjal Gaya-Berna, nie zaktadat
przeprowadzania eksperymentow w warunkach izochronicznych z tego wtasnie wzgledu.
Podstawg badan byto jak najwierniejsze odwzorowanie eksperymentéw rzeczywistych,
co skutkowato zastosowaniem zespolu izotermiczno-izobarycznego NPT. Jest on
najbardziej zblizony do warunkow rzeczywistych. Grupa naukowcdéw tworzaca teorig

1izomorfow jasno wskazuje, ze proponowane przez nich metody dzialajg tylko i wytacznie
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w przypadku zastosowania zespotu NVT, co juz na starcie ukazuje brak uniwersalnosci
jej stosowania. Poprzednie eksperymenty badajace ciecze izotropowe KABLJ w zespole
statystycznym NPT juz wtedy pokazaly niezgodno$¢ sugerowanej teorii z
proponowanymi jej podstawami. Natomiast w celu weryfikacji tej teorii nie wystarczyto
wskaza¢ jej niezgodnosci w stosowaniu jej w warunkach NPT. Przeprowadzitem wigc
ponadto eksperymenty w warunkach stalej objetosci w celu wyznaczenia wyktadnika
skalujagcego metoda korelacji WU. Otrzymane przeze mnie wartosci wyktadnika
skalujacego wykazaly wyzsze wartosci w stosunku do wyktadnika rzeczywiscie
skalujacego otrzymane dane dynamiczne. W artykule Al pokazatem, ze zgodnie z
przeprowadzonymi eksperymentami rzeczywistymi, stosowanie zaproponowanej teorii
przynosi bledne wyniki wyktadnika skalujacego. Sugeruje, ze powodem tego zachowania
jestuwzglednienie anizotropii oddziatywan i ksztattu molekuty. Dalsze wykorzystywanie
modeli izotropowych do opisu zjawisk w poblizu przejécia szklistego wydaje si¢ wrecz

btedne.

3.3 Metoda wyznaczania wyktadnika z réwnania stanu

Kolejng obiecujgcg metoda w zakresie nie tylko eksperymentéw symulacyjnych, ale
rowniez danych z pomiardw cieczy rzeczywistych byto wyznaczanie wyktadnika
skalujagcego wprost z rGwnania stanu. Szerokie perspektywy stosowalnosci tego rownania
wykazywaty obiecujace rezultaty doglebnych analiz rzeczywistych cieczy
przechtodzonych. Niestety jednak wykladnik skalujacy ciecze rzeczywiste wyznaczony
z rOwnania stanu czgsto oscylowal w granicach 2 krotnos$ci rzeczywistego, co pokazaty
tez wyniki moich eksperymentow dajac doktadnie taki sam rezultat okolic okoto
dwukrotnosci wyktadnika skalujagcego dane dynamiczne. Dowodzi to bardzo dobremu
odwzorowaniu zachowania cieczy przechtodzonych w eksperymentach symulacyjnych
uwzgledniajacych anizotropi¢. Zwracajagc uwage na szczegoOly, w artykule Al
dopasowanie rownania stanu do danych bylo wrecz perfekcyjne, lecz podstawy
teoretyczne tego zagadnienia nie lezg tylko 1 wylacznie w strukturze materiatu, ale
rowniez w zamodelowanych oddziatywaniach, co wydaje si¢ bardzo waznym z

perspektywy ostatnich lat badan wnioskiem.

15



3.4 Kryterium izochroniczne
Jedyng skuteczng metoda wyznaczania wykladnika skalujacego okazata sig
zaproponowana koncepcja — kryterium izochroniczne. Skuteczna w $wiecie
rzeczywistym jak rowniez symulacyjnym, postuzyta jako warto$¢ referencyjna —
prawidtowego wykladnika skalujgcego. Polega ona na wyznaczeniu wykladnika z
nachylenia funkcji dopasowania danych gestosciowych w danym czasie relaksacji.
Wynika ona z niezmienno$ci wyktadnika skalujacego w roznych warunkach
termodynamicznych w stalym czasie relaksacji. W artykule Al pokazalem sposéb
wyznaczania warto$ci wykladnika skalujacego na podstawie koncepcji kryterium
izochronicznego, oraz udowodnitem, ze metoda ta skutkuje otrzymaniem poprawnych
wartosci wyktadnika skalujacego, ktory zdecydowanie rézni si¢ od pozostatych
wyktadnikow wyznaczonych innymi metodami. W artykule A1 pokazuje poszczegdlne
wartosci  wyktadnikow oraz jakos¢ skalowania dla kazdej powyzsze] metody
wyznaczania wykladnika y. Warto ponadto wspomnie¢, ze poprawna eksponenta
skalujagca zmieniala si¢ wraz ze wzrostem anizotropii. Jej tendencja do wzrostu byla
bezposrednio zwigzana ze wzrostem anizotropii, czyli dlugosci molekuty, co sugeruje, ze
miara anizotropii moze by¢ kluczowym parametrem przy przechtadzaniu ukladow.
Niesie to ze sobg kolejny dowdd na to, ze pominigcie anizotropii w symulacji cieczy

przechtodzonych, jest niepoprawnym sposobem modelowania tych cieczy.

3.5 Podsumowanie metod wyznaczania wyktadnika
Sposrod wszystkich tych interesujacych metod, zastosowanie modelu anizotropowego w
odroznieniu od prostych modeli symulacyjnych pozwolilo na — odwzorowanie
zachowania rzeczywistych cieczy oraz pokazanie skutecznosci danych metod. Okazuje
sie, ze stosowanie izotropowych modeli uwzgledniajacych tylko translacyjne stopnie
swobody jest niepoprawne. Jak pokazuje w artykule Al, dynamika cieczy
przechtodzonych bezposrednio wigze si¢ tez z rotacyjnymi stopniami swobody,
uwzglednionymi w moich symulacjach poprzez zastosowanie odpowiedniego potencjatu
miedzymolekularnego. Mozna takze zwroci¢ uwage na tendencj¢ do wzrostu wyktadnika
wraz ze wzrostem anizotropii. Nasuwa to wniosek, iz anizotropia jest rowniez
bezposrednio zwigzana z wartoscig statej materialowej, a takze skutecznoscig
doprowadzania materialu do zeszklenia. Potwierdza to po raz kolejny koniecznos$¢

stosowania bardziej skomplikowanych modeli anizotropowych.
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3.6 Entropia
Wspomniane we wstepie analizy entropii w modelach izotropowych nie daly
jednoznacznych odpowiedzi na pytanie, jaka role odgrywaja poszczegodlne koncepcije
dotyczace entropii catkowitej, entropii nadmiarowe] czy entropii konfiguracyjnej w
globalnej skali czasowej dynamiki molekularnej, co doprowadzito mnie do podjgcia si¢
tego tematu. Symulacje komputerowe anizotropowego potencjalu Gaya-Berna dajac
wczesniej tak wiele odpowiedzi na nurtujagce kwestie wydaty sie idealnym zrédtem
rozwiania watpliwos$ci zwigzanych z entropig nadmiarowa oraz entropig konfiguracyjna.
Warto wspomnie¢, ze podobne analizy kalorymetryczne dla symulacyjnych modeli
anizotropowych nigdy wczesniej nie byty opublikowane, co otwiera nowg potencjalng
sciezke badan. Do przeprowadzenia odpowiedniej analizy po raz kolejny uzytem zespotu
statystycznego NPT — utrzymujac si¢ idei jaknajwierniejszego odwzorowania
rzeczywistych warunkow. Aby wyznaczy¢ entropi¢ nadmiarowg i konfiguracyjng

nalezato skorzysta¢ ze wzoru na entropi¢ calkowita stosowang w eksperymentach

p

r Llov(T
rzeczywistych. S(T,p)= S(Tr,pr)+.|‘C (T,p,)dInT - (%]@Vp Izobaryczna
T

P

pojemnos¢ cieplna C, (T, p,) zostata wyznaczona w zerowym ci$nieniu.

Obliczenia pojemnosci cieplnej w symulacjach komputerowych[60][61][62] wydawaty
si¢ wczesnie] niemozliwe dla prostych modeli izotropowych, gdyz wartos¢ ciepta
wlasciwego stale rosta wraz ze zmniejszaniem si¢ temperatury uktadu i przejscie szkliste
nie bylo widoczne[23]. Aby wyznaczy¢ pojemnos$¢ cieplng w symulacjach
komputerowych nalezy obliczy¢ wariancj¢ entalpii dla danych warunkow
termodynamicznych co szczegdtowo jest opisane w artykule A2. Poszukujac odpowiedzi,
dlaczego uzyskanie pojemnosci cieplnej jest tak skomplikowane przeprowadzilem szereg
analiz. Doprowadzitlo mnie to do zaproponowanej przeze mnie odpowiedniej metody
usredniania warto$ci wariancji po zespole czasowym. Po zastosowaniu usredniania —
udato si¢ uzyska¢ dobrze znany wzorzec zachowania si¢ wartosci pojemnosci cieplnej
dla cieczy przechtodzonej, wraz z uwzglednieniem widocznego w tej zaleznosci przejscia
szklistego, co pokazuj¢ w artykule A2. Nastepnie stosujac powyzsze roOwnanie, mozna
bylo wyznaczy¢ warto$ci entropii szkta oraz entropii cieczy przechtodzonej, co postuzyto
pozniej do dalszych analiz szczegotowo opisanych w artkule A2. Tym samym wartosci
entropii nadmiarowej zostaly wyznaczone na podstawie tej samej entropii catkowitej w

odniesieniu do entropii gazu doskonatego. Jak pokazuj¢ w artykule A2 wykladnik
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skalujacy wczesniej entropie nadmiarowa w modelach izotropowych, czyli wyznaczony
metodami rownania stanu czy korelacji WU, nie przynidst oczekiwanych rezultatow w
modelu anizotropowym. W eksperymentach rzeczywistych wyktadnik skalujacy
entropi¢  konfiguracyjng z powodzeniem skalowat tez czasy relaksacji
strukturalnej[52][58][63][64]. Zgodnie z oczekiwaniem stosujac definicje entropii
konfiguracyjnej jako entropia catkowita pomniejszona o wktad wibracyjny, ktory w
modelu Gaya-Berna wynosi 0 ze wzgledu na brak oddzialywan wewnatrzmolekularnych,
zastosowalem t¢ metode do proby skalowania entropii konfiguracyjnej korzystajac z
wyktadnika uzyskanego wczesniej metoda kryterium izochronicznego.  Proba
zastosowania tej teorii okazata si¢ owocna 1 wyktadnik skalujacy entropi¢ konfiguracyjng
skalowat rowniez czasy relaksacji translacyjnej. Entropia nadmiarowa w stosunku do
entropii gazu doskonatego z wykorzystaniem tego samego wyktadnika nie wykazata
skalowania gestosciowego. Niesie to ze sobg po raz kolejny wniosek, ze anizotropia, jest

kluczowa wtasnoscig w analizach procesu witryfikacji cieczy.

3.7 Poréwnanie z eksperymentami rzeczywistymi
Wszystkie przeprowadzone przeze mnie eksperymenty symulacyjne metodg dynamiki
molekularnej wykazuja bardzo duze odzwierciedlenie zachowania cieczy rzeczywistych.
Zaczynajac od wielkos$ci wolumetrycznych, a konczac na poprawnym odzwierciedleniu
dynamiki uktadu. Stosowanie metod teoretycznych opartych na prostych potencjatach
izotropowych, ktére nie dawato oczekiwanych rezultatéw w analizach eksperymentow
rzeczywistych, w przypadku moich badan dawalo te same wnioski nie tylko dla
bazowych analiz w artykule A1, ale réwniez szczego6towych analiz entropii w artykule

A2.

3.8 Podsumowanie rozdziatu
Prosty anizotropowy potencjat Gaya-Berna moze by¢ wystarczajacy do poprawnego
odzwierciedlenia zachowania rzeczywistych materialdéw tworzacych szkia. Korelacja
WU nie skaluje danych anizotropowych jak byto to mozliwe wcze$niej w danych
izotropowych. Kryterium izochroniczne daje poprawne wartosci stalej materiatowe;j
uzytej do skalowania wtasnosci dynamicznych. Roéwnanie stanu nie skaluje danych
anizotropowych jak bylo to mozliwe do osiggniecia w modelach izotropowych. Stata

materialowa wzrasta wraz ze wzrostem anizotropii — dlugosci molekuty. Stata
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materialowa moze skalowa¢ dane rotacyjne jak rowniez translacyjne. Entropia
konfiguracyjna skaluje si¢ z tym samym wyktadnikiem co czasy relaksacji translacyjnej,
potwierdzajac wnioski z analiz eksperymentow rzeczywistych. Entropia nadmiarowa nie
skaluje si¢ z tym samym wykladnikiem. Anizotropia, jest kluczowa wtasnoscig modeli
cieczy przechtodzonych w odzwierciedlaniu fizykochemicznych  witasciwosci

rzeczywistych cieczy przechtodzonych
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4. DALSZE PLANY BADAWCZE

Dalsze perspektywy badawcze opierajg si¢ gltownie na rozszerzeniu badan o
dodatkowe wilasciwosci modelowanych molekut. Celem jeszcze wickszego
przyblizenia si¢ do wynikow eksperymentalnych, warto bylo by rozszerzy¢ molekuty
anizotropowe o dodatkowe oddzialywania kulombowskie lub dipolowo-dipolowe,
aby poréwna¢ dynamike rotacyjng uktadow do wynikow eksperymentow
rzeczywistych. Uwzglednienie momentu dipolowego w modelu Gaya-Berna
pozwolito by wykaza¢ istnienie zasugerowanych migdzymolekularnych korelacji
momentu dipolowego rowniez w uktadach, w ktorych anizotropia jest realizowana za
pomoca analitycznej formy potencjatu. Wytacznie takie ukitady umozliwiajg
systematyczne zbadanie wptywu ksztaltu molekuty na wkiad miedzymolekularnej
funkcji korelacji momentu dipolowego do funkcji korelacji catkowitego momentu
dipolowego uktadu, ktéora w eksperymentach rzeczywistych jest bezposrednio
mierzona w eksperymencie szerokopasmowej spektroskopii dielektryczne;.
Interesujagcym problemem wydaje si¢ by¢ réwniez sprecyzowanie w jaki sposob
obecnos¢ momentu dipolowego molekuty modyfikuje charakter jej ruchu
rotacyjnego, ktory analizowalem migdzy innymi w artykule A1. Waznym elementem
prowadzonych od lat badan jest badanie dynamicznej heterogenicznosci, ktorej
stopien wraz ze zblizaniem si¢ do przej$cia szklistego gwattownie rosnie. W 1965
roku Adam 1 Gibbs zapostulowali istnienie kooperatywych regiondow rearanzacji
(CRR), w obrebie ktorych ruch molekut odbywa si¢ w sposdb kooperatywny, co w
konsekwencji prowadzi do zwigkszenia czasu relaksacji strukturalnej i
dywersyfikacji dynamiki poszczegdlnych molekut. Ciekawym aspektem przysztych
badan wydaje si¢ by¢ systematyczna analiza wplywu ksztattu molekuty na stopien

dynamicznej heterogenicznos$ci badanego uktadu.
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5. PREZENTACJA OSIAGNIETYCH WYNIKOW

5.1 Skalowanie gestosciowe translacyjnej 1 rotacyjnej dynamiki molekularnej w

prostym elipsoidalnym modelu w poblizu przejscia szklistego

Tytul: Density Scaling of Translational and Rotational Molecular Dynamics in a Simple
Ellipsoidal Model near the Glass Transition

Autorzy: Karol Liszka, Andrzej Grzybowski, Kajetan Koperwas, Marian Paluch
Referencja: Int. J. Mol. Sci. 2022, 23(9), 4546; https://doi.org/10.3390/1jms23094546
Skrot:

W artykule pokazujemy, ze prosty anizotropowy model cieczy przechtodzonej poprawnie
odzwierciedla wlasciwosci skalowania gegstosciowego obserwowane w danych
eksperymentalnych, co jest przeciwienstwem poprzednich badan przeprowadzanych na
modelach izotropowych. ZaimplementowaliSmy dobrze znany potencjat Gay-Berna
sparametryzowany odpowiednio do uzyskania przechtodzenia i1 przejscia szklistego w
ci$nieniu zerowym, do zbadania wilasciwosci wolumetrycznych i1 dynamicznych w
warunkach cieczy przechtodzonej w podwyzszonym cis$nieniu. W artykule skupiamy si¢
na wilasnosciach skalowania gestoS§ciowego anizotropowego modelu cieczy
przechtodzonej, do lepszego zrozumienia podstaw skalowania gestosciowego, ktéra
wykazuje cechy szerokiej stosowalno$ci oraz uniwersalnosci, jak mozna bylo to
zauwazy¢ w bardzo wielu danych eksperymentalnych zebranych w okolicach przejscia
szklistego dla roznych wlasnosci dynamicznych. Wynikiem tych badan okazuje si¢ by¢
inwariantno$¢ wyktadnika skalujagcego y w danej anizotropii ksztattu molekuty, co z

sukcesem pozwala zastosowa¢ idee skalowania, odpowiednio dla czaséw relaksacji

translacyjnej oraz rotacyjnej, rozwazanych jako funkcja jednej zmiennej TV7. Te
wyktadniki, ktére z sukcesem skalujg dane i1 sg uzyskane z kryterium izochronicznego,
roznig si¢ od wyktadnikéw uzyskanych innymi metodami, takimi jak korelacja WU, czy
wyktadnika z réwnania stanu, uzyskanego z krotko zasiegowego intramolekularnego
potencjatu, co wykazuje duza zgodnos$¢ z wezesniejszymi probami skalowania na danych
eksperymentalnych. Nasze badania silnie sugeruja, ze do badan przejscia szklistego i
cieczy przechlodzonych czesciej nalezalo by sigga¢ po modele anizotropowe w
przeciwienstwie do od dekad szeroko stosowanych modeli izotropowych w studiowaniu

dynamiki molekularnej cieczy przechtodzonych.
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Abstract: In this paper, we show that a simple anisotropic model of supercooled liquid properly
reflects some density scaling properties observed for experimental data, contrary to many previ-
ous results obtained from isotropic models. We employ a well-known Gay-Berne model earlier
parametrized to achieve a supercooling and glass transition at zero pressure to find the point of glass
transition and explore volumetric and dynamic properties in the supercooled liquid state at elevated
pressure. We focus on dynamic scaling properties of the anisotropic model of supercooled liquid to
gain a better insight into the grounds for the density scaling idea that bears hallmarks of universality,
as follows from plenty of experimental data collected near the glass transition for different dynamic
quantities. As a result, the most appropriate values of the scaling exponent y are established as
invariants for a given anisotropy aspect ratio to successfully scale both the translational and rotational
relaxation times considered as single variable functions of densityY /temperature. These scaling
exponent values are determined based on the density scaling criterion and differ from those obtained
in other ways, such as the virial-potential energy correlation and the equation of state derived from
the effective short-range intermolecular potential, which is qualitatively in accordance with the results
yielded from experimental data analyses. Our findings strongly suggest that there is a deep need to
employ anisotropic models in the study of glass transition and supercooled liquids instead of the
isotropic ones very commonly exploited in molecular dynamics simulations of supercooled liquids
over the last decades.

Keywords: density scaling; molecular anisotropy; glass transition; supercooled liquids; Gay-Berne
model; molecular dynamics simulations

1. Introduction

A rapid slowdown in molecular dynamics of supercooled liquids approaching the
glass transition has been intensively studied since the 1960s and still attracts a lot of research
interest as a phenomenon strongly related to the glass transition, the commonly accepted
theory of which is continuously sought after. Initially, due to measurement limitations,
the experimental study of molecular dynamics timescale or other dynamic quantities such
as viscosity or diffusivity was conducted mostly as a function of temperature at ambient
pressure. Consequently, the theoretical models that attempted to explain the mystery
of supercooled liquid dynamics did not consider the effect of pressure on the molecular
dynamics near the glass transition. In this context, the original version of the prominent
Adam-Gibbs model [1] should be mentioned.

A development of high-pressure measurement techniques enabled researchers to
investigate molecular dynamics of supercooled liquids and the glass transition at elevated
pressure. A few decades’ worth of high-pressure measurements performed typically
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in isobaric or isothermal conditions has shed new light on the properties of molecular
dynamics near the glass transition [2]. The main outcome of these research efforts was
a strong suggestion that the contemporary models of the glass transition and related
phenomena should not neglect the pressure effect on molecular dynamics [2,3]. To respond
to this challenge, several models have been formulated as functions of temperature T and
pressure p [4-7]. However, it seems that the most promising approach is the density scaling
idea also known as thermodynamic scaling, which has been widely explored since the
beginning of the 21st century [2,3,8-10]. There are two crucial advantages of this idea over
various other models: (i) An expected relation between macroscopic quantities determined
from experimental data with intermolecular interactions that govern molecular dynamics at
least in highly viscous systems, especially including supercooled liquids. (ii) Firm evidence
of density scaling behavior demonstrated by experimental data analyses.

The link between the macroscopic phenomena and their underlying molecular mecha-
nisms has been suggested via the exponent -y, which enables the scaling of various dynamic
quantities measured in different thermodynamic conditions onto a single master curve
according to the power density scaling (PDS) law that can be expressed for structural
relaxation times T as follows:

T=f(?/T), )

where the scaling function argument involves thermodynamic variables, the temperature
T and the density p dependent in general on T and p, respectively, as well as the scaling
exponent 7y established as a material constant independent of thermodynamic conditions
in a vast majority of known cases tested experimentally [2,3,10]. The PDS law has been
validated by using measurement data collected mainly in the supercooled liquid state
of many materials that belong to van der Waals liquids and ionic liquids, but also for
polymer melts, and even oils [11,12] and some liquid crystal phases [13,14]. Thus, there are
numerous experimental cases confirming the PDS law for different dynamic quantities such
as viscosity, dc conductivity (in ionic liquids), structural relaxation time, segmental and
chain relaxation time (in polymers), and even timescales of some other relaxation processes
usually unrelated to the glass transition. On the other hand, it has been strongly suggested
that the scaling exponent + is related to an effective short-range intermolecular potential
relevant to molecular dynamics of viscous systems, which is composed of a weak attractive
term and a dominant repulsive term given by an inverse power law (IPL), U;p;, ~ r~37,
where r is an intermolecular distance [15-22].

The suggested important role of the scaling exponent -y aroused a lot of research inter-
est aimed at working out methods for determining the scaling exponent value for a given
material and better understanding its relation to the rules that govern molecular dynamics
near the glass transition. Many observations of the scaling behavior of experimental data
have led to the formulation of the density scaling criterion [23]:

log,, T = 7ylog,yp + Cr at T = const, )

where C; is a constant dependent on 7. This criterion considered in the entire experimental
range constitutes a fundamental equation equivalent to the PDS law and provides a very
useful method for finding the scaling exponent values, which enables us to establish the
scaling exponent y without applying auxiliary models such as the temperature—density
versions of the Avramov and MYEGA models formulated in the density scaling regime.
Consequently, one can investigate the density scaling properties in a way that is not
burdened with specific assumptions going beyond the density scaling idea, which have
been additionally made to construct the mentioned models of the thermodynamic evolution
of dynamic quantities. On the other hand, extensive study of the theoretical grounds for
the density scaling has been attempted by using molecular dynamics (MD) simulations
based mainly on the isotropic models of supercooled liquids, which only involve the
commonly known Lennard—-Jones (L]) potential, such as the Kob-Anderssen binary L] [24]
and Wanstrom binary LJ liquids [25]. As a result, the theory of isomorphs has been
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formulated [26], which initially seemed to provide solid theoretical fundamentals for the
density scaling of dynamic quantities determined from experimental data. However, a
further development of the theory of isomorphs, which was accompanied with the extended
simulation investigations still carried out mostly in isotropic models [27,28], has shown that
there are some doubts about the theoretical significance for the experimental data analyses
that are satisfactorily performed in terms of the PDS law. One of the conclusions drawn
from the initial stage of works on the theory of isomorphs is the linear virial-potential
energy (WU) correlation between the instantaneous values of the total system virial <W>
and the total system potential energy <U>, where the brackets < > mean the ensemble
average. The WU correlation was expected at least in isochoric conditions, and invoking the
effective intermolecular potential based on the IPL repulsive term, it was supposed to yield
the scaling exponent value as a slope coefficient of this correlation [18,19,29]. Besides the
theory of isomorphs, there was another theoretical attempt made in a phenomenological
manner to formulate a uniform description of dynamic and thermodynamic properties
near the glass transition based on the density scaling idea. According to the approach, the
scaling exponent value could be evaluated as a fitting parameter of some equation of state
(EoS) based on the assumption of the effective potential of the dominant IPL repulsive term
for supercooled liquids [30-34].

A main motivation of the paper is a considerable discrepancy between the values of
the exponents 7 and yg,s commonly obtained from experimental data analyses, which
can satisfy the PDS law given by Equation (1) and can be found by the fitting pressure—
volume-temperature (pVT) data to the EoS given by Equation (3), respectively [2,10]. The
analogous analyses based on the data collected from MD simulations in simple isotropic
models, however, yield an equality of v and yg,s to a good approximation, which well
corresponds with the WU correlation results [33,34].

In this paper, we investigate the effect of anisotropy reflected in both the molecular
shape and the intermolecular potential on the density scaling properties of the Gay—Berne
(GB) model [35] well known in the computer simulations of liquid crystals, but also val-
idated to study the supercooled liquid state and the glass transition at zero pressure by
Kapko and Angell [36]. We perform MD simulations in this model in a wider thermody-
namic range to explore the supercooled liquid state and the glass transition achieved at both
zero and elevated pressure. Considering several anisotropy conditions well defined in the
GB model, we thoroughly analyze the obtained volumetric data as well as the translational
and rotational molecular dynamics to gain a better insight into the fundamentals for the
density scaling idea.

2. Results and Discussion
2.1. Volumetric Data Analysis

Although our main interest in the pVT data collected from the NPT MD simulations
performed in the GB model, which are described in detail in Section 3, concerns the density
scaling properties, we first analyze the data to identify the glass transition curve. This
is a very important task, because it is not easy to achieve the supercooling state for the
exploited GB model due to its high tendency to crystallize, which has been useful to model
liquid crystal phases. Kapko and Angell [36] established that it was possible to achieve
the supercooling liquid state and the glass transition at zero pressure for an anisotropy
aspect ratio «, near 1.4 by using their parametrization in the GB model. We tested the GB
systems of the aspect ratio between 1.2 and 1.6 in the pressure range between 0 and 20 and
the temperature range between 0.1 and 2.0 in L] units. Taking into account the occurrence
of the glass transition and the typical behavior of the isobaric dependences of volume on
temperature in the supercooled liquid state, we decided to limit our further simulation
study to the aspect ratios, 1.3 < a, < 1.45, and the thermodynamic range, 0.1 < T < 1.0
and 0 < p < 5.0. In the selected simulation range, neither translational nor rotational liquid
crystal ordering has been detected, which has been confirmed by the obtained values of
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Volume

the order parameter S, and the analysis of the radial distribution functions and rotational
radial distribution functions as described in Section 3.

In the aforementioned thermodynamic range, we thoroughly investigated four GB
systems of different anisotropy aspect ratios, «, = 1.30, 1.35, 1.40, and 1.45, carrying out the
NPT MD simulations at pressures, p =0, 0.5, 1.0, 1.5, 2.5, and 5.0. The pVT data collected
from these simulations are presented in Figure 1, where the volume V denotes an inverse
of the particle number density, that is, the average simulation box volume divided by the
number of particles in the box. Moreover, in Figure 2a, an example of the method for
determining the glass transition curve based of the pVT data for the aspect ratio a, = 1.40
is shown.
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Figure 1. The plots of the isobaric dependences of the particle number volume V on temperature
T in the glassy and supercooled liquids states in the GB model, which are presented in the panels
for the different anisotropy aspect ratios a,: (a) 1.30, (b) 1.35, (c) 1.40, and (d) 1.45, respectively. The
solid curves crossing the isobaric dependences V on T denote the glass transition curves and the solid
curves along the dependences V(T) present the fitting curves to the EoS given by Equation (3) with
the values of its fitting parameters collected in Table 1.
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Table 1. The values of the fitting parameters of Equation (3) established for all examined anisotropy
aspect ratios in the supercooled liquid state in the GB model. The determination errors of the values
of the EoS parameters are estimated as the standard deviation errors found from fitting all pVT

simulation data to Equation (3) for a given anisotropy aspect ratio.

oy YEoS Ao Aq Ay bo by
1.30 8.62 £ 0.18 1.2693 £ 0.0005  0.347 + 0.004 0.297 + 0.007 67.3 £ 0.9 2.61 £ 0.04
1.35 8.62 £ 0.17 1.3166 = 0.0006  0.390 + 0.005 0.317 + 0.008 62.4+0.8 2.70 & 0.04
1.40 8.66 = 0.17 1.3679 £ 0.0006  0.426 + 0.005 0.358 = 0.009 58.7 4 0.8 2.84 4 0.04
145 8.69 £ 0.17 1.4157 £0.0007  0.466 + 0.006 0.388 = 0.011 56.6 & 0.9 2.98 + 0.05
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Figure 2. (a) Presentation of the method for determining the glass transition curve based on the pVT
data for an aspect ratio equal to 1.40. (b) Plot of the dependences of the glass transition temperature
T¢ on pressure p for the examined anisotropy aspect ratios a,. The solid curves represent fits to
the Andersson-Andersson equation [37], and their derivatives calculated numerically are shown in
the inset.

For all examined anisotropy aspect ratios, one can reliably identify the glass transition
curves depicted by dashed lines in the panels of Figure 1. Since the glass transition T-
p curve is an important characteristic of glass-forming liquids, the dependences of the
glass transition temperature Ty on pressure p are additionally presented in Figure 2 for
comparison. One can see that the dependences T (p) increase with increasing p, which is a
typical behavior known in most glass-forming materials. Moreover, the glass transition
curve shifts to higher temperatures by increasing the anisotropy aspect ratio, which is a
result that is worth considering in the experimental study of glass formers.

Based on the fitting curves of the dependences T, on p to the Andersson-Andersson
equation [37] commonly exploited to interpolate the experimental dependences T¢(p) for
many decades, it has also been possible to calculate numerically the pressure coefficient
of the glass transition temperature, which is the derivative dT¢/dp that constitutes a key
parameter of the Ehrenfest equations [38,39]. As can be seen in the inset to Figure 2b,
the pressure coefficient of the glass transition temperature increases when increasing the
anisotropy aspect ratio, and decreases with increasing pressure for a given anisotropy. The
latter well corresponds to the earlier results obtained from experimental data analyses [40],
while the former is the next issue worthy of consideration in the experimental investigations
of glass formers.
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After the determination of the pressure dependences of the glass transition tempera-
ture, we were able to carry out a volumetric data analysis limited to the supercooled liquid
state to which one can apply the following equation of state, well interpreted in terms of
the density scaling fundamentals [32]:

, ®)

1/7e0s
YEOS
V(T,p) =V(T, 1+ - }
(T,p) = VT, po) |1+ 52255 = po)
where the exponent ‘yg,s is a fitting parameter. Additionally, in Equation (3), the functions
of temperature parametrization for volume and isothermal bulk modulus at the reference
state (T,pp) are given respectively as follows:

1=2 -1
V(T, po) = LZ AT - To)l} ,
-0

Br(po) = boexp[—1(T — To)],

where by = Br,(po), b1 = b1(po) = —oInBr(T, po)/aT\T:TO, Ay = p‘l(To, po), and
A = (1/1N90~ (T, po)/9T* ‘T . for I = 1, 2, are fitting parameters, and (T, po) is a
fixed reference state point, whichois usually chosen near the glass transition at ambient
pressure. Herein, we have selected (T, po) at pg = 0 and the glass transition temperatures,
To=T; (po), established at 0.298, 0.307, 0.319, and 0.325 for the examined anisotropy aspect
ratios a, = 1.30, 1.35, 1.40, and 1.45, respectively.

As aresult, we obtained (see Figure 1) very good-quality pVT data fits to Equation (3);
the values of its parameters for all examined anisotropy aspect ratios are collected in Table 1.

It should be stressed that the EoS has been derived in accordance with Euler’s theorem
for homogeneous functions on the assumption of the effective short-range effective inter-
molecular potential characterized by the dominant repulsive IPL term and a weak attractive
background [30]. Hence, one might have expected that the repulsive potential term should
have been as follows: U;p; ~ r~37Es, However, all known analyses of volumetric mea-
surement data of supercooled liquids by using the EoS or its isothermal precursor yielded
a value of g, for a given material usually two times greater than the value of v which
scaled dynamic quantities for the material in terms of the PDS law [30,32,34,41-43]. On the
other hand, our earlier tests [33] performed by using the KABL]J simulation model and its
version limited only to the repulsive IPL potential term (KABIPL) with different exponents
clearly show that yg,s ~ y. Additionally, the values of yg,s and y were consistent with the
slope coefficients of the linear WU correlations established for the isotropic models. In the
next section, we discuss this issue based on the data collected from our MD simulations
reported herein for the GB anisotropic model.

2.2. Translational Dynamics

The molecular dynamics relevant to the glass transition is believed to be mainly related
to structural relaxation in the case of prototypical supercooled liquids that belong to van
der Waals liquids. In MD simulations that rely on simple isotropic models involving
the LJ potential, the structural relaxation timescale data are typically sourced from the
analysis of the incoherent self-scattering (ISS) function Fs, which actually reflects only
translational relaxation dynamics due to no rotations in the isotropic systems that consist
of unbound point particles. However, the GB model that consists of unbounded ellipsoidal
particles provides a convenient opportunity to investigate separately both the translational
and rotational dynamics, which is usually difficult to achieve by using experimental
spectroscopic techniques. In this section, we focus on the study of the translational motions
of the centers of mass of the ellipsoidal GB particles of different anisotropy aspect ratios.

Taking into account our MD simulation carried out in cubic simulation boxes on the
assumption of three-dimensional periodic boundary conditions as well as the explored
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supercooled liquid state characterized by neither liquid crystal nor crystal ordering, our
simulation systems can be classified as isotropic ones. Hence, to determine the translational
relaxation timescale of the unbounded ellipsoidal GB particles, one may apply a method-
ology that is analogous to that typically employed in finding the molecular dynamics
timescale in the simulation models that consist of the unbounded point particles. Thus, we
determine the translational relaxation time T from the known formula, Fs(7) = e~ 1, where
the ISS function has been evaluated at the value of the wave vector, k, at which the first
maximum of the static structure factor S(k) occurs. In Section 3, additional information
about the computation of the time correlation functions F; is supplied.

From the aforementioned analysis of the ISS function at each state point (T ,p) at
which the NPT MD simulations were performed in the supercooled liquid state of the GB
systems for all examined anisotropy aspect ratios, the translational relaxation times T were
determined. In this way, we obtained both the T-p and T-V dependences of 7, where the
average values of the particle number volume V were found from the MD simulation in
the NPT ensemble at each state point (T,p). From the NPT MD simulations carried out
along selected isobars at p = 0, 0.5, 1.0, 1.5, 2.5, and 5.0, one can easily plot both the isobaric
dependences 7(T) and (V). The former are shown in Figure 3, with a separate panel for
each anisotropy aspect ratio. The corresponding isobaric dependences 7(V) are presented
in Appendix A. It is worth mentioning that the dependences plotted in Figures 3 and A1
well reflect the enormous slowdown in the molecular dynamics, which is characteristic of
supercooled liquids approaching the glass transition.
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Figure 3. Plots of the isobaric dependences of translational relaxation times T on temperature T in
the supercooled liquid state in the GB model, which are presented in the panels for the different

T

T T~ T - T T "~ T °
03 040506070808 1

T

anisotropy aspect ratios a,: (a) 1.30, (b) 1.35, (c) 1.40, and (d) 1.45, respectively.

1 1 I 1
03 040506070809 1




29

Int. J. Mol. Sci. 2022, 23, 4546

8 of 25

As already noted, the data collected from the NPT MD simulations enable us to
analyze the temperature-volume dependences of translational relaxation times established
straightforwardly from the simulations. Thus, we can easily test the quality of the density
scaling of the timescale of translational molecular dynamics in terms of the PDS law given
by Equation (1), where p is the particle number density equal to the inverse of the particle
number volume V, ie., p = v-1

In our first test of the density scaling in the GB model considered in the supercooled
liquid state, we assume that v ~ 7,5 in Equation (1). Consequently, we observe that the
scaling curves T(p?/T) valid at short translational relaxation times considerably diverge
when slowing down translational molecular dynamics as shown in Figure 4 for each
anisotropy aspect ratio. This result differs from those obtained for the simulation data
collected in the isotropic models of supercooled liquids such as the KABLJ and KABIPL
models that consist of point particles and even in the simple three-point particle model of
ortho-terphenyl (OTP), which enabled us to successfully scale dynamic quantities using
the scaling exponent yg,s. However, the experimental data measured for OTP in the
supercooled liquid state have not yet provided such an opportunity [33].
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Figure 4. Plots of the attempts at employing the values of the density scaling yg,s found as the
fitting parameter of the EoS given by Equation (3) in the implementation of the density scaling of
translational relaxation times T collected in the supercooled liquid state in the GB model for all tested
anisotropy aspect ratios «,, which are presented in the separate panels for different values of a;:
(a) 1.30, (b) 1.35, (c) 1.40, and (d) 1.45, respectively. The values of yf,s are collected in Table 1.

Since the test of the density scaling represented in Figure 4 has failed, one could even
suspect the invalidity of the density scaling of translational relaxation times in the super-
cooled liquid state in the GB model. To verify this issue, we used the fundamental formula
that is the density scaling criterion. To apply Equation (2) to the dependences log;, 7(T),
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log. T,

log,, T,

we followed a similar procedure that has been well tested in many analyses of experimental
data. We selected several values of the translational relaxation times 7 that are represented
in the explored thermodynamic range, and then we established the temperatures T; at
the crossing points of the isobaric temperature dependences of the translational relaxation
timescale and the isochrones defined by T = const. The corresponding densities p (T, pr)
can be calculated from the EoS, for instance from Equation (3). In addition, to enhance the
reliability of the isochronal dependences log;, T vs. log; pr, the analysis can be supported
by some interpolations of the dependences log;, 7(T) usually determined insufficiently
densely from measurements. Such evaluations not shown herein were also employed in
our analysis of the isochronal temperature-density dependences p = V1.

As shown in Figure 5, we established the isochronal correlations between log,, Tr and
log,, pr, finding their high-quality linear fits characterized by a single value of their slope
coefficient -y for a given anisotropy aspect ratio (see Table 2). It means that the values of ¢
determined from the density scaling criterion applied to the translational relaxation times T
should lead to their density scaling according to a function 7(p7/T). Indeed, the expected
outcome was successfully achieved, as presented in Figure 6, which constitutes the next
example of the fundamental significance of the density scaling criterion to the PDS law.
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Figure 5. Presentation of the application of the density scaling criterion given by Equation (2) to the
evaluation of the values of the scaling exponent -y based on the isochronal log-log dependences of T
on p for each tested anisotropy aspect ratio «, in the GB model, which is shown in the separate panels
for different values of a,: (a) 1.30, (b) 1.35, (c) 1.40, and (d) 1.45, respectively. The isochrones are
determined at the selected constant values of the translational relaxation times 7 in the supercooled
liquid state.
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Table 2. The values of the density scaling exponent < evaluated according to the density scaling
criterion for all examined anisotropy aspect ratios «, as the slope coefficient of the linear isochronal
correlations presented in Figure 5. The determination errors of the slope coefficient values are
estimated as the standard deviation errors found from the linear regression of all the linear isochronal
correlations shown in Figure 5 for a given anisotropy aspect ratio in accordance with the density
scaling criterion expressed by Equation (2).
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Figure 6. Plots of the density scaling of the translational relaxation times 7 collected in the supercooled
liquid state in the GB model, which is successfully carried out by using the values of the density
scaling evaluated based on the density scaling criterion given by Equation (2). In the separate panels,
there are the cases shown for the different anisotropy aspect ratios a,: (a) 1.30, (b) 1.35, (c) 1.40, and
(d) 1.45, respectively.
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In Appendix B, for the completeness of our comparative analysis of the density scaling
ability, depending on the used scaling exponent 7,5 or 7y, we also consider the values

of vg,s determined by fitting the simulation dependences V (T, peonf ) to a precursor of

Equation (3), which involves the configurational pressure p° instead of the pressure p.
Nevertheless, the analysis exploiting the other EoS (Equation (A1)) derived from the inter-
molecular potential dominated by the repulsive IPL term has not changed our conclusions
that the molecular shape and intermolecular potential anisotropies that are characteristic of
the GB model destroy the consistency between the values of yg,s and «. It gives evidence
that the simple ellipsoidal GB model well reflects this inconsistency commonly observed
from the experimental data analyses contrary to the isotropic simulation models most often
used to study properties of supercooled liquids in the MD simulations.

Previously, we also obtained such a discrepancy between the values of yg,s and ¥
in MD simulations in the rhombus-like molecules (RLM) model introduced by us [44].
The RLM model enables one to study a mean effect of the molecular anisotropy on the
examined macroscopic quantities, including the impact exerted by intramolecular forces.
Nevertheless, the force field exploited in the RLM model is mainly based on the L] and
Coulomb potentials, which are classified as isotropic. Consequently, a quantification of
the molecular anisotropy degree is complicated in the RLM model [44,45]. However, the
GB model employed in the MD simulations performed herein is characterized by a well-
defined measure of both molecular shape and potential anisotropy, because the molecular
shape anisotropy determined via axes of ellipsoidal molecules is straightforwardly reflected
in the parameters of the GB potential. Thus, the results of MD simulations performed
earlier in the RLM model and here in the GB model give firm evidence that the discrepancy
between the values of yg,s and ¥ depends on the molecular anisotropy. For this reason, it
cannot be reproduced in the manner obtained from measurement data if we exploit MD
simulations in the simple isotropic models based on the L] intermolecular potentials such
as the KABL]J and three-point-particle OTP models.

Since the density scaling of translational relaxation times has been very satisfactorily
implemented in the supercooled liquid state in the anisotropic GB model, an interesting
question arises as to whether the most effective values of the density scaling -y can also
be deduced from the virial-potential energy correlation postulated in the initial version
of the theory of isomorph [18,19,29]. This question is important, because the theory of
isomorphs has had a lot of interest from researchers involved in the study of density scaling
and has been widely discussed as providing the sought-after theoretical fundamentals for
the density scaling idea.

In the initial works on the isomorph theory, a linear correlation of the instantaneous
values of the average system virial <W> and the average system potential energy <U>
has been suggested for model systems of supercooled liquids as the reason for the density
scaling of their molecular dynamics [17]. Nevertheless, the initial studies conducted within
the framework of the isomorph theory have undoubtedly shown that the slope coefficient
of the linear WU correlation depends on density, indicating an isochoric character of
the linear WU correlation, the slope coefficient vy of which has been considered as
the density scaling exponent [18,19,29,33]. The further development of the isomorph
theory has suggested that the scaling exponent vy is state-point dependent, and even a few
methods have been worked out for verifying the hypothesis based on the experimental
data [46-50]. Although applications of the methods to analyze measurement data have
indeed given evidence for the hypothesis of the state-point dependent scaling exponent,
no one has achieved the density scaling of the dynamic quantities exploiting the state-
point-dependent values of 7 until recently. This problem definitely goes beyond our
investigations reported herein, but it is worthy of mention that its solution most likely
consists in finding a proper form of the scaling function, which would be different from
the PDS law and enable one to utilize the state-point-dependent values of - to scale the
dynamic quantities. However, in this context, it should be stressed that even if we could
meet this ambitious challenge in the future, the scaling exponent y considered as a material
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constant independent of thermodynamic conditions would not be neglected in the analyses
based on the density scaling idea. This is because it would still be an effective value of
v averaged to a very good approximation in the case of many materials, which could
valuably provide information about the main features of molecular dynamics simulations
near the glass transition. Additionally, it is worth mentioning on this point that despite
a phenomenological character of the theory of isomorphs, its origin being based on the
simulation data rather than the experimental one has been promising from a cognitive point
of view. However, the simulations [17-19,22,26-29] underpinning the isomorph theory
were mainly carried out in the isotropic models based on the L] potential or its generalized
version consisting of the repulsive and attractive parts characterized by various exponents
different from those typically assumed to equal 12 and 6, respectively.

For these reasons, we focus on the analysis of the WU correlation collected in the
anisotropic GB supercooled liquid from the viewpoint of its potential application to de-
termining the effective value of the scaling exponent -y, which would enable one to scale
the dependences of the translational relaxation times (T, V) according to the PDS law.
Based on the first argumentations presented within the framework of the isomorph theory,
we decided to study the potential WU correlation in isochoric conditions. To do that, we
performed additional MD simulations in the GB model in the NVT ensemble in which the
WU correlation was earlier typically considered [17-19,29]. This approach ensured that
the isochoric conditions were met at each selected volume for tested anisotropy aspect
ratios. In each case of a,, we fixed three different volumes ranged representatively over
the supercooled liquid state to perform the NVT MD simulations in the GB model. As a
result, at all fixed volumes, we obtained perfect linear WU correlations (depicted in the
insets to Figure 7), the determination errors of slope coefficients of which are less than
0.001. As expected, the obtained values of the slope coefficients 7wy for the isochoric linear
WU correlations depend on the particle number density, p = V!, ranging as follows:
<0.7299; 0.7874>, <0.7042; 0.7576>, <0.6803; 0.7299>, and <0.7042; 0.8333> for the examined
anisotropy aspect ratios a, = 1.30, 1.35, 1.40, and 1.45, respectively. Moreover, a decrease is
observed in the values of vy with increasing p resulting from a decrease in the simulation
box volume. In the aforementioned ranges of p, the values of ywy change as follows:
<6.164; 6.087>, <6.217; 6.120>, <6.258; 6.110>, and <6.290; 6.065> for a, = 1.30, 1.35, 1.40, and
1.45, respectively. Hence, the sought-after effective values 7%{1, which would be close to
the values of 7y followed from the density scaling criterion, might be some mean values that
should be included in the value ranges of vy estimated from the WU correlations for the
considered anisotropy aspect ratios. Taking into account the value ranges of yyy; compared
with the values of the scaling exponent -y evaluated based on the density scaling criterion,
it follows that such effective values 7%{1 shown in Table 3 have to be larger than the values
of y. Consequently, the attempt made at scaling the dependences (T, V) as functions

T(p'ygwf{! /T) shows a worse quality density scaling (Figure 7) than that achieved by using
the density scaling exponent v (Figure 6), especially at high translational relaxation times 7.
This is quite reasonable if we consider the aforementioned decreasing dependence, yw;(p),
for a given anisotropy aspect ratio «,.

Concerning the search for the effective scaling exponent 7%{1 based on the WU cor-
relations, it should be noted that the special reduced units were suggested within the
framework of the isomorph theory to ensure the density scaling of molecular dynam-
ics. The units indeed enabled the improvement of the density scaling of dynamic and
thermodynamic quantities collected in the isotropic models of supercooled liquid in the
limited thermodynamic range [51]. However, the isomorph theory has been declared
for Newtonian and Brownian dynamics in the canonical and microcanonical ensembles,
i.e., the NVT and NVE ensembles, where E denotes the total system energy. Since the
isomorph theory has not been worked out for the isothermal-isobaric ensemble (NPT), it is
not justified to employ the reduced units of the isomorph theory to test the density scaling
properties in the simulation data collected in the NPT ensemble. The same remark is valid
for the experimental data usually measured in isobaric or isothermal conditions that well
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correspond to the statistical ensemble defined by invariant thermodynamic variables p and
T. Therefore, we neglected the reduced units of the isomorph theory in the density scaling
study of the relaxation times determined herein from the NPT MD simulations.
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Figure 7. Plots of the attempts at employing the values of the density scaling "/%{I found from the

analysis of the WU correlation as its slope coefficient in the implementation of the density scaling
of translational relaxation times T collected in the supercooled liquid state in the GB model. In
the separate panels, there are the cases shown for the different anisotropy aspect ratios «,: (a) 1.30,
(b) 1.35, (c) 1.40, and (d) 1.45, respectively. In the insets to the subsequent panels, the tested isochoric
WU correlations are represented at volumes (1.27, 1.32, 1.37), (1.32, 1.37, 1.42), (1.37, 1.42, 1.47), and
(1.42,1.47,1.52) for ar = 1.30, 1.35, 1.40, and 1.45, respectively. The estimated values of 7%{1 used in
the scaling plots are listed in Table 3.

Table 3. The effective values of the density scaling exponent 7%{1
slope coefficients of the linear isochoric correlations presented in the insets in the panels of Figure 7
between the instantaneous values of the total system virial <W> and the total system potential energy
<U> for all examined anisotropy aspect ratios a,. The determination errors of the effective values of
the density scaling exponent 'y%{, are the standard deviation errors of the mean value of the slope
coefficient values of the isochoric linear dependences shown in the insets in the panels of Figure 7 for

evaluated as mean values of

a given anisotropy aspect ratio.

Kr 'Y?\c/fu
1.30 6.13 = 0.01
1.35 6.17 £ 0.01
1.40 6.19 + 0.01
1.45 6.19 + 0.01
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It is worth noting that our previous investigations of the scaling exponent 7%{1 per-

formed [52] in the aforementioned RLM model also showed a discrepancy between the
values of 7%{1 and v that actually enables one to scale the diffusion coefficient and the
structural relaxation time collected from the MD simulations in the NVT ensemble. Further-
more, we have argued there that the intramolecular interactions break the isochoric linear
WU correlation. Comparing our earlier MD simulation study in the RLM model with our
current one conducted in the GB model, one can claim that the molecular anisotropy makes
the isochoric linear WU correlation useless in the determination of the effective scaling ex-
ponent even if such a correlation is found for a molecular system in a temperature—pressure
range. There are also known model systems for which the WU linear correlation is not
satisfied, for instance, due to intramolecular interactions, but the density scaling of dynamic
quantities has been satisfactorily validated in those models [52-54]. All the facts seriously
undermine the WU correlation applications in the analyses of the density scaling behavior.

2.3. Rotational Dynamics

To investigate the rotational molecular dynamics of the supercooled liquid state in the
GB model, we calculated the standard time-dependent rotational autocorrelation function
Cy(t) based on the second order Legendre polynomial P,, which is additionally described
in Section 3. However, to evaluate the timescale 7o of the rotational molecular dynamics
at the same decay level of the relaxation function at which the timescale 7 is determined
for the translational molecular dynamics in the GB supercooled liquid, we assumed that a
measure of Try is the time satisfying the equation, Ca(t) = e~ .

The rotational autocorrelation functions C; were calculated at the same state points
(T,p) at which the ISS functions Fs were computed. The same NPT MD simulation runs were
exploited to evaluate both the rotational and translational time-dependent autocorrelation
functions C, and F;s at a given (T p); comparative examples are presented in Section 3.
Materials and Methods. As a result, we obtained the T-p and T-V dependences of T,
where the average values of the particle number volume V were obtained from the MD
simulation in the NPT ensemble at each state point (T,p). Since the NPT MD simulations
were carried out along selected isobars, in an analogous way to the translational relaxation
times, one can plot both isobaric dependences, Tt (T) and Tt (V). The former dependences
are shown in Figure 8 by using a separate panel for each anisotropy aspect ratio, while
the corresponding isobaric dependences T,o:(V) are presented in Appendix A. Thus, the
thermodynamic evolutions of the timescales of rotational and translational molecular
dynamics were explored in the same thermodynamic range. Taking this opportunity, we
also tested the potential validity of the density scaling for rotational relaxation times ;.

Since the translational and rotational motions were governed by the same GB potential
in the exploited simulation model, the first attempt at scaling the dependences T, (T, V)
was made by using the values of the scaling exponent 7, leading to the scaling of the
dependences 7(T, V). As argued in Section 2.2, the best density scaling of the latter has
been achieved by exploiting the values of y determined from the density scaling criterion,
which are collected in Table 2. Employing these values of the scaling exponent - in
preparing the plots of the dependences T,¢(T, V) as functions of the variable p7 /T, we
yielded a high-quality density scaling for each examined anisotropy aspect ratio, as shown
in Figure 9. This finding constitutes a promising contribution to a better understanding of
interrelations between different kinds of molecular motions, which is worth developing in
the future.
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Figure 8. Plots of the isobaric dependences of rotational relaxation times T, on temperature T in
the supercooled liquid state in the GB model, which are presented in the panels for the different

anisotropy aspect ratios «,: (a) 1.30, (b) 1.35, (c) 1.40, and (d) 1.45, respectively.
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Figure 9. Density scaling of the isobaric dependences of rotational relaxation times 7o for different
anisotropy aspect ratios &, in the supercooled liquid state in the GB model. The values of the scaling
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exponent <y are the same as those yielding the high-quality density scaling of the rotational relaxation
times, which were determined from the density scaling criterion. In the separate panels, there
are the cases shown for the different anisotropy aspect ratios a;: (a) 1.30, (b) 1.35, (c) 1.40, and
(d) 1.45, respectively.

3. Materials and Methods
3.1. Simulations

All MD simulations were performed for 1000 ellipsoidal molecules of the same kind
for a given molecular aspect ratio by using the LAMMPS package [55] within the GB
potential implementation [56] available there, which relies on some earlier investigations
of the GB model, e.g., [57,58]. As already mentioned, we parameterized the GB potential
according to that suggested by Kapko et al. [36] All simulation runs were computed on
the GPU NVIDIA Tesla V100 cards at the double-precision level and three-dimensional
periodic boundary conditions suitable for the cubic simulation box. We considered only
prolate spheroids in the form of the biaxial ellipsoidal molecules, the molecular shape of
which is characterized by a long molecular axis and a short molecular axis perpendicular
to the long one, and the examined anisotropy aspect ratios &, were determined by the
quotients of the lengths of the long and short axes. All quantities used in and resulting
from our MD simulations are expressed in accordance with typical L] simulation units, and
the volume V and the density p mean the particle number volume and the particle number
density, respectively.

Within the LAMMPS package, the commonly known leap-frog algorithm was ex-
ploited at the time step At = 0.001 for all the simulation runs, setting the cutoff radius for
interactions r.,; = 3.2. The standard Nosé-Hoover thermostat and barostat were used
to satisfy the thermodynamic conditions in the NPT and NVT ensembles. The barostat
and thermostat relaxation times were set to 1.0 and 0.1, respectively. The periods of equi-
libration and subsequent well-equilibrated simulation runs depended on the state point
and became longer and longer on approaching the glass transition. The equilibration runs
took minimum 10° time steps and the subsequent simulation runs exploited to collect
the data for further analyses ranged from 10° to above 108 time steps. The supercooled
liquid and glassy states were achieved, avoiding any crystalline ordering by cooling the
isotropic liquid system, earlier simulated at a high temperature, T = 2.0. Functions used to
monitor and analyze the molecular dynamics of the simulation systems are described in
the next section.

3.2. Calculations

We coded most functions employed in analyses of the MD simulation results using
Python programming language and its NumPy and CuPy packages based mainly on defini-
tions of the functions presented in [59]. Only thermodynamic quantities were determined
exploiting the LAMMPS package functionalities.

To verify whether a translational ordering occurs in the system, we applied the system
radial distribution function defined as an ensemble average quantity in general as follows:

74 N N
g(r) = N2<Z Z(S(r — rﬂ> >, where rj = 1 —1;. 4)

=7

Equation (4) has been implemented in our analyses according to the algorithm de-
scribed in Section 3.2 in reference [59], which provides the dependence g(r). All the
obtained plots of the radial distribution function g on the distance r showed a behavior
typical of disordered systems, as shown for a selected example in Figure 10a.
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Figure 10. Presentation of (a) the radial distribution function plotted vs. the distance r and (b) the
static structure factor plotted vs. the length of the wave vector k, selected as examples for the system
of molecules of the aspect ratio &, = 1.4, simulated in the GB model in the NPT ensemble at the
pressure p = 1.0 and the temperature T = 0.7.

To test whether an orientational ordering exists in the system, we used two functions:
the order parameter S, and the second-rank pairwise orientational correlation function g».
The former is defined in the following way:

1 N
52 = <N]§ P2 (e]n)> (5)

where the brackets < > denote the ensemble average, the second order Legendre polynomial
is expressed as P;(x) = 1.5x% — 0.5, e; is a unit vector pointing along the long axis of the
biaxial ellipsoidal i-th molecule, and n is the so-called director [59]. The director n has
been obtained typically as the largest eigenvalue found from the diagonalization of the
second-rank orientational order tensor:

1 X/3 1
Qup = N Z; >jnCip — E(S"‘ﬁ where &, = x,y, z.
j=

For all the exploited simulation runs, the obtained values of S, are close to zero and did
not exceed 0.06, which shows that there is no orientational order in the examined systems.
This has also been confirmed by the inspection of the second-rank pairwise orientational
correlation function defined as the following ensemble average quantity:

g(r) = <P2 (COS (9jl(r)>) > (6)

where P; is the second-order Legendre polynomial and 6;;(r) denotes the angle between
the long axes of the particles j and ! lying in a narrow shell of center-of-mass separations
rip = r [60], which revealed very small fluctuations of decreasing amplitude, actually
yielding g, (r) ~ 0 to a very good approximation.

Thus, using the functions defined by Equations (4)—(6), we undoubtedly validated
the isotropic ordering of all the simulation systems considered by us in the analyses
presented herein.

As already stressed, in the study of translational motions, we focused on the move-
ments of the centers of mass of the ellipsoidal GB particles of different anisotropy aspect
ratios. For this reason, after confirming that there was no translational and orientational
ordering in the investigated thermodynamic range of our bulk systems simulated in the
standard cubic box, it was reasonable to evaluate the translational relaxation times T based
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on the commonly used assumption, F;(t) = e~!, where the time-dependent incoherent
self-scattering (ISS) function can be given by the following formula [61]:

1 N
F(t) = <N Y explik- (r(t) —rf(o))]> @

=1

where the brackets < > denote the ensemble average, j represents an j-th particle among
N particles of the system, r indicates of the center of mass of a particle, and k is the wave
vector taken at the location of the first maximum of the static structure factor:

(9 = N1Y. Y- (explik- (1~ )]}, ®

j=11=1

where the wave vector k = (27/L) (nx,ny, nz) is determined using the simulation box
length L and the integer numbers ny, 1y, n;. It is worth noting that the static structure
factor is also a good measure of the degree of translational order in the centers of mass
(p. 207, [59]). All the obtained dependences of the static structure factor S on the length of
the wave vector, k = |k|, have revealed a behavior typical of disordered systems, as shown
for a selected example in Figure 10b.

The rotational relaxation times T were estimated by using the time-dependent rota-
tional autocorrelation function Cj:

N N e; - e =
= <I§]Z;P2(ej(0).ej(t))> = <I§2<3(1(0)2](t))1>> )

j=1

on the assumption that C, (Trot) = e~ 1 to consider the same decay level of both the rotational
and translational relaxation functions. We verified that the rotational relaxation times
determined in this manner well corresponded with those calculated by integration of the
time-dependent autocorrelation function.

Examples of the series of the translational and rotational correlation functions F; and
C, obtained at a constant pressure (p = 1.0) are shown in Figures 11a and 11b, respectively.
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Figure 11. Examples of the translational (a) and rotational (b) time-dependent autocorrelation
functions C; and F; obtained respectively via Equations (7) and (9) from the NPT MD simulation data
collected in the supercooled liquid state at the pressure p = 1.0 in the GB model of the molecules of
the aspect ratio & = 1.4.

4. Summary and Conclusions

For the first time, the single-component ellipsoidal Gay—Berne model has been success-
fully used in a simulation study of the supercooled liquid state and the glass transition at
elevated pressure. Contrary to the single-component Lennard—Jones liquid model, the GB
supercooled liquid is characterized by the sufficient glass formation ability in the thermo-
dynamic range, giving the possibility of quite convenient investigations of the translational
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and rotational molecular dynamics near the glass transition. It seems that this advantage of
the GB model over the L] one originates from the molecular anisotropy inherent in both
the ellipsoidal shapes of interacting species and the anisotropic intermolecular potential of
the GB model compared to the point interacting species and the isotropic intermolecular
potential of the L] model. However, the glass-forming ability of the single-component GB
model is limited to small anisotropy aspect ratios &, ranging from 1.3 to 1.5, and even the
range of «, has narrowed to 1.3-1.45 to avoid entirely a liquid crystal phase ordering in
the explored temperature—pressure range, 0.1 < T < 1.0 and 0 < p < 5.0, in the L] units.
In case of higher values of «;, the GB model is well suited to its typical applications, that
is, to model different liquid crystal phases. One could suspect that the thermodynamic
range of supercooling in the GB model might be extended by studying binary mixtures of
ellipsoidal species of different a,, which is worth testing in the future.

The pVT data investigations have led us to identify the glassy and supercooled liquid
states in the T-p domain for the assumed parametrization of the anisotropic GB model. The
glass transition curves Tg(p) detected from the volumetric data analysis for «, = 1.30, 1.35,
1.40, and 1.45 have shown a typical increasing behavior with increasing p, and an increase
in the glass transition temperature T, with increasing a,. The latter constitutes a hypothesis
that is worthy of further verification by using experimental data for glass-forming materials.

We thoroughly explored the density scaling properties in the supercooled liquid
state in the anisotropic GB model. We confirmed the validity of the density scaling of
translational and rotational relaxation times expressed by some functions 7(p?/T) and
Trot(p7/T) in the GB supercooled liquids of four different anisotropy aspect ratios «ay,
finding that the density scaling exponent v is the same for T and 7/, at a given &, and
increases with increasing «,. We have shown that the best way to evaluate the proper value
of y consists in the use of the density scaling criterion. It should therefore be treated as a
macroscopic parameter related to the effective short-range intermolecular potential Uy
commonly suggested to comprise a dominant repulsive inverse power law term and a
weak attractive background.

In accordance with the density scaling analyses of measurement data, but in contrast
to the MD simulations in simple isotropic models of supercooled liquids, the proper value
of y is about two times smaller than the value of parameter yg,s found from fitting pVT
data to a class of equations of state based on the effective intermolecular potential Ueg. It
can be related to a difference in the sensitivity of different quantities to the mean field effect.
Such an interpretation was earlier suggested for the macroscopic quantities analyzed using
experimental data [62] and subsequently proposed based on the MD simulations in the
RLM model [44,45]. The latter explicitly reflects the anisotropy effect on the molecular
dynamics in the rhombus-like molecular shape, which implies an anisotropy of the effective
intermolecular potential that, however, results mainly from a superposition of the isotropic
interactions such as the L] and Coulomb forces. In the GB model, both the molecular shape
and intermolecular potential are explicitly anisotropic. Thus, the suggested interpretation
of the discrepancy between 7 and yg,s gains a firm confirmation in our study.

The possible support from the isomorph theory in the evaluation of the proper value

of the scaling exponent 7y has not been validated in the tested GB supercooled liquids. The

values of the effective value of the scaling exponent 7%{1 based on the virial-potential

energy correlations have led to worse quality density scaling of translational relaxation
times than those obtained using the density scaling criterion. In addition, any application
of the reduced units of the isomorph theory has not been permitted to improve the density
scaling, because the isomorph theory did not work for the NPT ensemble, but only for
the NVT and NVE ones. In this context, it is worth noting that the isothermal-isobaric
ensemble reflects the experimental thermodynamic conditions in the best way, because the
vast majority of measurements are carried out at constant pressure or constant temperature.
Thus, a theory that is unable to consider the NPT ensemble may be insufficient to describe
comprehensively the phenomena experimentally observed.
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Our investigations of the supercooled liquid state and the glass transition in the
anisotropic GB model clearly show that the anisotropic models constitute a promising
alternative to the isotropic ones towards a better understanding and proper reflection of
the physicochemical properties of the glass-forming materials.
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Appendix A

In Figures 3 and 8, there are plots of the temperature dependences of the logarithms
of the translational and rotational relaxation times, respectively. Herein, we present plots
for dependences of the same timescales on the particle number volume V in Figures A1l
and A2, respectively. The volumes were determined as the mean values directly from
the simulation runs in the NPT ensemble. These volumes are also used in Figure 1 and
employed in preparing all the scaling plots presented above in Figures 4, 6, 7 and 9.
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Figure A1. Plots of the isobaric dependences of translational relaxation times T on the particle number
volume V for different anisotropy aspect ratios «; in the supercooled liquid state in the GB model. In
the separate panels, there are the cases shown for the different anisotropy aspect ratios a;: (a) 1.30,
(b) 1.35, (c) 1.40, and (d) 1.45, respectively.
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Figure A2. Plots of the isobaric dependences of translational relaxation times T on the particle number
volume V for different anisotropy aspect ratios &, in the supercooled liquid state in the GB model. In
the separate panels, there are the cases shown for the different anisotropy aspect ratios «,: (a) 1.30,
(b) 1.35, (c) 1.40, and (d) 1.45, respectively.

Appendix B

In our analyses based on the equation of state, Equation (3) was exploited, because
it was previously employed in many investigations of the measurement data collected
for supercooled liquids. However, to complete the discussion of the scaling exponent
obtained from fitting the pVT data as a parameter yg,s of the equation of state, we need
to consider also the equation of state, which is analogous to Equation (3), but involves
the configurational pressure, pf = (W)/(Vjy), instead of the total system pressure p,
where (V) is the average volume of the simulation box. This is because an isothermal
precursor of Equation (3) has been derived from the total system average virial (W) on
the assumption of the homogeneous potential functions that meet Euler’s theorem, which
can be well interpreted in the density scaling regime, and represented by the following
formula [30,31]:

1/7ros
V(T, pconf) =V(T, pgonf) 1+ % (P - Pgmlf)} (A1)
By (py )

which can be parametrized similarly to Equation (3) with regard to temperature [32]:

-1

v(T,p") =

7

=2 conf 1
ZAI (T_ To)
1=0

BCTO"f(pSMf) = bf)o"f exp {*bi(mf(T - TO)]/
where 67" = B (57"), 6 = 0 () = o B (i o] A

o~ 1(Ty, pg””f), and A;‘mf = (1/19 (T, pg””f)/aTl ‘TiT for I =1, 2, are fitting param-
=10

eters, and (Tp, pgonf ) is a fixed reference state point, which is usually chosen near the
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glass transition at ambient pressure. Herein, we have selected (Tp, pgmf ) at pp = 0 and the

glass transition temperatures, Ty = Tg( po), established at 0.298, 0.307, 0.319, and 0.325
for the examined anisotropy aspect ratios a, = 1.30, 1.35, 1.40, and 1.45, respectively. The
corresponding values of the configurational pressure at the reference state were calculated

according to the formula, pgonf = po — kgTop(To, po), which is valid for MD simulations in
the GB model quantified in the L] units taking the Boltzmann constant kg = 1. The configu-
rational pressure is not constant along an isobar determined at a constant pressure, as can
be easily seen from the equation, p°"f = pg — kpTp, which interprets the configurational
pressure as the difference between the total system pressure and the kinetic contribution to
the total system pressure. Thus, the dependences of the particle number volume V on T
and p*f, where p®"f = (W)/(V}yy), obtained from the simulation data collected in the
GB model in the NPT ensemble, were fitted to Equation (A1) as a two-variable function.
As a result, limiting the fitting procedure to the supercooled liquid state, we found very
satisfactory fits represented by the fitting surfaces in Figure A3 with the values of the fitting
parameters of Equation (A1) collected in Table A1. The values of yg,s obtained from fitting
the pY VT simulation data to Equation (A1) are slightly larger than those established from
fitting the pVT simulation date to Equation (3) and considerably larger than those evaluated
from the WU correlation. This explains why the density scaling not shown herein with the
scaling exponent values yg,s listed in Table Al is unsatisfying, similar to that shown in
Figure 4, where we used the scaling exponent values 7g,s listed in Table 1.

Table Al. The values of the fitting parameters of Equation (A1) established for all examined
anisotropy aspect ratios in the supercooled liquid state in the GB model. The determination er-
rors of the values of the EoS parameters are estimated as the standard deviation errors found from
fitting all pVT simulation data to Equation (A1) for a given anisotropy aspect ratio.

o Aocunf Alconf Azconf boconf hlconf
1.30 8.92 £ 0.07 1.2693 + 0.0002 0.349 + 0.003 0.077 £ 0.012 62.1+0.3 2.02 £0.01
135 8.94 £+ 0.06 1.3155 £ 0.0002 0.393 + 0.002 0.070 £ 0.012 57.7£0.2 2.07 £0.01
1.40 8.96 £ 0.04 1.3553 £ 0.002 0.399 + 0.005 0.061 £ 0.010 57.2+£0.6 1.86 + 0.05
1.45 9.02 & 0.06 1.4158 £ 0.0002 0.486 + 0.004 0.036 &+ 0.017 50.9 £0.3 2.27 £0.01

V(T,pconf)
for isobars
@ p=0.0
@ p=05
e p=1.0
@ p=15
p=20
@ p=25

Figure A3. The plots of the dependences of the particle number volume V on temperature T and the
configurational pressure p% in the supercooled liquids states in the GB model. The meshed surfaces

45:6870957238
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represent the fits to the EoS given by Equation (A1) with the value of its parameters collected in
Table Al. In the separate panels, there are the cases shown for the different anisotropy aspect ratios
a;: (a) 1.30, (b) 1.35, (c) 1.40, and (d) 1.45, respectively.
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5.3 Skalowanie entropii dynamiki molekularnej w prototypowym anizotropowym

modelu w poblizu przejscia szklistego

Tytul: Entropy Scaling of Molecular Dynamics in a Prototypical Anisotropic Model near
the Glass Transition

Autorzy: Karol Liszka, Andrzej Grzybowski, Katarzyna Grzybowska, Kajetan
Koperwas, Marian Paluch

Referencja: J. Phys. Chem. B 2023, 127, 23, 5334-5340

Skrot

Dynamika i termodynamika systemoéw molekularnych w poblizu granicy pomiedzy
termodynamicznie nierbwnowagowym  stanem  szklistym, a stanem cieczy
przechtodzonej jest wcigz niekompletnie zbadana i ich teoretyczne 1 symulacyjne modele
wcigz nie oddaja w pelni ich dynamiki mimo wielu wczeséniejszych podejs¢. Ponadto,
rola calkowitej entropii systemu, konfiguracyjnej entropii oraz entropii nadmiarowej w
temperaturowo-cisnieniowych lub temperaturowo-gestosciowych zaleznosciach od
globalnej skali czasowej dynamiki molekularnej w stosunku do przejscia szklistego, jest
kluczowym tematem intensywnie studiowanym od pot dekady. Dzigki zastosowaniu
dobrze znanego prostego elipsoidalnego modelu, zastosowanego skutecznie do symulacji
cieczy przechtodzonych i przejscia szklistego, ukazaliSmy nowe spojrzenie na rdzne
perspektywy relacji pomiedzy entropig i dynamika relaksacyjng systemow tworzacych
szkta, pokazujac molekularne podstawy skalowania entropii na podstawie globalnej skali
czasowe] dynamiki molekularnej. Nasze symulacje w anizotropowym modelu cieczy
przechtodzonej, ktore zawierajg tylko rotacyjne i translacyjne stopnie swobody daja
dowody na to, ze catkowita entropia systemu jest wystarczajgca do skalowania globalne;j
dynamiki molekularnej skali czasowej. Jest to zgodne z efektem skalowania dynamiki
relaksacyjnej wywieranym przez entropie konfiguracyjna zdefiniowana jako catkowita
entropia pomniejszona o wktad wibracyjny, co zostalo wczesniej odkryte w danych
pomiarowych w poblizu przej$cia szklistego. Ponadto sprzeciwiamy si¢ sugestii
sugerujacej, ze skalowanie jest niemozliwe do osiggniecia przy uzyciu entropii
nadmiarowej, ktora jest entropig nadmiarowa w stosunku do entropii gazu doskonatego,
co jest niezgodne z wczesniejszymi rezultatami osiggni¢tych w prostych modelach

izotropowych cieczy przechtodzonych. Nasze odkrycia ostrzegaja rowniez przeciwko
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opieraniu si¢ 1 pokladaniu wiary w izotropowych modelach jako teoretycznych
interpretacji fenomenu molekularnego, pomijajac ich prostote i popularnos$¢, poniewaz
moga niepoprawnie odzwierciedla¢ wiele fizykochemicznych wilasciwosci systemow

tworzacych szkla.
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ABSTRACT: Dynamics and thermodynamics of molecular systems in the vicinity of T For Simple Ellipsoidal

the boundary between thermodynamically nonequilibrium glassy and metastable 5 Supercooled Liquids, e
supercooled liquid states are still incompletely explored and their theoretical and % Ys=Y: =Y -
simulation models are imperfect despite many previous efforts. Among them, the role ¢, "-. Pressure| b4 :
of total system entropy, configurational entropy, and excess entropy in the & i . 8:2 7z =
temperature—pressure or temperature—density dependence of global molecular £ Y 1.0 Fa 8
dynamics (MD) timescale relevant to the glass transition is an essential topic % M ;g £ P
intensively studied for over half of a century. By exploiting a well-known simple "4, | < 50 i =
ellipsoidal model recently successfully applied to simulate the supercooled liquid state S | I ’e"‘ 2

and the glass transition, we gain a new insight into the different views on the
relationship between entropy and relaxation dynamics of glass formers, showing the
molecular grounds for the entropy scaling of global MD timescale. Our simulations in
the anisotropic model of supercooled liquid, which involves only translational and rotational degrees of freedom, give evidence that
the total system entropy is sufficient to scale global MD timescale. It complies with the scaling effect on relaxation dynamics exerted
by the configurational entropy defined as the total entropy diminished by vibrational contributions, which was earlier discovered for
measurement data collected near the glass transition. Moreover, we argue that such a scaling behavior is not possible to achieve by
using the excess entropy that is in excess of the ideal gas entropy, which is contrary to the results earlier suggested within the
framework of simple isotropic models of supercooled liquids. Thus, our findings also warn against an excessive reliance on isotropic
models in theoretical interpretations of molecular phenomena, despite their simplicity and popularity, because they may reflect
improperly various physicochemical properties of glass formers.

density ¥ / temperature density ¥ / temperature

B INTRODUCTION a new insight into the relation between MD and thermody-
Despite many decades of research on the glass transition and namics of glass formers. Among other things, based on the
related phenomena, a proper relation between molecular analyses of measurement data, we have shown t}élat the
dynamics (MD) and thermodynamics of the systems structural relaxation times 7 can be scaled with S_,.;” which
approaching the glassy state is still hotly debated. One of the complies with our temperature—volume extension’ of the
most inspiring aspects of these investigations has been the role originally temperature-dependent MYEGA model® that was
of entropy in the thermodynamic evolution of MD timescale at formulated by developing the AG model in terms of the
least since 1965 when Adam and Gibbs (AG) formulated' constrain theory’ and the analysis of energy landscape.'® On
their model linking changes in the MD timescale on varying the other hand, based on MD simulations mainly in the Kob—
thermodynamic conditions to those in the configurational Andersen binary Lennard—Jones (KABLJ) liquid model,"!
entropy, S The AG conception sparked off a discussion which is a simple prototypical isotropic model of supercooled
about the proper estimation of S, in the case of molecular liquid, Dyre et al.'"® showed that the structural relaxation
glass formers, which has been zconcluded in the most times 7 can be scaled with the excess entropy S, which is in
commonly accepted way by Johari,” who suggested that S.¢ excess of the ideal gas entropy S;;. This approach has made an

is the difference between the total system entropy of the melt
(S) and the vibrational contribution to the entropy (Sy)
rather from the glass than from the crystal. Over the last
decades, experimental achievements of the high-pressure
measurements of supercooled liquids have issued a chal-
lenge® ™ to the theoretical ideas earlier usually limited to the
temperature effect on MD near the glass transition. The
investigations of the dynamic and thermodynamic properties of
supercooled liquids as functions of temperature T and pressure
p (or alternatively, density p = f,(T,p)) have enabled us to gain

attempt at finding a substitute for the configurational entropy,
which cannot be evaluated based on such models that do not
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involve vibrations like the KABL]J liquid. In addition, invoking
the isomorph theory,"* which was developed and verified
mainly by exploiting simple simulation models, the attempt of
the excess entropy scaling of 7 has been even extended to some
experimental data,'” although we earlier gave evidence that the
structural relaxation times cannot be generally scaled with S,
by analyzing measurement data for several glass formers
belonging to various material groups.'” Thus, an essential
question arises as whether there are some simple models that
are able to better reflect the experimental results in simulations,
and consequently shed a new light on the relationships
between MD timescale and entropy. In this paper, we
successfully answer the question and show how molecular
interactions affect the entropy scaling.

H SIMULATION MODEL AND COMPUTATIONAL
METHODS

A promising candidate for proper reflecting and predicting the
physicochemical properties of supercooled liquids could be a
simple model of a well-defined anisotropy of molecular shapes
and intermolecular interactions, which would give an
opportunity to achieve the glass transition in the MD
simulations. Angell and co-workers'® showed that the well-
known Gay—Berne (GB) ellipsoidal model'” that satisfies the
expected anisotropic characteristics can be used to simulate the
supercooled liquid state and the glass transition at zero
pressure. Very recently, we have confirmed that the single-
component GB liquid can be supercooled and vitrified also at
elevated pressure.'® What is more, the GB supercooled liquid
systems have obeyed the power density scaling law, 7 = f,(p"/
T), with a constant value of the scaling exponent y for a given
anisotropy aspect ratio a, = (ellipsoid length)/(ellipsoid
width), which was successfully tested for a, = 1.30, 1.3,
1.40, and 1.45 by using both the translational and rotational
relaxation times (z and 7,,) determined from the MD
simulations of 1000 ellipsoidal particles in the isothermal—
isobaric (NpT) statistical ensemble along several isobars (p =
0, 0.5, 1.0, 1.5, 2.5, and 5.0 in LJ units). Therefore, the GB
supercooled liquid very well comes up to the expectations of
implementing a robust model to verify the entropy scaling
behavior near the glass transition. It should be noted that we
have established'® the translational relaxation times 7 in the
GB model from the time-dependent incoherent selfscattering
function on the assumption that F(t) = e™' at t = 7, which is
typically employed also in the analyses of simulation data
collected in simple isotropic models of supercooled liquids,
exploiting its definition,
E(t) = <$Zi1exp[iq-(ri(t) - rj(O))]>, where q is the
wave vector at the first maximum of the static structure factor,
r; and r; indicate centers of mass for particles i and j, and the
brackets < > denote the ensemble average of N particles. In
this paper, we express all considered quantities in L] units,
which are the standard units in the GB simulation model.
However, the isomorph theory units are neglected in our
analyses, which is explained the next Section.

To follow the thermodynamics procedure for calculating the
total system entropy S by using the measurement pressure—
volume—temperature (pVT) data and the experimental
isobaric heat capacity C, at ambient pressure,

5335

T
S(T, p) = S, + / C(T, p)din T
T.

T

P
- AV (T, p)/dT),d
/R< (T, p)/0T),dp "

the total system entropy at a reference state, S, = S,(T,p,) =
S(Ty(po)spo), has been assumed at the glass transition
temperature T, at zero pressure p, = O to analyze the
simulation data collected in the GB model. Such a reference
state is often used in the case of glass-forming liquids (but at
ambient pressure) instead of the melting point. To achieve a
high-quality integration over pressure in eq 1, we exploit an
equation of state originally derived to explore the volumetric
data of supercooled liquids,"* ™" which has been parametrized
by using the pVT simulation data for the GB model at each
examined anisotropy aspect ratio (eq 3 and Table 1 in ref 18.
Other details of the calculations of total system entropy values
are presented in the Supporting Information.

In addition, the thermodynamic formula for S given by eq 1
requires evaluating the temperature dependence of the heat
capacity C, at least at zero pressure in the case of the GB
model. However, the heat capacity data, which are measured
relatively easily by means of the calorimetric techniques, are
nontrivial to evaluate from simulation data in simple models in
order to properly reflect the temperature dependences of C,
near T, obtained, e.g, 2grorn the differential scanning
calorimetry measurements.”” For instance, the heat capacity
values reported™ for the KABLJ model considerably increased
with decreasing temperature, and any step-like pattern in the
temperature dependence of heat capacity, which is character-
istic for the glass transition, was not observed. To overcome
this problem, we have performed herein additional MD
simulations in the GB model near the glass transition at zero
pressure in the GB model of 1000 ellipsoids in the NpT
ensemble in an analogous way to that reported in ref 18, but
covering the temperature range every AT = 0.05 between the
temperatures 0.1 and 0.9 at zero pressure, and we applied an
accurate averaging every 200 simulation time steps At = 0.001
to determine the isobaric heat capacity C, from the variance of
enthalpy H, that is by using the typical method for evaluating
C, = (<H*> — <H>)T? k™! from MD simulations,”* where
the Boltzmann constant k = 1 in the L] units and the brackets
< > denote the ensemble average.

Bl RESULTS AND DISCUSSION

From the viewpoint of MD simulation techniques, our analysis
of the additional simulations has made progress in evaluating
the heat capacity based on simple models, because we have
been able to reproduce the step-like pattern in the temperature
dependence of C, at the glass transition as shown, e.g, for the
anisotropy aspect ratio g, = 1.30 in Figure 1. Since the
dependences C,(T) measured near the glass transition have
typically been approximated linearly in both the supercooled
and liquid states, for instance, to calculate the integral over
temperature in eq 1 in the case of supercooled liquid, we also
analyze the temperature dependences of C, determined from
our MD simulations in the GB model in such a manner, but
only in terms of the region of supercooling.

The values of parameters of the linear approximations,
C,(T) = CiT + Cy, for all examined 4, at zero pressure in the
supercooled liquid state are collected in Table 1, which is
sufficient to determine the integral with respect to temperature

https://doi.org/10.1021/acs.jpcb.3c02429
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Figure 1. Plot of the isobaric heat capacity C, per molecule versus
temperature in the GB model at zero pressure for a, = 1.30. Dashed

line is a linear approximation of the dependence C,(T) in the
supercooled liquid state. Values of its parameters are listed in Table 1.

Table 1. Values of the Parameters C; and C, of the Linear
Approximations (C,(T) = C,T + C,) Found for the
Temperature Dependences of the Isobaric Heat Capacity C,
in LJ Units per Molecule Obtained from the MD
Simulations in the GB Model for all Examined Anisotropy
Aspect Ratios a, in the Supercooled Liquid State at Zero
Pressure

in eq 1. By using the values of the parameters collected in
Table 1 for the dependence C,(T) at zero pressure and the
values of the parameters of the equation of state found by
fitting the pVT simulation data in the GB model to eq 3 in ref
18, which have listed in Table 1 in ref 18, we have found the
total system entropy according to eq 1 for each examined
anisotropy aspect ratio a, at all state points at which the
translational and rotational relaxation times have been
previously established in ref 18 for the GB supercooled liquid
systems. The obtained values of the total system entropy S for
all examined anisotropy aspect ratios are presented as functions
of the particle number volume V in Figure 2, which
qualitatively very well reproduce such dependences found
from eq 1 for measurement data of glass formers, for instance,
reported in ref 15.

In the next step, we can calculate and verify the capabilities
of the excess entropy S,, to scale the MD timescale in the GB
model near the glass transition. Based on the determined
values of the total system entropy S, we can determine the
values of the excess entropy S, = S — Sy, assuming that S4 is
the entropy of diatomic ideal gas, which is an appropriate
reference to the GB model that consists of unbounded
ellipsoidal particles. The volume dependences of the excess
entropy are shown in panels (a), (c), (e), and (g) of Figure 3,
respectively, in the order of increasing anisotropy aspect ratio
a, of the examined GB supercooled liquids. Thus, we can test
whether S, is able to scale the translational relaxation times 7

a, G Co established for these anisotropic systems in ref 18. However,
1.30 233 +£ 032 621 + 021 before all further tests, it should be emphasized that it would
1.35 2.04 + 0.32 6.59 + 021 be unjustified to use the isomorph theory units in analyzing the
1.40 1.66 + 0.47 7.02 + 033 data collected from simulations in the NpT ensemble, because
145 1.30 + 047 749 +0.33 those units have never been approved for the isothermal—
. . 14,18
isobaric ensemble. Consequently, we have not employed
those units in our analyses presented herein.
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Figure 2. Plots of the total system entropy S evaluated from eq 1 by using simulation data collected in the supercooled liquid state of the GB model
in several isobaric conditions (at pressure p = 0, 0.5, 1.0, 1.5, 2.5, and 5.0 in L] units) and four different anisotropy aspect ratios a, = 1.30, 1.35, 1.40,
and 1.45 shown in panels (a), (b), (c), and (d), respectively. V denotes the particle number volume, whereas S, = S(T,(p,),po) at zero pressure p, =
0.
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Figure 3. Plots of the excess entropy S, evaluated by using simulation data collected in the supercooled liquid state of the GB model on the
assumption of the same reference state as that used to calculate the total system entropy S in several isobaric conditions (at pressure p = 0, 0.5, 1.0,
1.5, 2.5, and 5.0 in LJ units) and four different anisotropy aspect ratios a, = 1.30, 1.35, 1.40, and 1.45 shown in panels (a), (c), (e), and (g),
respectively. Failed attempts made at scaling the translational relaxation times 7 of the GB supercooled liquid systems with the excess entropy S, for
a, = 1.30, 1.35, 1.40, and 1.4S are presented in panels (b), (d), (f), and (h), respectively. V denotes the particle number volume. Data for 7 are taken

from ref 18.
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Figure 4. Illustration of the successful scaling of the translational relaxation times 7 in the GB supercooled liquid systems with the total system
entropy S for the anisotropy aspect ratios a, = 1.30, 1.35, 1.40, and 1.45 shown in panels (a), (b), (c), and (d), respectively. V denotes the particle
number volume, whereas S, = S(T,(po),po) at zero pressure py = 0. Data for 7 are taken from ref 18.

As can be seen in panels (b), (d), (f), and (h) of Figure 3,
the attempts made herein at excess entropy scaling the
translational relaxation times 7 earlier determined in ref 18 for
the GB supercooled liquid systems have failed in the case of all
examined anisotropy aspect ratios, revealing an increasing
divergence from the scaling curve with increasing MD
timescale 7, i.e., on approaching the glass transition. Hence,
one can claim that there is no straightforward relation between

7 and S, in this simple anisotropic model of supercooled
liquid. Nevertheless, this important finding does not exhaust
the issue of the entropy scaling of MD near the glass transition
despite the fact that the GB model does not include vibrations
and we cannot examine the scaling capability of the
configurational entropy.

Taking into account all previous research conducted on the
total system entropy S of molecular supercooled liquids within
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Figure S. Density scaling plots of the total system entropy S in the GB supercooled liquid systems for the anisotropy aspect ratios a, = 1.30, 1.35,
1.40, and 1.45 shown in panels (a), (c), (e), and (g), respectively. As assumed to prepare Figures 2 and 4, S, = S(T,(p,),po) at zero pressure p, = 0.
For comparison, based on Figure 6 in ref 18, the density scaling plots of the translational relaxation times 7 in the GB supercooled liquid systems
with the same scaling exponent y for a given anisotropy aspect ratio a, are presented in panels (b), (d), (f), and (h) for a, = 1.30, 1.35, 1.40, and
1.45, respectively. Particle number density p = V' is used in all panels.

the density scaling framework by using measurement
data,">*>* one could suspect that S in the GB supercooled
liquid should obey the power density scaling law, S = f,(p"*/T),
but the scaling exponent y; should be less than y that enables
the density scaling of 7, because y, was found to be more than
two times less than y for glass-forming materials belonging to
different material groups. This additionally poses the question
why the MD timescale could not be directly scaled with the
total system entropy. However, our results presented in Figure
4 clearly show that 7 can be very well scaled with S in the GB
model in the supercooled liquid state for each examined
anisotropy aspect ratio. Seemingly, this result could have been
at odds with that experimental outcome. Nevertheless, our
further argumentation shows that the total entropy scaling of
the translational relaxation times in the explored anisotropic
simulation model enables us to gain a better insight into
molecular mechanisms that govern the scaling behavior of
entropy and MD near the glass transition.

Since we have earlier found'® that 7 = f(p’/T) and
established herein that 7 = h(S) in the GB supercooled liquid,
one can suggest that the density scaling law, S = f,(p"*/T), is
valid for the total system entropy with the scaling exponent, y,
= 7, which is the same as that for the translational relaxation
time for a given anisotropy aspect ratio in this model. Indeed,
this hypothesis finds its confirmation in the density scaling
plots presented for S in panels (a), (c), (e), and (g) of Figure
S, which are compared to the density scaling plots for 7 in
panels (b), (d), (f), and (h) of this figure.

The achieved high quality of both the density scaling
behaviors demands of us to consider their possible molecular
mechanisms and consequences for our understanding of
thermodynamics and MD of the system approaching the
glass transition. To do that it is worth invoking the already
mentioned interpretation of the configurational entropy, S .. =
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S — S,y suggested by Johari,” which implies that § = S ¢ in
the systems without vibrations. The next point consists in the
commonly assumed interpretation of the density scaling
exponent y in the case of its invariance for a given material,
which is observed for the vast majority of measurement data.
This interpretation relates the scaling exponent y to the
exponent of the dominant repulsive term (~r") in an
effective intermolecular potential valid for short intermolecular
distances r in viscous molecular systems. Additionally
considering that the molecular vibrations have been typically
modeled (in the simplest harmonic case) by a quadratic
potential (~(r — r,)*) about an equilibrium position r,, we
may claim that the GB model reveals a nature of the density
scaling of entropy near the glass transition, which also relies on
molecular interactions. This conception becomes reasonable if
we realize that such a quadratic potential is able to reduce the
effective potential exponent 3y in a manner suggested for other
potential terms in Supporting Information to ref 27, which
explains why ygs < y if we analyze the experimental data.

Bl CONCLUSIONS

Our analyses of the simulation data collected for the GB model
in the supercooled liquid state clearly show that (i) the entropy
that is in excess of the ideal gas entropy (S,,) cannot scale the
translational relaxation times 7, whereas (ii) the total system
entropy can scale the MD timescale in the GB model and the
scaling exponent y for both S and 7 is related to the same
scaling exponent of the repulsive part of the effective short-
range potential suggested to be responsible for the density
scaling. By comparing point (ii) to the previous results of the
density scaling of S determined from measurement data,'>**>°
one can conclude that the effective short-range potential that
influences the density scaling of the total system entropy S is
also affected among other interactions by intramolecular

https://doi.org/10.1021/acs.jpcb.3c02429
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vibrations and other intramolecular forces, which are
commonly regarded to contribute negligibly small to the
effective short-range potential classified as an intermolecular
potential that is relevant to the density scaling of MD
timescale. However, if a molecular system involved only
translational and rotational motions without vibrations and
other intramolecular motions, then its thermodynamics and
global relaxation dynamics relevant to the glass transition
should be governed by the same effective short-range
intermolecular potential near the glass transition as established
for the GB supercooled liquid. This nontrivial but well-
grounded conclusion has been drawn by exploiting the
simulation model characterized by a well-defined anisotropy
of the molecular shape and the intermolecular potential,
involving only the translational and rotational degrees of
freedom. Thus, our simple involvement of the molecular
anisotropy in MD leads to an entropic linkage between
thermodynamics and MD near the glass transition. However,
we show that anisotropic models depreciate the importance of
the excess-entropy scaling reported by Rosenfeld”® based on
isotropic potentials, which has been widely applied with
varying degrees of success to analyze different anisotropic
molecular systems by many authors in the hope of providing a
universal scaling picture of molecular phenomena. Instead of
this rather artificial method in the case of anisotropic systems,
we propose to simply remove the effect of irrelevant
interactions on the global MD timescale to achieve a general
relation between thermodynamics and global MD. Although
the outcome of our findings has not yet considered special
interactions such as hydrogen bonds and ionic interactions,
which may change the pattern of the density scaling behavior,*
it makes much progress toward our better understanding of
molecular mechanisms of liquid systems approaching the glass
transition and the sought-after universality of their description,
consequently increasing a credibility of theorist’s dream® '
to underlie physicochemical properties of liquids via scale-
invariant potentials.
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6. PODSUMOWANIE

Artykuly zawarte w niniejszej rozprawie doktorskiej poswiecone sg zbadaniu wplywu
anizotropii oddzialywan i anizotropii struktury na zachowanie dynamiki molekularnej
cieczy tworzacych faze szklista. Do tej pory, przyttaczajaca wigkszos¢ eksperymentow
symulacyjnych opierata si¢ na izotropowych modelach, w ktorych czasteczki sa
sferyczne. Okazuje si¢ jednak, ze wyniki te sg rozbiezne z danymi eksperymentalnymi w
sposoOb jakosciowy.

W powyzszej rozprawie wykazatem, ze stosowanie zamiast tego modeli opartych o
oddzialtywania anizotropowe, tj. oddziatywan uwzgledniajacych rotacje i ksztait molekut,
mozna uzyska¢ zgodno$¢ wynikow symulacyjnych z eksperymentem. Mowiac
szczegOtowo wykazatem, ze dane z symulacji komputerowych nie tylko odzwierciedlaja
zachowanie cieczy przechtodzonych, ale réwniez prowadzg do tych samych wnioskow,
co analizy cieczy badanych droga rzeczywistych eksperymentow. Wskazuje przede
wszystkim, ze wyktadnik skalujacy dane dynamiczne jest prawie dwukrotnie nizszy niz
ten wynikajacy z rownania stanu dopasowanego do danych wolumetrycznych. Warto$¢
wyktadnika skalujacego uzyskanego metoda korelacji wiriatu i1 energii potencjalnej
rowniez nie skaluje danych i1 nie znajduje zastosowania w przypadku cieczy
anizotropowych. Jednym z najwazniejszych wnioskdéw jest zauwazalna duza korelacja
pomigdzy anizotropig a wartoscig wyktadnika skalujagcego. Ponadto, po raz pierwszy z
sukcesem udalo si¢ wyznaczy¢ entropi¢ konfiguracyjng w anizotropowym modelu
symulacyjnym. Umozliwia to brak oddziatywan miedzymolekularnych potencjatu Gaya-
Berna. Najistotniejszym wynikiem tych badan jest wykazanie, ze entropia konfiguracyjna
rowniez podlega prawu skalowania gestosciowego, tak samo jak dynamika, tj. skaluje si¢
z tym samym wyktadnikiem. Pokazuj¢ réwniez, ze entropia nadmiarowa, jako substytut
entropii konfiguracyjnej zaproponowanej w teorii izomorfow, nie wykazuje skalowania
z tym samym wykladnikiem. Najskuteczniejsza metodg wyznaczania wspotczynnika
okazalo si¢ kryterium izochroniczne, co roOwniez potwierdza wczesniejsze wnioski z
analiz eksperymentow rzeczywistych. Wszystkie wykonane przeze mnie eksperymenty
symulacyjne prowadza do wniosku, ze anizotropia jest kluczowag wiasciwoscia

bezposrednio wplywajaca na zachowanie cieczy w procesie witryfikacji.
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8. MATERIALY DODATKOWE

Ponizej przedstawiony materiat dodatkowy stanowi uzupetnienie artykutu A2.
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SUPPORTING INFORMATION

Details of the Calculations of Total System Entropy Values

Following the procedure commonly used in the case of measurement data, to calculate
the total system entropy according to its thermodynamic formula given by eq 1 in the main part
of the article, we need to know at least the temperature dependence of the isobaric heat capacity
Cy(T) at a reference pressure and the temperature-pressure dependences of volume, V(T,p),
established from our simulation data collected in this article and our previous paper' (cited as
ref. 18 in the main part of this article) from the molecular dynamics (MD) simulations in the

isothermal-isobaric (NpT) statistical ensemble in the version of the Gay-Berne (GB) model®
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(cited as ref. 17 in the main part of this article) earlier used by Kapko et al.® (cited as ref. 16 in

the main part of this article) to simulate the glass transition at zero pressure. It can be clearly

T P
seen from the representation, AS(T,p)= _[ C,(T,p)dInT - j (GV(T ,p)]oT ),, dp, where

T, Pr

AS(T,p)=S(T,p)-S, at a reference state S,=S(7pr)=S(T¢(po),po), which has been assumed by

us at the glass transition temperature 7, at zero pressure pp = 0. Such a reference state (but at
ambient pressure) is often applied to calculate thermodynamic functions as entropy or enthalpy

by using measurement data.

In the main part of the article, we show that we can linearly approximate the temperature
dependence Cy(T,pr) = CiT + Cp in the supercooled liquid state in the GB simulation model,
which is a common procedure for experimental data obtained from differential scanning
calorimetry measurements of various materials near the glass transition. In the main part of the
article, there are details of MD simulations performed for four anisotropy aspect ratios a, =
(ellipsoid length/ellipsoid width) = 1.30, 1.35, 1.40, and 1.45 to find the heat capacity data C,
in the GB model near the glass transition at zero pressure p- = 0 as well as values of the
parameters C; and Cy of its linear approximation in the supercooled liquid state (see Table 1 in
the main part of this aritcle). It is worth noting that the linear representation of Cy(7,p,) enables
to derive analytically the indefinite integral with respect to temperature, which underlies the

heat capacity contribution to the total system entropy as follows,
IC[,(T,pr)dlnT=C1T+C01nT+const (S1)

However, the pressure-volume-temperature (pVT) data needed to calculate the
volumetric contribution to the total system entropy has been established earlier from our MD
simulations in the GB model carried out in the NpT ensemble for four anisotropy aspect ratios

ar = 1.30, 1.35, 1.40, and 1.45 near the glass transition that has been detected from the pVT
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simulation data. We have explored 6 isobars at pressures p =0, 0.5, 1.0, 1.5, 2.5, 5.0 in LJ units
in the temperature range 0.2 < T < 0.9 also in the LJ units by performing the MD simulations
in the state points at 7> 0.5 every 0.1 LJ temperature unit and every 0.025 LJ temperature unit
at 7 < 0.5 along each isobar, which enabled us to determine accurately the glass transition
temperature at each pressure, and then to identify the 7-p domain of the supercooled liquid state
in the GB model (see Figure 1 in ref. 1 cited as ref. 18 in the main part of this article). To satisfy
the thermodynamic conditions in the NpT ensembles, we have used the standard Nosé-Hoover
thermostat and barostat, the relaxation times of which have been set to 1.0 and 0.1, respectively.
In the MD simulations, a known leap-frog algorithm has been employed at the timestep

Ar =0.001 in LJ units and the cutoff radius for interactions 7., = 3.2 in LJ units. After at least

cut
10° timesteps of equilibration runs, the simulation runs appropriate for determining physical
quantities used in further analyses ranged from 10° to above 10® timesteps, depending on the
state point. The longer simulations were necessary to achieve reliable results as the liquid
approached the glass transition. It is worth noting that we have collected the simulation
relaxation data and volumetric data at the same state points, and the equilibrium MD
simulations have enabled us to determine properly the translational and rotational relaxation
times in the supercooled liquid state in the GB model,' which is also briefly descripted in the
main part of this article. However, the simulation volumetric data V(7,p) found in the GB
supercooled liquid state has been parametrized by using an equation of state (EoS) well
designed by some of us* (ref. 19 in the main part of this article) to describe pVT data of

supercooled liquids,

7/EOS Uy kos
VT, p)=V (T, p)| 1+-L25—(p-p, , S2
(T,p)=V( p){JrBT(pO)(p p)} (S2)

where the exponent v, ¢ is a fitting parameter, and the following temperature functions are

applied to parametrize the volume and isothermal bulk modulus at the state points (7,p,),
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V(Tspo):A0+A1(T_]:))+A2(T_Jz))2 and BT(po):boeXp[_bl(T_Z))]’ Whereboan,(po)>

b=—0WmB.(T,p,)/oT|,_, . 4 =V(T,.p,), 4 =0V(T,p,)/oT] 4 :(1/2)62V(T,p0)/8T2|

=T’ T=T,

are fitting parameters, and (7;, p,) is a fixed reference state point chosen at p,=0 and the glass
transition temperatures, T, =T, ( pO). By fitting the simulation temperature-pressure

dependences of the particle number volume to eq S2, we have established the values of the
EoS fitting parameters,’ which have been collected in Table 1 in ref. 1 cited as ref. 18 in the
main part of this article, where the same symbols of the EoS parameters have been used as those

in eq S2.

As shown in eq S1, one can easily calculate analytically the indefinite integral with
respect to temperature, which contributes to the total system entropy. Although the EoS given

by eq S2 is relatively complicated, it has turned out that the other contribution to the total system

entropy S, which is the indefinite integral with respect to pressure, J(@V(T ,p)]oT )p dp, can be

also derived analytically as follows,

(or(x.pyer), =1+ L P T (p—po)} {Al +24,(1 1)

A(T-T T-T) )b b(T-T
(AO+ T+ A 0))lexp[ ! 0)]( —po)} (S3)

bo + 7 ros (p—po)exp[bl(T—TO)]
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~1/¥gos

_CXP(_b1T) 1+7Eos exp[bl(T_EJ)](p_po)

Yeos —1 b,

[(ev(,pyjor), dp=

X {Aob1 (bo exp(bT,)+(p —po)exp(b,T))
-4 [(p_po)(VEOS -b (T_To))eXp(blT)'l"bo (1_b1 (T—To))exp(b%ﬂ

4, (T_]:))[(Q%OS_bl(T—TO))(p—po)exp(blT)+bO(2—b1 (T—TI)))GXP(Z%TO)J } (S4)

The analytical formula for the total system entropy S enhances the accuracy of our
analyses that rely on both the total system entropy and the excess entropy Sex, because the latter
is defined by the difference, Sex = S — Siz , where Sis has been assumed herein as the entropy of
the diatomic ideal gas. Such an ideal gas constitutes the appropriate reference compared to the

ellipsoidal particles of the GB model, which has been argued in the main part of this article.
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