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1. Wstep

Rotory molekularne od kilku dekad stanowig istotny przedmiot badan w kontekscie
projektowania nanoskalowych uktadéw dynamicznych i elementéw przyszlych maszyn
molekularnych. Wraz z postepujaca miniaturyzacjg elektroniki oraz robotyki w ostatnich latach
coraz czgsciej podnoszony jest temat wykorzystania pojedynczych molekut jako rozwigzanie
problemu limitu klasycznego podejscia do urzadzen mechanicznych. Dodatkowo rosnaca
liczba publikacji $wiadczy o wzrodcie zainteresowania tym aspektem  ws$rod
fizykow, chemikow oraz inzynierow, ktorzy zglebiaja mechanizmy powstawania
1 kontrolowania rotacji molekularnej (/-6).

W zalezno$ci od stanu materii rotacja molekularna przyjmuje zasadniczo odmienne formy.
W  cieczach, w ktorych oddzialywania miedzyczasteczkowe ulegaja nieustannym
fluktuacjom, obrot catych molekut lub ich wybranych fragmentow moze zachodzi¢ stosunkowo
swobodnie i szybko. Sytuacja ulega istotnej zmianie w cieczy przechlodzonej, gdzie wraz
z obnizaniem temperatury dochodzi do silnego spowolnienia dynamiki rotacyjnej (7).
W wyniku braku dalekosi¢znego uporzadkowania krystalicznego ruch obrotowy nie zanika
spontanicznie, lecz staje si¢ coraz wolniejszy 1 bardziej heterogeniczny przestrzennie i czasowo
(8, 9). Co wigcej, w poblizu temperatury zeszklenia (T) dynamika orientacyjna catych molekut
zostaje silnie spowolniona i osiaga skale wykraczajaca poza okna pomiarowe dostgpnej
aparatury eksperymentalnej. W stanie szklistym, mimo makroskopowego ,,zamrozenia”
struktury, niektore stopnie swobody rotacyjnej mogg nadal pozostawac aktywne. Dotyczy to
zwlaszcza niewielkich grup bocznych, fragmentow o budowie sprzyjajacej reorientacji lub
elementow osadzonych w relatywnie swobodnym otoczeniu energetycznym (/0). Ich ruch ma
zwykle charakter lokalny, aktywowany termicznie i skokowy, a obserwowane procesy sg czesto
interpretowane w kategoriach pokonywania barier potencjatu pomiedzy minimami
energetycznymi (/1, 12). Z tego wzgledu szklo nie powinno by¢ traktowane jako uktad
calkowicie statyczny, lecz raczej jako o$rodek, w ktorym globalna sztywno$¢ moze
wspotistnie¢ z ograniczona, lecz mierzalng dynamikag wewnatrzczasteczkowa.

Podczas obnizania temperatury alternatywnie do metastabilnego szkta uktad moze przyjaé
forme krysztatu, czyli stanu rownowagowego o wysoce uporzadkowanej strukturze. Taki stan
materii zazwyczaj wigze si¢ z faktem, ze dynamika orientacyjna molekut zostaje catkowicie
zatrzymana przez silne oddzialywania z sgsiednimi czasteczkami. Istniejg jednak pewne

unikalne odmiany krysztalow, ktore tacza cechy porzadku i ruchu.



Szczegoblnie interesujgcg klase materialdw stanowig opisane na poczatku XXI wieku przez
M. A. Garcia-Garibaya krysztaly amfidynamiczne (/3). Molekuty tworzace taka faz¢ mozna
podzieli¢ na dwie podjednostki - nieruchomy stator i dynamiczny rotor. Stator odpowiada za
utrzymanie uporzadkowania krystalicznego, natomiast rotor zachowuje zdolnos¢ do termicznie
aktywowanej reorientacji. O mozliwo$ci wystgpienia rotacji decyduje nie tylko sama budowa
chemiczna rotora, lecz rowniez lokalna wolna objeto$¢, geometria statora, gestosé
upakowania, jak rowniez charakter oddziatywan miedzyczasteczkowych (5, 6). Taka sytuacja
sprawia, ze krysztaly amfidynamiczne sg wyjatkowo atrakcyjne z punktu widzenia badan
podstawowych, poniewaz umozliwiaja analiz¢ ruchu obrotowego w  dobrze
zdefiniowanym, homogenicznym $rodowisku, a zarazem oferuja mozliwo$¢ projektowania
materiatdéw o kontrolowanych wlasciwosciach dynamicznych.

W literaturze opisano kilka gléwnych strategii  projektowania  krysztalow
amfidynamicznych. W jednych ukfadach swoboda rotacji uzyskiwana jest dzigki obecnosci
rozbudowanego statora, ktory ostania rotor i tworzy wokot niego lokalna, wolng objetos¢ (6,
14—19). W innych przypadkach kluczowe znaczenie ma luzniejsze upakowanie czasteczek lub
obecno$¢ porow, jak w niektorych strukturach typu MOF (ang. metal-organic framework) (20—
23). Odrebng grupe stanowia kokrysztaty i uktady supramolekularne, w ktorych dynamika
rotacyjna jest regulowana przez sie¢ oddzialywan niekowalencyjnych (24, 25). Pomimo
znacznego postepu w projektowaniu krystalicznych rotor6w molekularnych nadal istotnym
problemem pozostaje okreslenie, w jaki sposob uporzadkowane otoczenie krystaliczne wptywa
na parametry wewnetrznej rotacji. Wigkszos¢ dotychczasowych strategii koncentrowata si¢ na
modyfikacji architektury statora i/lub rotora w celu zapewnienia odpowiedniej wolnej objetosci
oraz ograniczenia niekorzystnych kontaktow sterycznych. Znacznie stabiej poznanym
zagadnieniem jest natomiast mozliwos¢ kontrolowania dynamiki rotacji poprzez zmiang
sposobu upakowania tych samych czasteczek w réznych formach krystalicznych. Z tego
wzgledu szczegolnie interesujgce staje si¢ badanie zjawiska polimorfizmu jako narzedzia
modyfikowania lokalnego krajobrazu barier energetycznych bez konieczno$ci zmiany budowy
chemicznej molekuty. Korzysci wynikajace z takiego podejscia w swoich teoretycznych
rozwazaniach wskazal M. A. Garcia-Garibay ponad 20 lat temu. Jednak pomimo uptywu wielu
lat wcigz brakuje systematycznych badan eksperymentalnych, ktére bezposrednio wigzatyby
polimorfizm z modyfikacjg bariery rotacji w krysztatach amfidynamicznych (73).

W badaniach dynamiki rotacji standardowg praktyka jest wykorzystywanie spektroskopii
magnetycznego rezonansu jadrowego (NMR — ang. nuclear magnetic resonance). Technika ta

umozliwia bezposrednia i lokalnie selektywna obserwacje ruchu rotorow. W szczegdlnosci
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JHNMR w ciele stalym znalazl szerokie zastosowanie w badaniach dynamiki
amfidynamicznych krysztatéw 1 ukladow amorficznych (4, 26-28). Nalezy jednak
podkresli¢, ze metoda ta charakteryzuje si¢ stosunkowo niewielkim zakresem badanych
czestotliwosci, obejmujacym zazwyczaj przedzial okoto 10° - 107 Hz (15, 26). Ograniczenie to
staje si¢ szczegdlnie widoczne w pordwnaniu z szerokopasmowg spektroskopia dielektrycznag
(BDS - ang. broadband dielectric spectroscopy), ktéra umozliwia badanie procesow
relaksacyjnych w wyjatkowo szerokim zakresie czestotliwosci, bo siegajacym az 18 rzedow
wielkosci (26, 29). Najczgsciej badany zakres przy uzyciu popularnych analizatorow
(np. Alpha-A firmy Novocontrol) miesci si¢ w przedziale od 10% do 107 Hz, lecz przy
zastosowaniu odpowiednich technik wysokoczgstotliwosciowych mozliwe jest rozszerzenie
tego zakresu az do 10'2 Hz (29, 30). Co istotne, kluczowym warunkiem, aby zaobserwowaé
ruch orientacyjny za pomoca techniki BDS jest zmiana momentu dipolowego podczas jego
zachodzenia. To implikuje mozliwo$¢ badania wylacznie polarnych rotorow. Do tej pory
spektroskopia dielektryczna byta bardzo rzadko wykorzystywana w badaniach rotacji
w amfidynamicznych krysztatach, o czym $wiadczy obecno$¢ tylko kilku artykutéw
naukowych, w ktorych badacze wykorzystali te technike (22, 37-35).

Na tle opisanych w literaturze typow krysztatdéw amfidynamicznych badane w niniejszej
rozprawie czasteczki reprezentujg szczegolnie interesujacy wariant architektury molekularne;.
Nie sg to klasyczne uktady, w ktorych rotor jest catkowicie ostonigty przez rozbudowang rame
statora, ani struktury porowate typu MOF, w ktorych ruch zachodzi w relatywnie duzych
kanatach lub wngkach. W analizowanych zwigzkach rotujacy pierscien fenylowy z polarnym
podstawnikiem jest potaczony jednostronnie z masywnym, stabo polarnym rdzeniem
peligcym funkcje statora. Obecnos¢ donora momentu dipolowego w rotujacym fragmencie
badanych przeze mnie molekul pozwolita wykorzysta¢ BDS jako gtéwna technike badawcza.
W tej roli wykorzystano atom fluoru lub grupg trifluorometylowa, ktore zostaty podstawione w
pozycji orto, meta lub para. Architektura czasteczki sprawia, ze rotor zachowuje pewien
stopien swobody orientacyjnej, ale jednoczes$nie pozostaje silnie narazony na lokalne
oddziatywania z sgsiednimi czasteczkami. Ponadto niezwykle interesujacy jest fakt, ze niektore
wykorzystywane przeze mnie molekuly maja zdolno$¢ do tworzenia roéznych odmian
polimorficznych. W zwiazku z tym uklady te stanowig dogodny model do okreslenia, w jaki
sposob upakowanie krystaliczne 1 specyficzne kontakty migdzyczasteczkowe wplywaja na
bariere oraz mechanizm rotacji.

Ponadto dzigki obecnosci dwoch tancuchow alkilowych przytaczonych do rdzenia, badane

przeze mnie molekuly charakteryzuja si¢ réwniez dosy¢ dobrg zdolnos$cig do tworzenia fazy
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szklistej. W polaczeniu z wydhuzonym ksztaltem molekut stwarza to mozliwo$¢ badania
wplywu anizotropii oraz orientacji momentu dipolowego czasteczek cieczy szklotworczych na
ich relaksacj¢ strukturalng. Dzigki precyzyjnemu umiejscowieniu polarnego podstawnika
mozliwe jest selektywne probkowanie reorientacji molekularnej wzgledem wybranych osi
molekuty, tj. osi dlugiej i/lub krotkie;j.

Przedstawione zagadnienia pokazuja, ze dynamika molekularna w ukladach
uporzadkowanych 1 amorficznych jest kontrolowana przez wlasciwosci budowy chemicznej
czasteczki, jej lokalne otoczenie oraz charakter oddzialywan miedzyczasteczkowych. W
przypadku krysztatow amfidynamicznych szczegolnie istotne jest okreslenie, w jaki sposob sie¢
krystaliczna, zwykle utozsamiana z ograniczeniem ruchu, moze jednocze$nie umozliwiaé
i modyfikowa¢ lokalng rotacj¢ wybranych fragmentow molekuty. Z kolei w fazach cieczy
przechtodzonej 1 szklistej analiza procesOw relaksacyjnych pozwala powigza¢ architekture
czasteczki oraz orientacj¢ momentu dipolowego z charakterem relaksacji strukturalnej
i drugorzedowej. Szerokopasmowa spektroskopia dielektryczna, dzieki swojej czulosci na
fluktuacje momentu dipolowego oraz szerokiemu oknu czestotliwo§ciowemu, stanowi

szczegOlnie uzyteczne narzedzie do badania obu tych problemow.

Celem niniejszej rozprawy doktorskiej pt. ,,Obraz dynamiki reorientacyjnej duzych i
anizotropowych molekul w stanie krystalicznym i amorficznym na podstawie badan

spektroskopia dielektryczng” byto:

e okreslenie wplywu miejsca podstawienia atomu fluoru w rotorze fenylowym na
wysoko$¢ bariery rotacji i1 charakter odpowiedzi dielektrycznej w krysztale
amfidynamicznym

e 7zbadanie wpltywu sposobu upakowania czasteczek w roéznych odmianach
krystalicznych na warto$¢ energii aktywacji dla wewngtrznej rotacji

e ustalenie, w jaki sposob ksztalt czasteczki oraz orientacja momentu dipolowego
wzgledem osi molekularnych wptywaja na ksztatt procesu relaksacji strukturalnej

w stanie cieczy przechlodzonej

Wyniki moich badan zostaly opublikowane w uznanych czasopismach naukowych jako
cigg tematycznie spoOjnych artykutow naukowych, ktore stanowig niniejsza rozprawe

doktorska:
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(MNiSW: 140 p., IF: 4,1)

Uzupehieniem dorobku naukowego zwigzanego z realizacja doktoratu s3 roéwniez
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B3. J. Grelska, K. Grzybowska, A. Blazytko, K. Jurkiewicz & S. Pawlus. Temperature
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alcohols. Journal of Molecular Liquids, 414 (2024).
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B5. M. Rams-Baron, A. Btazytko, R. Casalini & M. Paluch. Resolving the Arrhenius
Paradox by Isochoric Analysys of Rotational Barriers in Molecular Glasses. Physical
Review Letters. 136 (18), 188202 (2026). DOI: 10.1103/jpnz-xfbj. (MNiSW: 200 p.,
IF: 8,5)
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2.Omowienie artykutéw naukowych

2.1 Analiza wpltywu otoczenia molekularnego na parametry rotacji
wewnetrznej za pomocg spektroskopii dielektryczne;j

W pracy Al wykazano, ze szerokopasmowa spektroskopia dielektryczna stanowi
wyjatkowo uzyteczne narzedzie do badania rotacji molekularnej w uktadach zawierajacych
polarne rotory. Opracowana zostala cala metodologia umozliwiajaca powigzanie
makroskopowej odpowiedzi dielektrycznej z mikroskopowymi wiasciwosciami rotacji
w krysztale amfidynamicznym. Pozwolita ona uzyska¢ informacje nie tylko o czasie relaksacji
1 wysoko$ci bariery rotacji, ale takze o charakterze oddziatywan rotora z sgsiednimi
molekutami.

W badaniach wykorzystano seri¢ pokrewnych molekut zbudowanych z duzego, stabo
polarnego statora oraz matego polarnego rotora fenylowego polaczonego ze szkieletem
mostkiem acetylenowym (C-C=C-C). Jako rotujace jednostki zastosowano: 2-fluorofenylen, 3-
fluorofenylen, 2,3-difluorofenylowy oraz niepolarny fenylen, oznaczone odpowiednio jako M-
ortho-F, M-meta-F, M-2F oraz M-Ph [A1 rysunek 1]. Tak zaprojektowany zestaw molekut
umozliwil pordwnanie wptywu potozenia i liczby atomoéw fluoru na dynamike rotacyjng przy
zachowaniu bardzo zblizonej architektury statora.

Dla wszystkich polarnych zwigzkéw zaobserwowano wyrazne maksimum strat
dielektrycznych przypisane reorientacji fragmentu fluorofenylowego. Szczegdlnie wyrozniat
si¢ uktad M-meta-F, dla ktorego stwierdzono najszybsza rotacj¢ i najnizsza barierg aktywacji.
Wyznaczone energie aktywacji wyniosty 6,06 = 0,03 kcal/mol (25,36 + 0,13 kJ/mol) dla M-
meta-F, 9,57 + 0,03 kcal/mol (40,03 + 0,13 kJ/mol) dla M-2F oraz 11,84 + 0,06 kcal/mol
(49,54 = 0,25 kJ/mol) dla M-ortho-F [A1 tabela 1]. Dla M-meta-F zaobserwowano ponadto
odmienny przebieg zmian amplitudy maksimum strat dielektrycznych  wraz
z temperaturg - przy obnizaniu temperatury amplituda rosla, podczas gdy dla dwodch
pozostatych rotorow malata [A1 rysunek 2a, b, c]. Oznaczalo to, Ze badane uktady reprezentuja
dwa rozne wzorce odpowiedzi dielektrycznej, odpowiadajagce dwdm ré6znym typom krajobrazu
potencjatu rotacyjnego. Do interpretacji tych wynikéw zastosowano model asymetrycznej
podwojnej jamy potencjatu (ADWP — ang. asymmetric double-well potential). Analiza
wykazata, ze rotacja w M-meta-F zachodzi w potencjale niemal symetrycznym, dla ktorego

parametr asymetrii A przyjmuje warto$¢ 0,51 + 0,01 kcal/mol (2,13 + 0,04 kJ/mol), natomiast
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dla M-2F i M-ortho-F potencjatl jest wyraznie bardziej asymetryczny, a wartosci parametru A
wynosza odpowiednio 1,38 £+ 0,02 kcal/mol (5,77 £ 0,08 kJ/mol) oraz 1,70 £+ 0,06 kcal/mol
(7,11 £ 0,25 kJ/mol) [A1 tabela 2]. Uzyskano wigc spdjny obraz, w ktorym niskiej barierze
rotacji odpowiada potencjal bliski symetrycznemu, natomiast wyzsze bariery zwigzane sg
z wigkszg nierbwnowaznoscig energetyczng dostgpnych orientacji. W konsekwencji
wykazano, ze sama ewolucja amplitudy procesu dielektrycznego moze stanowi¢ wskaznik
asymetrii potencjatu rotacyjnego.

Istotnym elementem pracy byto rowniez porownanie zachowania tych samych uktadow
w stanie szklistym. Po zeszkleniu obserwowane w krysztale r6znice ulegly znacznemu zatarciu.
Energie aktywacji procesu B, przypisanego rotacji fluorofenylenu, staty si¢ bardzo zblizone
i wyniosty 12,37 £+ 0,16 kcal/mol (51,76 + 0,67 kJ/mol) dla M-ortho-F, 11,58 + 0,21 kcal/mol
(48,45 + 0,88 kJ/mol) dla M-meta-F oraz 11,40 + 0,17 kcal/mol (47,70 £+ 0,71 kJ/mol) dla M-
2F [Al tabela 1]. Rowniez parametry asymetrii potencjalu z modelu ADWP okazaly si¢
podobne dla wszystkich trzech rotorow. Wynik ten miat zasadnicze znaczenie
interpretacyjne, poniewaz wskazal, ze roznice obserwowane w stanie krystalicznym nie
wynikaja wylacznie z budowy chemicznej samego rotora, lecz przede wszystkim
z uporzadkowanego $rodowiska krystalicznego 1 z obecnych w nim specyficznych oddziatywan
miedzyczasteczkowych.

Badania strukturalne umozliwily bezposrednie powigzanie wtasciwosci dynamicznych
z typem kontaktow migdzyczasteczkowych. Wykazano, ze w krysztale M-meta-F preferowane
sg kontakty rotor-rotor, a taka organizacja sprzyja bardziej niezaleznej i niskobarierowej rotacji.
Dla M-ortho-F obecne s3 natomiast kontakty rotor-stator, ktore zwigkszajg barier¢ ruchu
1prowadzg do wzrostu asymetrii potencjalu, natomiast w M-2F wspotistniejg oba typy
oddziatywan [A1 rysunek 4]. Otrzymany obraz strukturalny dostarczyt zatem molekularnego

uzasadnienia dla dwoéch zidentyfikowanych wzorcoOw odpowiedzi dielektryczne;.

2.2 Modyfikacja dynamiki rotacji poprzez manipulacj¢ strukturg
krystaliczng

W pracy A2 podjeto zagadnienie wplywu polimorfizmu krystalicznego na dynamike
rotacji w krysztatach amfidynamicznych. Punktem wyjscia byto zalozenie, ze wlasciwosci
rotacyjne nie musza by¢ ksztaltowane wylacznie przez projektowanie nowych struktur

chemicznych, lecz mogg by¢ rowniez modulowane poprzez zmian¢ sposobu upakowania tych
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samych czasteczek w sieci krystalicznej. Celem badan bylo wiec ustalenie, w jakim stopniu
niewielkie zmiany geometrii upakowania w roznych polimorfach jednego zwiazku wplywaja
na wysoko$¢ bariery rotacji fluorofenylowego rotora. Tym samym praca stanowila probe
wykazania, ze polimorfizm moze zosta¢ wykorzystany jako narzedzie inzynierii rotacji
molekularnej w ciele statym.

W badaniach wykorzystano dwa zaprojektowane wczes$niej uktady amfidynamiczne
zawierajace duzy, sztywny i stabo polarny stator oraz rotor fluorofenylowy polaczony ze
szkieletem pojedynczym wigzaniem C-C. Analizie poddano dwa izomery: M-meta-
F, zawierajacy rotor 3-fluorofenylowy, oraz M-ortho-F, zawierajacy rotor 2-fluorofenylowy.
W odréznieniu  od  wczesniejszych molekul opartych na mostku acetylenowym
(wykorzystanych w pracy Al), w tej pracy zastosowano pojedyncze wigzanie laczace rotor ze
statorem, co obnizylo swobode ruchu, lecz umozliwito uzyskanie réznych form
polimorficznych.

W pierwszym etapie wykazano, ze oba badane zwiazki przechodza w stan szklisty
i charakteryzuja si¢ identyczng temperaturg zeszklenia réwng Ty =313 = 1 K [A2 rysunek 1a].
Nastepnie, poprzez zastosowanie dwoch odmiennych protokotéw rekrystalizacji z cieczy
przechtodzonej, uzyskano rézne polimorfy obu izomerdéw, co potwierdzono dzigki badaniom
za pomocg skaningowej kalorymetrii roznicowej (DSC — ang. differential scanning
calorimetry) oraz dyfrakcji rentgenowskiej (XRD — ang. X-Ray diffraction) [A2 rysunek 2].

W stanie szklistym energie aktywacji procesu B byly do siebie zblizone i wyniosty
45,20+ 0,72 kJ/mol dla M-meta-F oraz 47,1 + 0,58 kJ/mol dla M-ortho-F. W stanie
krystalicznym roznice okazaly si¢ jednak bardzo duze. Dla M-meta-F po rekrystalizacji
z uzyciem S$ciezki I otrzymano polimorf 1a charakteryzujacy si¢ barierg rotacji w wysokosci
83,32 + 0,65 kJ/mol. Natomiast po rekrystalizacji z uzyciem $ciezki Il zidentyfikowano dwa
procesy relaksacyjne: wolniejszy, ktorego energia aktywacji wynosi 85,00 + 0,42 kJ/mol oraz
szybszy 1 dominujacy o barierze wynoszacej 58,26 £ 0,08 kJ/mol. Dzigki dodatkowym
badaniom przy pomocy DSC oraz XRD stwierdzono, ze po $ciezce Il otrzymano mieszaning
dwoch odmian krystalicznych: polimorfa la oraz polimorfa 2a. Dla M-ortho-F polimorf 1b
charakteryzowat si¢ barierg 86,47 + 0,08 kJ/mol, podczas gdy dla polimorfu 2b uzyskano
znacznie wyzszg warto$§¢ 128,49 + 2,66 kJ/mol [A2 rysunek 3]. Oznacza to, ze sama
reorganizacja molekut w krysztale prowadzita do bardzo wyraznej zmiany dynamiki rotacji.

Analiza strukturalna dostarczyla molekularnego uzasadnienia tych roznic, gdyz
wykazano, ze podstawowym czynnikiem determinujagcym wysokos$¢ bariery rotacji jest liczba

i geometria kontaktow typu C-H---F pomiedzy rotorem a jego otoczeniem. W przypadku M-
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meta-F sltabsze i1 rzadsze oddziatywania rotor-stator (polimorf 2a) sprzyjaja nizszej barierze,
natomiast obecno$¢ zarowno kontaktow rotor-rotor, jak i rotor—stator (polimorf 1a) prowadzi
do jej wzrostu. Dla M-ortho-F, ze wzgledu na geometri¢ fluorofenylowego fragmentu,
dominujg  silniejsze  oddziatywania  rotor-stator, w  tym  rowniez  kontakty
wewnatrzczasteczkowe, co skutkuje najwyzszymi barierami rotacji, szczegdlnie w polimorfie
2b [A2 rysunek 4].

Te nowatorskie wyniki wskazuja, ze polimorfizm moze peli¢ funkcje narzgdzia
kontroli dynamiki molekularnej w krysztatach amfidynamicznych. W przeciwienstwie do
klasycznego podejscia, opartego na modyfikacji chemicznej rotora lub statora, zaprezentowane
wyniki pokazuja, ze poréwnywalny efekt dynamiczny mozna uzyskaé poprzez zmiang

organizacji tych samych czasteczek w sieci krystaliczne;.

2.3 Znaczenie ksztattu czasteczki i orientacji momentu dipolowego w
dynamice cieczy szklotwoérczych

Trzecia praca rozszerza analiz¢ dynamiki rotacyjnej z lokalnej reorientacji fragmentu
molekularnego w fazie krystalicznej na reorientacj¢ catych anizotropowych czasteczek w stanie
cieczy przechlodzonej. Celem artykutu A3 bylo okreslenie, w jaki sposdb zmiana polozenia
grupy trifluorometylowej, prowadzaca do modyfikacji geometrii molekuty oraz kierunku
wektora momentu dipolowego, wplywa na relaksacje¢ strukturalng oraz kooperatywny charakter
dynamiki molekularnej. Przedmiotem badan byty trzy izomery strukturalne oznaczone jako
ortho-CF3, meta-CF3 oraz para-CF3 [A3 rysunek 1]. Tak zaprojektowana seria zwigzkow
pozwolita wyeliminowa¢ wpltyw masy 1 sktadu chemicznego, a tym samym bezposrednio
oceni¢ znaczenie geometrii czasteczki oraz orientacji momentu dipolowego dla dynamiki
molekularne;.

W pierwszym etapie przeprowadzono charakterystyke termiczng badanych uktadow
z wykorzystaniem rdznicowej kalorymetrii skaningowej. Wykazano, ze pomimo identycznego
sktadu chemicznego badane izomery ro6znig si¢ temperaturg topnienia, temperaturg zeszklenia
oraz zdolno$cig do rekrystalizacji ze stanu amorficznego [A3 rysunek 2].

Zasadnicza cze$¢ pracy stanowila analiza widm szerokopasmowej spektroskopii
dielektrycznej w stanie cieczy przechtodzonej. Dla wszystkich izomerow zaobserwowano
proces relaksacji strukturalnej, ktéry jest zwigzany z reorientacja calych czasteczek

[A3 rysunek 3]. Stwierdzono jednak, ze ksztaltt maksimum strat dielektrycznych jest silnie
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zalezny od potozenia grupy -CF3 oraz od wzglednych warto$ci podtuznej i poprzecznej
sktadowej momentu dipolowego. W przypadku izomeru para-CF;, dla ktérego moment
dipolowy jest zorientowany niemal rownolegle do dlugiej osi molekuly, widmo relaksacyjne
charakteryzowalo si¢ najwezszym maksimum strat dielektrycznych (Bxww = 0,71). Odmienny
charakter odpowiedzi dielektrycznej zaobserwowano dla izomeru meta-CF3;. W wysokich
temperaturach relaksacja strukturalna tego zwigzku miata charakter bimodalny, co
zinterpretowano jako przejaw rozdzielenia czaséw relaksacji wzgledem dhugiej 1 krotkiej osi
molekularnej. Wynik ten miat kluczowe znaczenie, poniewaz wykazat, ze mozliwym jest
obserwowaé przy pomocy spektroskopii dielektrycznej poszczegdlne sktadowe ruchu wokot
r6znych osi molekularnych. W poblizu przejscia szklistego oba procesy relaksacyjne ulegty
stopniowemu scaleniu w jedno maksimum strat dielektrycznych, ktérego warto§¢ parametru
Bxww wynosi 0,58. W przypadku izomeru ortho-CF3; nie zaobserwowano tak wyraznego
rozdzielenia procesOw relaksacyjnych, jednak poszerzenie a-relaksacji wskazywalo na udziat
wiecej niz jednej sktadowej reorientacyjnej (Bxkww = 0,51) [A3 rysunek 4].

Uzupemnieniem badan prowadzonych w cisnieniu atmosferycznym byly pomiary
dielektryczne w warunkach podwyzszonego ci$nienia. Wykazano, ze wszystkie badane uktady
charakteryzuja si¢ bardzo duza wrazliwoscig temperatury zeszklenia na cis$nienie. Wartosci
wspotczynnika dTe/dP wynosity 0,387 K/MPa dla para-CF3, 0,332 K/MPa dla meta-CF3 oraz
0,326 K/MPa dla ortho-CF; [A3 rysunek 7]. Na podstawie danych wysokoci$nieniowych
wyznaczono rowniez objetosci aktywacji w temperaturze zeszklenia. Otrzymane warto$ci
wynosily 735 cm®/mol dla para-CF3, 648 cm?/mol dla meta-CF3 oraz 624 cm?/mol dla ortho-
CFs. Szczegodlnie wysoka warto$¢ uzyskana dla para-CF3 wskazuje, ze wigksze wydtuzenie
czagsteczki prowadzi do wzrostu objetosci niezbednej do realizacji kooperatywnej reorientacji.
W koncowej czesci pracy okreslono stopien kooperatywnosci dynamiki w poblizu temperatury
zeszklenia, wykorzystujac podej$cie Dontha oparte na analizie danych uzyskanych przy uzyciu
temperaturowo modulowanego DSC [A3 rysunek 10]. Liczba dynamicznie skorelowanych
czasteczek wynosila 55 dla para-CF;, 44 dla meta-CF3 oraz 35 dla ortho-CF3. Wartosci te s
nizsze niz typowo obserwowane dla wielu klasycznych cieczy szklotworczych, co powigzano
z duzym rozmiarem badanych molekul. Dodatkowo przeanalizowano zalezno$¢ pomigdzy
objetosciag aktywacji a promieniem korelacji, charakteryzujagcym przestrzenny zasieg
kooperatywne] dynamiki w poblizu temperatury zeszklenia [A3 rysunek 11]. Poréwnanie
uzyskanych w tej pracy wynikow z zaproponowang korelacja wykazato, ze badane izomery

rozszerzaja zakres jej stosowalno$ci na skrajne przypadki duzych molekut szktotworczych.
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Mimo ze analizowane uktady charakteryzuja si¢ szczegdlnie duzymi wartoSciami objetosci
aktywacji, ich zachowanie pozostaje zgodne z liniowg zalezno$cig wyznaczong wczesniej dla

innych klas cieczy szktotworczych.
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Abstract

CrossMark

The future development of advanced molecular systems with controlled rotation requires the
development of an effective methodology for assessing the rotational performance of antificial
machine components. We identified two patterns of the dielectric behavior for polar rotators in a
static non-polar framework of sizable crystal showing relations between the spectral and
molecular-level features of solid-state rotary motion. Various functionalization of phenylene
rotors with a fluorine atomis) changed rotational performance from high to low with rotational
barriers ranging from 6.06 to 11.84 keal mol ' The meta-F-substitution favored rotator-rotator
contacts allowing for the implementation of fast rotary motion. Contrary, the presence of
rotator-stator contacts inhibited independent rotator dynamics leading to opposite spectral
behavior in terms of temperature evolution of loss peak amplitude. Our observations, supported
by an analysis based on an asymmetric double well-potential model, show that easily noticeable
spectral differences encoded some molecular-level information important for the

implementation of rotary motion.

Supplementary material for this article is available online

Keywords: dielectric spectroscopy, polar rotor, internal rotation, solid-state dynamics

1. Introduction

Referring to Einstein’s theory of Brownian motion [1],in 1913
P. Debye gave the first description of the rotational motion in
a polar molecule to understand the dielectric behavior of polar
liquids [2, 3]. More than 100 years after the Debve theory,
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which approximated the molecule as a sphere and completely
ignored intermolecular contributions, our understanding of the
importance of intermolecular effects on the dielectric response
has greatly increased. The knowledge accumulated over the
years of study on glasses, polymers, liquid crystals, etc.
provides us a picture of how various molecular features (e.g.
molecular order, presence of H-bond network) may affect the
dielectric response. Now we can transpose this knowledge to
create such a picture for the rotators actively rotating in the
crystalline interior.

We are witnessing enormous progress in creating potential
components of intelligent materials and molecular machines
[4-6]. Most of the work to date has focused on developing

® 2024 The Authoris). Fublished by IOF Publishing Ltd
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perspective synthetic strategies that bring to life a multi-year
vision of artificial molecular systems responsive to external
stimuli and capable of controlled movement [7-12]. The atten-
tion attracts a group of crystalline materials with remark-
able dynamical behavior called “amphidynamic crystals” with
mobile molecular units embedded in the static crystalline
framework [8. 13-21]. Designing their controlled and tunable
rotary motion is the ultimate goal of ongoing research [5].
The application of nuclear magnetic resonance to study the
rotator’s solid-state dynamics was a routine practice in the field
[14, 22]. Recently, we have witnessed the growing interest
in the dielectric evaluation of rotator dynamics [11, 17, 23—
28], which is associated with an urgent need for research into
dipolar rotators that have demonstrated potential as stimuli-
responsive components of molecular machinery [24, 20-31].

Dielectric measurements can support the development of
new components of artificial molecular machines well beyond
assessing time scales and barriers associated with internal rota-
tion. Careful analysis of the dielectric spectra, which account
for the molecular structure, can provide information import-
ant from the implementation of the rotary motion. The sooner
we begin to use the full potential of dielectric research for a
holistic view of the solid-state rotator dynamics, taking into
account the structure of the material, the better we will under-
stand the structure-dynamics-function relationships, which
will bring us closer to the goal of realizing controlled and cor-
related motion capable to perform useful tasks. Here we take a
step in this direction by showing different patterns of dielectric
response and combining these spectral features with molecu-
lar aspects of rotational motion resulting from the molecular
structure of investigated crystals.

BDS is a wversatile tool that provides insight into the
dynamic of molecules on many scales—from independent
movements of molecular subunits to collective rearrangements
of whole molecules. The BDS method is ideal for stdy-
ing rotary motion in solid polar materials in widely varying
frequencies, temperatures, and pressures. Structural changes
related to phase transitions or the emergence of dipolar order
will be also reflected in the dielectric response [26]. Polar
groups act as intrinsic motion probes, being the source of a
dipole moment that changes ortentation when an external elec-
tric field is applied. The change of dipole moment is the only
condition for dielectric detection of any dynamic phenomenon
[32].

Our principal goal was to study the solid-state dynamics of
three polar rotators to understand how molecular-level proper-
ties impact the rotator dynamics probed by the BDS method.
To realize that we synthesized systems with a sizable core
{stator) containing diphenylamine and fluorene motifs func-
tionalized with flexible alkyl chains (figure 1(a)). The sizable
framework with a small dipole moment of (.49 Debye (D) was
linked via an acetylene bridge to a small polar rotator. Due
to favorable molecular packing in a crystalline state, and the
presence of bulky and protruding elements of the stator, the
rotating units have enough free space to realize rotary motion
in a crystalline state. The rotating part was 2-fluorophenyl
(assigned as M-ortho-F). 3-Huoropheny! (M-meta-F) or 2,

3-difluorophenyl (M-2F). For comparative purposes, a non-
polar derivative, with the rotating unit lacking polar substitu-
ent (M-Ph), was also synthesized. The description of syn-
thetic protocols and materials characterization are included
in sections 1.1 and 1.2 in supplementary methods and sup-
plementary figures S1-515. In the designed systems a dipole
moment was carried out by a fluorine atom which imparts a
large permanent electric dipole moment of 1.6 I to the rotat-
ing unit. The small size of the F atom, whose van der Waals
radius of (.14 nm is only slightly larger than the H radius
of 0.12 nm, allowed us to realize the assumption about the
minimal steric impact of the probe on the performance of the
detected rotation [33]. The dipole moment acts as a probe, but
at the same time, through dipole-dipole interactions, it atfects
the potential around the rotating unit. By changing the num-
ber and position of fluorine atoms in the phenylene unit we
create systems with different magnitudes and directions of the
effective dipole moment as depicted in figure 1(b). We demon-
strated here that variations in fluorine atom position within the
rotating unit notably atfected the rotational behavior observed
in crystals and probed using the BDS method. We identified
two patterns of dielectric response with various temperature
evolution of loss peak amplitude which correlated with rota-
tional performance. DFT simulations and single crystal struc-
tural analysis helped interpret the dynamics in the context of
the molecular-level justification of the discovered behavior. It
is an important step in building our intuition for the etfective
evaluation of rotator properties by the dielectric method.

2. Results and discussion

2.1. The dielectric response of rofators in the crystalline
interior

For all crystals, the frequency-dependence of the imagin-
ary part of complex dielectric permittivity ="(f) shown in
figures 2{a)—ic) revealed a well-pronounced loss peak at a spe-
cific frequency providing evidence of the dipolar relaxation
(see figure 520 in supplementary data file for '(f) data). This
feature was attributed to the dipolar rotation of fluorphenylene
or difluorphenylene unit in a crystalline framework of a sizable
molecule. Its timescale was defined by the position of the loss
peak maximum, [ 48 7 = 120 5., where + is an internal
rotation relaxation time. The observed peak shifting on heating
toward a high frequency (Le., shorter v) manifests the accel-
eration of rotary motion, Figure 2(g) compares the dielectric
response of a non-fluorinated M-Ph denvative and M-meta-F
at 223 K. The absence of a relaxation process in the dielectric
response of the non-polar counterpart confirms that the dipolar
rotation of the phenylene unit is the source of the prominent
relaxation process visible in figures 2{ap-ic).

The inspection of dielectric data presented in figure 2(h)
revealed an intriguing feature related to the distinct pattern of
dielectric behavior in M-miefa-F. At 173 K. the rotational fre-
quency for M-mera-F 15 fna = 008 kHz. At the same time, for
other rotators, it is almost three decades smaller { for M-ortio-
F s at 173 K is out of the experimental window), indicating

19

19:1112121464



Aep. Prog. Phys. BT (2024) 108002

M Rams-Baron et af

stator (M)

&, _;3
HyC x.z?_ a
. N
~ ) .
L
1
A~
= 1
Ho -._fR
M
W R
H
R R

M-meta-F | H | F
M-2F F F
M-Ph H|H

Figure 1. (1) Structural elements of a sizable molecule with a polar
rotator. The commaon stator (hlack) contains phenylamine and
Muorene units functionalized with Qexible alky] chains. The
attachment of alkyl chains, increasing the bulkiness, and reducing
the plananty of o molecule 15 a common strategy (o suppress
crystallization during the vitrification process. The sizable
framework provided the necessary free volume Lo support a
rotational motion of the phenylene unit (hlue) varously substituted
with F. For comparative purposes, a non-polar denvative was also
imvestigated. (b) Ball and stick model of sizable rotators obtamed
for DFT geometry optimized structures with the indicated direction
of an effective dipole moment (color code: F atom shown i red, N
in blue, Cin brown. H in while).

the favorable rotational performance of M-meta-E The second
striking feature is the opposite character of the temperature
evolution of the peak amplitude in M-mera-F To get more
details, first, we quantitatively analyzed the dielectric data with
the Debye and Cole-Cole {CC) models, both compared in
figure 2(f). Both models provide almost identical relaxation
time values. Still, the CC function better-described data in a
low-temperature region where the loss peak broadened notice-
ably. Such behavior could be accounted for by the CC maodel
and the decreasing value of the o parameter (see supplement-
ary figure 821). The broadening of the loss peak is a typical
feature of the dielectric response of supercooled liquids, con-
sidered a hallmark of dynamic heterogeneity [34]. In some
structurally ordered systems, e.g., rotators embedded in MOF
frameworks, such effect was also observed and explained by
variations in rotator environments due to the presence of other
dipoles [26] or to temperature-dependent mobility of MOF
framework [23]. For M-2F, parameter o varies from 0.93 1o
(L8], M-ortho-F from 0949 to 0090, and M-sieta-F from 0,97
o (.94, An intuitive explanation for such behavior may be con-
sidering it as a natural consequence of the discrete distribution
of local free energy barriers in crystalline rotators. In a high-
temperature limit, the relaxations corresponding to the sites

of different energy merge into a single relaxation process. At
lower temperatures, the site-dependent differences in relaxa-
tion rates gained more importance, leading to peak broaden-
ing. Notably, the symmetric peak broadening on cooling was
the weakest for M-meta-F, ie., the system with the lowest
rotational barrier, as shown later. The smaller differences in
the depth of potential wells expected for this sample lead to
a smaller distribution in jump probabilities and are consistent
with the experimentally observed narrower loss peak for M-
meta-E

The temperature dependence of 15 presented in the upper
panel of figure 2{e). Table 51 summarizing the variable tem-
perature data (T and 7 values for all experiments) is given
in the supplementary material. Relaxation times underlying
the rotation of phenylene units in crystalline interior follow
a thermally activated Arrhenius behavior:

E
T = TpEXp (H)

where E is the activation energy, vy is the pre-exponential
factor, and kg is a Boltzmann constant. For investigated rotat-
ors, T, related to the attempt frequency at which the molecule
tries to overcome the rotational barrier in a given environment
[18] takes wvalues from 4271072 5 to 138107 5 (see
table 1).

The most imporant outcome of the analysis was
that activation energy for M-meta-F was significantly
lower compared to other rotators. The found values were
E, = 6.06 £ 0.03 keal mol ! for M-meta-F and much higher
values for M-ortho-F (E, = 11.84 + 0.06 kcal mol—') and
M-2F (E, = 9.57 + 0.03 keal mol ™"y, It is remarkable that
identified ditferences in dielectric response correlate with
rotational efficiency. A distinct behavior was found for M-
meta-F, 1.e.. for the rotator with the lowest rotational barrier.
Figures 2{a)—(c) proves that =", (7)) behavior of M-meta-F
strongly deviates from two other rotators. For M-ortio-F and
M-2F, the amplitude of the loss peak decreases on cooling.
In contrast, for M-meta-F, the opposite behavior was identi-
fied. The observed character of amplitude changes found for
M-ortho-F and M-2F could be treated as a manifestation of
antiferroelectric ordering in these two materials [26]. In our
research, however, we did not find any hallmark of order-
disorder transition in M-ortho-F and M-2F, such as a step
change in the temperature evolution of dielectric parameters
As or 7, or any anomaly detected in the DSC scans indicating
the presence of phase transition (see supplementary figure
522). On the contrary, all analyzed parameters were evolving
quite systematically for all three rotators in the investigated
Terange. To explain the behavior of M-ortho-F and M-2F
and the distinctive behavior of M-mera-F we used a model
of dipole reorienting in an asymmetric double-well potential
(ADWP). According to the ADWDP model, the variations in the
rotator’s surroundings can impact the potential and lead to its
asymmetry. Taking into account the wells asymmetry A and
the energy barrier U, the relaxation time + and the maximum
loss " s according to ADWP is given by [35, 36]:
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Figure 2. Rotational behavior of phenylene rotators in sizable molecules in the crystalline state. (a)-(c) Representative
temperature-dependent dielectric loss spectra for the polar rotators in the crystalline state (AT = 10 K). Notice a distinct relaxation
behavior of M-meta-F. (d). Time-evolution of dielectric loss spectra during crystallization of M-2F sample. monitored in sifu in dielectric
apparatus. The progress of the liquid-crystal transformation was manifested as a gradual decrease of the a-process amplitude (due to the
vanishing number of actively reorienting molecules) and the appearance of relaxation underlying the internal rotation of the phenylene unit.
(¢) Temperature dependence of the relaxation times (upper panel) and the loss peak maxima (bottom panel) extracted from dielectric data.
Dashed lines denote Arrhenius fits while solid lines indicate fits obtained from the ADWP model with fitting parameters given in tables 1
and 2, respectively. (f) The comparison of the effectiveness of the Debye and Cole-Cole models in the description of experimental data. The
mean square deviations in the y direction of cach data point with the fitting function for different temperatures are given. (g) The comparnison
of dielectric response for polar (M-meta-F) and non-polar (M-Ph) rotator at 223 K. The rotation of the Ph-unit in M-Ph is diclectrically

inactive due to the accompanying lack of dipole moment change.

Table 1. Activation parameters of rotational motion obtained from the Arrhenius fit (+£standard errors). The value of activation energy was
determined by taking into account relaxation times from three independent experiments. The error reflects the accuracy of the fit and

scattering of experimental points.

Glassy state

Crystalline state

a v

logpy () E, (keal mol~!) logigmg (s} E, (kcal mol™ o logiama (s)  E, (keal mol~ h
M-ortho-F  —14.86 = 0.05 11.84 + 0.06 ~17.68 + 0.18 12.37 £ 0.16 ~11.67 + 0.30 546 4025
M-meta-F —11.37 = 0.03 6064003 17144026 1158 +£0.21 ~12.88 &+ 0.10 6.30 + 0.08
M-2F ~1242 +0.03 957 +003 15364020 11404017 —1201+0.13 6.06 + 0.11
M-Ph ~12.00 £+ 0.09 4.96 + 0.07
i, (2U +_é) sasi ( A ) A = 051 + 0.01 keal mol™'. Both ADWP and Arrhenius
2T 2T models yielded consistent predictions leading to similar val-
W To L A ues of rotational barriers U and £,. Data analysis in the
£ max = € sh (m) framework of the ADWP model shows that in M-mera-F, the

where Ty, 7o, U, and A are fitting parameters collected in
table 2. The 7(T') and =" max(T) dependencies were acceptably
fitted to the ADWP expressions (solid lines in figure 2(e)) with
the following activation parameters: for M-ortho-F the lower
potential barrier height U = 11.90 + 0.06 kcal mol™', and
asymmetry parameter A = 1.70 = 0.06 kcal mol~"; for M-2F
U = 9.55 £ 0.03 keal mol~'. A = 1.38 = 0.02 kcal mol~':
for M-metaF U = 598 + 003 keal mol™', and

rotation occurs in an essentially symmetric double rotational
potential well. In contrast, the two other systems are well-
described by more asymmetric double well rotational poten-
tials. Mentioned differences in potential symmetry can also
explain the distinct evolution of peak amplitude. In the ADWP
model, the maximal loss related to orientational polarization,
in addition to the trivial 1/T" dependence. is governed by the
cosh™(A/2kT) term. As temperature drops and k7T decreases,
the cosh™2(A/2kT) term decreases the polarization towards
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Table 2. Fitting parameters (=standard ermors refermng o the
precision of the fitted values and scattering of experimental points)
obtained from analysis of = 5 (T (or Az for F-process in glass)
and (T} data in the framework of an asymmetric double-well
putential model (ADWP). Parameter £ is the barrier height and & is
AN ASYIMELry parameter.

ADWP model
M-artha-F M-meta-F M-2F

Crystal
log 7 () —1513 4+ 006 —1143 £003 —12.62 <003
[F (keal mol— ') 11.90 + 0.06 598 4+ 0.03 955 <+ 0.03
A (keal mol "y 1.70 + (.06 051 £ 0.01 1.38 + 002
Tu (k) 77.7+74 522406 1693 4+ 50

Glass
log 7 i8] 179 £02 —1734+£03 —156£02
£ (keal mol 'y 1240 £ 016 1161 £ 021 1143 £ 017
A (keal mol ') 1.03 + 0.02 095 4+ 0.05 1.03 + 002
Ty 1K) 1728 £ 8.0 1205 £ 15.1 3650 + 157

the applied field since rotators have insufficient thermal energy
to overcome the intrinsic well asymmetry and jump to a higher
well. Consequently, the rotators are trapped in the lower well
at low T and do not respond to the field [37]. Such low-
T freezing of active dipoles can rationalize the pattern of
=" aax{Th changes observed for M-2F and M-oriho-E The
opposite behavior revealed for M-meta-F can be explained by
the lowest value of potential asymmetry, which makes the term
cosh (AT negligible. Note that the situation when A = 0
corresponds to =", ~ FpfT, which is well-known for Curie
behavior.

When the phenomenon of dielectric relaxation is viewed
as a chemical reaction in which dipole reorientation from
one equilibrium position to another oceurs through a poten-
tial barrier height, the Eyring equation can be implemen-
ted to determine the following thermodynamic activation
parameters: Gibbs free energy (AG). enthalpy (AH), and
entropy (AS) [38-40]. The Eyring plots of In (&7 versus
/T, where k = v~ denotes the temperature-dependent dielec-
tric relaxation rate, are shown in supplementary figure 523,
The activation enthalpy and entropy were calculated as AH
ikeal mol™"y = —slope = R and AS (cal/(mol Ky = R (y-
intercept—Inikg/fi)) where R, kg, and fi arve the gas, Boltzmann,
and Plank’s constants, respectively. The values of A8 and AH
determined from dielectric measurements are shown in table 3.
Gibbs free energy was calculated subsequently at 273 K as
AG = AH—TAS

From the data presented in table 3, one can see that A
and AH are the lowest for M-mera-F which is consistent
with earlier results implementing Arrhenius and ADWP mod-
els. It is interesting that for M-ortho-F the activation entropy
increases significantly (AS has a positive value) in comparison
to other rotators. We interpret the variation in AS as reflecting
various molecular packings and rotational freedoms for par-
ticular rotators leading to variation in the population of bound
and unbound rotational states in particular environments. The

Table 3. The thermodynamic parameters AH, AS, and AG
determined for erystalline rotators from dielectric data.

TAS
(keal mol 'y
AN A8 for AG*
(keal mol™ 'y fealfimel Ky T=273K (kcal mol o
M-orthe-F 11.36 T.86 2.15 9.21
M-meta-F 561 —8.01 =219 779
M-2F 9.06 —3.40 —0.93 9.99

* Calenlated for 273 K.

reduoced entropy in M-meta-F indicates the increase in the
internal order within the considered rotational motion.

2.2, Dielectric response of rofators in a glassy state

To better understand the differences in the behavior of rotat-
ars and how these differences may result from changes in the
rotator environment we compared their dielectric responses
in a glassy state. The conversion to the disordered glassy
state was performed by rapid cooling of molten crystals. As
the temperature dropped, the material lost its ability wo struc-
tural rearrangements, and ultimately, below the glass trans-
ition temperature, T, the motion of the molecule as a whole
became frozen in a glassy state lacking long-range order.
Melting temperature, T, and Ty for investigated rotators can
be recognized from differential scanning calorimetry ther-
mograms presented in figure 524 in supplementary materi-
als. Dielectric responses of glassy samples are presented in
figure 3. For all rotators, the dielectric loss spectra ="(f)
revealed broad loss curves with relaxation times distributed
along the available frequency range. The ="(f) data were sat-
isfactorily fit by the sum of two CC functions, as indicated
i figures 3{aj—(c). In a glassy state due 1o the lower dens-
ity in comparison te a crystalline state, an excess free volume
around the alkyl chain released their mobility. In tarn, an addi-
tional relaxation process, assigned as < and related 1o the chain
reorientation was contributed to the ="(f) spectra for glassy
samples. The <-relaxation was clearly visible in the spectra
of the non-fluorinated derivative M-Ph (figure 3id)} where
it was the only contribution to the dielectric response. The
slower [J-process was analogous to that observed in crystals
and was attnibuted to the dipelar rotation of the phenylene
unit. In the case of non-polar M-Ph, the internal rotation of
the phenyl ring did not change a dipele moment and was
dielectrically inactive. Consequently, ="(f) spectra for M-Ph
lack the prominent spectral feature attributed to the [J-process
(see figure 3(d) and the comparison in figure 3(g)). For both
3 and ~-relaxations, the temperature evolution of the char-
acteristic relaxation times follows Arrhenius behavior (solid
lines in figure 3{e)) with activation parameters summarized
in table 1 (see table 52 in supplementary material for v (1)
values for all experiments). We found that placing a rotator
in a disordered glassy environment canceled any differences
in rotational parameters between investigated rotators. In con-
trast to crystals, comparable values of £, were found for three
rotators in a glassy state, Le. £, = 1237 = 0.16 keal mol !
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Figure 3. Rotational behavior of polar rotators i a glassy state (a)—(c). A similar pattern of dielectric response acguired for three rotators
variously substituted with F atom at different temperatures (AT = 10 K). Each dielectric loss spectrum contains wo components:
Ferelaxation (Jow £ due to rotational motion of the phenylene unit and ~-process thigher £ from chain reorientation (d). The dielectrie data
for a non-fluorinated rotator (AT = 10 K). (e) Temperature dependence of time-scale of rolational motion extracted from dielectric data for
& and ¢ mobality. Solid lines denote Archenius it with resulting activation parameters given i able 1 while dashed lines ADWE it with
parameters given in table 2. () The temperature evolution of A= (Zuncertuinty indicated by error bars) for -process in three glassy
samples. (g} The comparison of dielectric response at T = 153 K with graphical indications for G- and v-relaxations. Note the lack of

A-process i non-fluonnated denvative M-Ph.

for M-orthe-F, E, = 11.58 + 0.21 keal mol™" for M-meta-
F and E, = 11.40 + 0.17 keal mol™" for M-2F. For M-
meta-F, the observed change in behavior in the crystalline
and glassy environment was the most significant since an
almost twofold increase in the activation barrier was found
as compared to the crystal. In the case of two other rotat-
ors, the values of the activation barrier in a erystalline and
glassy state were comparable. The unification of the dielec-
tric behavior in a disordered glassy environment oceurred also
in terms of the As (T') behavior. Figure 3(f) shows that
the temperature evolution of Ac was weakly temperature-
dependent for all rotators sharing the phenomenology estab-
lished for secondary relaxations in glass-forming liquids. The
analysis of dielectric data for glassy samples in the frame-
work of the ADWP model confirmed similarity in terms of
potential asymmetry, returning the comparable A value for
all three rotators, ie. A = 1.03 £ 0.02 keal mol™" for M-
ortho-E, A = 0.95 £ 0.05 kcal mol™! for M-meta-F, and
A= 103 + 0,02 keal mol™" for M-2F (see table 2).

2.3. Single crystal and powder X-ray diffraction studies

The unification of the rotator’s dynamics in the disordered
glassy environment indicates that the properties of molecular
surroundings impact the rotator’s behavior to a large extent.
Thus, a detailed understanding of the structural arrangement
of molecules in a erystalline lattice was required to explain

the distinct behavior of M-mera-F. Single crystals were grown
by slow evaporation from a dichloromethane solution, X-ray
diffraction data collected at 100 K revealed that all sizable
systems crystallize in the same space triclinic group P1 with
two molecules per unit cell (Z = 2) and minor differences in
the unit cell parameters. The most relevant crystallographic
data are compiled in supplementary table 83, Since the solvent
molecule was present in the crystal lattice of all single crystals
abtained. it was necessary to verify whether the structure of the
solvent-free polycrystals that we studied dielectrically was the
same as that of solvates used for x-ray crystallographic stud-
ies. The dielectrically tested polyerystalline samples, free of
solvent, were recrystallized from the molten liquids directly
between capacitor plates. The small size of the grown solvate
crystals prevented their direct dielectric measurement. Thus,
we powdered the solvate crystals and compared their powder
Xeray diffraction patterns with those investigated dielectric-
ally. As presented in figure #a). despite some differences in
peak intensities, the similarity of peak positions confirmed the
structural similarity of crystals. So we used solvate crystallo-
graphic data in further studies.

The comparison of single-crystal XRD data for solvates
of M-mera-F, M-ortho-F, and M-2F confirmed their structural
similarity in terms of the unit cell type. parameters and space
symmetry of crystal lattice. In the case of mono-F-substituted
rotators fluorine atom and the corresponding hydrogen atom
were rotationally disordered over two positions with a refined
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indicating a distinct pattern of C-H-+.F contacts in M-meta-F (left panel). M-ortho-F (middle panel), and M-2F (right panel) crystals. View
along [1,-3.1] direction. For clarity, only the fluorine atom with higher occupancy was analyzed. The solvent molecules were removed.
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guide for the eye.

ratio of 0.846(5):0.154(5) in M-meta-F, and 0.880(3):0.120(3)
in M-ortho-F. In mono-F-substituted rotators, contrary to M-
2F, structures related by 180° ring inversion are no longer
equivalent [25, 28].

The most important outcome of structural studies was
finding the remarkable differences in the pattern of molecu-
lar interactions that lead to substantial differences in stator—
rotator and rotator-rotator contacts. In investigated crystals
fluorine atom(s) can interact with the static fluorene unit and/or
with the rotating unit of neighboring antiparallel arranged
molecule via C-H--F contacts that can be regarded as weak
hydrogen bonding interactions. Figure 4(b) shows the differ-
ences in intermolecular contacts formed in crystals depending
on the F-substitution of the phenylene ring.

In M-ortho-F only interactions between the fluorine atom of
the rotating phenylene ring and the hydrogen atom of the stator
(with a distance dy;.. 5 = 2.620 A) are possible leading to the
situation depicted in figure 4(c) (middle panel). In M-mera-
F, the situation is different since contrary to M-ortho-F, the
rotating units of neighboring molecules can interact with each
other through C-H:-F contacts (dy g = 2.666 A) as depic-
ted in figure 4{c) (left panel). When the fluorine atom in M-
meta-F favors contact with the neighboring rotator during the
rotation, then the interaction with the static part of a molecule
cannot be created. In such a system, the activation energy for

rotation will be lower due to the lower population of rotator—
stator interactions that inhibit rotation [ 10]. Thus, the distinct
rotational behavior of M-mera-F can be explained by a dis-
tinct pattern of rotator-rotator and rotator-stator contacts, in
particular the lack of intermolecular interactions with a static
sizable framework. In M-2F both types of contacts are relev-
ant. A fragment of the crystalline array in figure 4(c) present-
ing the molecular arrangement of the six molecules with the
existing network of C-H:--F contacts (shaded areas are guid-
ing for the eye) indicates that the absence of transverse rotator—
stator interactions in M-meta-F. Such molecular-level features
can be determinants of the nearly independent and low-barrier
rotation of phenylene units in the crystalline interior. In con-
trast, the presence of transverse rotator-stator interactions in
M-ortho-F and M-2F substantially raises the barrier and most
likely serves as the source of potential asymmetry.

2.4. DFT calculations

Finally, we used DFT calculations to model the rotational
potential to understand better the different rotational perform-
ance of M-meta-F revealed in BDS investigations. To determ-
ine the energy profile in the crystalline environment, a cluster
structural model was used. Based on the resolved crystallo-
graphic structures, we extracted a fragment containing five
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Figure 5. (a) Structural cluster models wsed in DFT calculations. Fragments that preserve the geometry of the crystallographic structure
with froeen atoms during optimization are marked in red. (b) The comparison of computed energy rotation profile as a function of dibedral

angle dv for sizable crystals with various rotators.

molecules around the rotator. Its geometry for M-2F is shown
in figure S25 (left panel) in supplementary data file. Using
the fast semi-empirical PM3 [41] method, the initial relaxa-
tion of hydrogen atoms was performed while keeping the pos-
ition of the remaining atoms frozen. To simplify the strue-
tre of the cluster for DFT calculations, we removed frag-
ments not remaining in the close and direct vieinity of the
rotating unit, see figure 525 {right panel). Free valencies of
carbon atoms were then supplemented with hydrogen atoms.
Their positions were fully optimized using DFT calculations.
For final calculations, we decided that the position of some
atoms in the cluster should be frozen to avoid uncontrolled
changes in geometry in relation to the crystallographic strue-
ture. A series of test calculations helped determine the extent to
which the positions of atoms should be frozen, allowing us o
obtain the most realistic energy profile for the rotating phenyl
group. Full DFT calculations were made for three model
molecular clusters labeled M1, M2, and M3 (figure 5iaj).
Models M1 and M2 took into account the impact of the non-
polar environment on the rotational motion of phenylene rotat-
ors. In model M3, we introduced a second rotator to disen-
tangle the importance of interactions resulting from the pres-
ence of another polar unit. The computed potential energy
profiles for various models are shown in figure 5(b). while
commesponding values of energy barriers AFE and asymmet-
ries are summarized in table 4 (and table 54 in supporting
data file). In the case of isolated molecules, the calculated
potential was symmetrical (figure 526 in supporting data file),
but for the MI1-M3 models. nonequivalent energy minima
were found. The only exception was M-2F in the M3 model.
In other cases, the non-zero asymmetry was found (in the
range of 0.3-2.2 keal mol ™' depending on the compound and

Table 4. DFT calculated values of asymmetries A and energy
barriers A (smallest value 15 given) determined from two-maxima
potential profiles presented in figure 5(b) for various cluster
structural models.

M-ertho-F M-meta-F M-2F
AE A AFE A AE A
{keal mal ') (keal mol 'y (keal mal 'y
Ml 8.2 1.1 76 1.1 3.8 1.5
M2 15 0.3 1.2 0.5 7.3 22
M3 8.6 09 6.8 21 9.9 0.0

maodel used). The highest barrier was calculated for the M-2F,
and the smallest for M-mera-F, regardless of the model used
(table 4). Somewhat disappointingly, the agreement between
observed and calculated rotational parameters was only semi-
quantitative. None of the models reproduced the large dif-
ference in barrier heights between M-mefa-F and M-ortho-F
observed experimentally. The barrier calculated for M-mera-
F ranged from 6.8 keal mol™' to 7.6 keal mol ™', depending
on structural model (see table 4). These values were generally
0.8 keal mol ~! to 1.6 keal mol ™! higher than the experimental
data.

In the crystalline phase, the rotation barrier arises from
steric hindrance occurring as the rotator moves relative to
the surrounding molecules. While rotation of fluorophenylene
units in isolated M-orthe-F, M-mera-F, and M-2F is essen-
tially free. in the crystal structure, it involves a deforma-
tion of both geometry of the surrounding molecules, as well
as rotator's geometry, particularly affecting the C-C=C-C
bridge. Interestingly, our DFT resulis indicated that during

25

25:3939087980



Flep. Prog. Phys. B {2024) 108002

M Rams-Baron ef af

~265° 270

Figure 6. (u) Superimposition of the geometrical structures of M-meta-F (blue) and M-orko-F (red). The geometry of the models
corresponds Lo the erystallographic structure of a given isomer with the assumed rotation angle equal to 07 The molation angle for the
crystallographic structure is 2977 and —065° for meta and orthe isomers, respectively. The superimposition was made for three
corresponding atoms in the common fragment of the structure indicated by the red arrow. (b) Schematic representation of the disirbution of
rotation angle for intramolecular rotation barrier and intermolecular rotator-environment interaction. (c)—(0) Superimposition of relaxed
geometric structures of M-meta-F and M-erthe-F models for rotation angle 07 (blue) and 607 (red). (b, (d) Supenimposition of M-meta-F
structures for ML and M2 respectively, (e), (f) supenmposition of M-ortho-F structures for M1 and M2, respectively.

rotation the geometry of M-meta-F and M-ortho-F relaxes dif-
ferently (see figure 6(a)). For a meta isomer, the deformation
of the rotating unit is more pronounced than the deformation
of its surrounding geometry. In contrast, for the ortho isomer,
the surrounding deformation is more significant (figures f(c)—
(), model M1 and M2). It means that the increase in internal
energy due to rotation can be more easily compensated by the
rotator deformation in M-mera-F. In the ortho isomer, how-
ever, the higher rigidity of this fragment necessitates conform-
ational changes in the rotator's environment. The plane of the
crystallographic structure of the M-meta-F is significantly bent
(see figure 6ia)) and this effect intensifies when the phenylene
group rotates. This deformation disturbs the m-electron system
on the acetylene bridge, but this effect is partially mitigated
by the electron density from fluorine-substituted phenylene
units. This compensation is likely more effective and energet-
ically favorable in the M-grtfio-F. Consequently, the rotation
of the phenyl ring in M-ortho-F induces more changes in the
surrounding geometry. increasing the internal energy of the
system. Such an energetic compromise between intramolecu-
lar and intermolecular relaxation vields a slightly higher rota-
tiomal barrier for the orthe isomer in comparison to the meta
isomer.

Additionally, our DFT results suggest that steric hindrance
manifests significantly either before or immediately after
reaching the intramolecular rotation barrier, depending on the
direction of rotator motion (see figure 6{b)). Given this com-
plexity, accurately estimating the energetics of the barrier in

the crystal phase is challenging and requires further, more
detailed studies.

3. Conclusion

We revealed two patterns of dielectric response for fluoro-
substituted phenylene rotators more and less rapidly rotat-
ing inside the framework of sizable crystals. Their distinct
dynamic behavior could be distinguished by a different pat-
tern of peak amplitude temperature changes and rationalized
in the framework of the ADWP model. We found that each
pattern has a “fingerprint’ of the potential asymmetry which
reflects the impact of the rotators surrounding. Negligible
asymmetry and the smallest rotational barrier were found for
a crystal favoring rotator—rotator contacts. The opposite beha-
vior was observed for crystals with an asymmetric potential
and a higher barrier due to the presence of hindering rotator-
stator interactions. We demonstrated in our study that the char-
acter of interactions between the rotator and its surroundings
that impact rotational potential and differentiate the rotational
performance of studied rotators can be correlated with diglec-
tric response allowing us to distinguish low- (1.e. more inde-
pendent) and high-energy (more hindered) barrier patterns of
dielectric behaviors. Extension of dielectric research to other
groups of amphidynamic crystals in the future will verify the
universality of our observation. This is an important step in
building our physical intuition for recognizing and linking
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spectral features with the molecular-level characteristics of
internal rotations in crystalline rotators.

4. Experimental section

4.1 Dielectric measuremeants

Dielectric measurements were performed on polycrystalline
and glassy samples in the broad frequency range from 107! Hz
to 3-10° Hz using a Novo-Control GMBH Alpha dielec-
tric spectrometer. The sample was placed in a stainless-steel
parallel-plate capacitor (15 mm in diameter) with two fused
silica fibers providing a gap of (0.1 mm. The temperature was
controlled using a Novocool eryosystem (for crystals, with an
accuracy of 0.3 K) or Quatro cryosystem {for glasses) with
a stabilization accuracy of 0.1 K. Before measuring the rota-
tional dynamics of the polyerystalline samples, the material
was melted i sitn between capacitor plates and cooled to a
temperature where it was held until complete erystallization,
ie. T =373 K for M-meta-F and M-ortho-F and T = 371 K
for M-2F The erystalline sample was then measured on cool-
ing. Progress of crystallization was manifested by a gradual
decrease of dielectric strength (being proportional to the num-
ber of actively reorienting dipoles) monitored for fixed fre-
guency, while crystallization completion by a persistent lack
of spectral changes (see figure 2(d)). The full crystallinity of
the sample was confirmed by the absence of the glass transition
on the DSC thermograms recorded after completing the BDS
measurement. The measurements of glassy samples were per-
formed by melting the sample in sine and cooling it below the
glass transition temperature. There was no evidence of other
phase transitions on the DSC thermograms in the range of
200 K400 K. Relevant DSC data is shown in supplement-
ary figure 524, We analyzed the dielectric data in the per-
mittivity representation =" () = ="(f)—i"" (), where =" is the
real and " is the imaginary part. The fitting of ="'{f) data
with the CC function was performed using the WinFit pro-
gram (Novocontrol). The standard deviations of fitting para-
meters depend on the quality of the fit and scattering between
experimental points. We assumed that measured data points
have the same relative accuracy without systematic ermors.
Activation parameters were determined based on three inde-
pendent experiments.

4.2, X-ray diffraction

The X-ray single crystal structural studies were performed at
T = 100 K with a four-circle SuperMova x-ray diffractometer
with microfocus x-ray tube, optimized multi-layer optics for
Mo-Ke (A = 0.71073 A) radiation, and an Atlas CCD
detector. We used an Owxford Cryosystem: the temperature
stability was (.1 K. The control over the measurement and
the data reduction were performed by CrysAlis™ software
[42]. The crystal structures were solved using the SHELXS-
2013 program and refined with the SHELXL-2019/2 program
[43]. The non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were introduced
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to the structure by appropriate rigid body constraints (AFIX
23, AFIX 43, AFIX 137) with U, iH) equal to 120, (C)
or 13U i) Crystal data and CheckCif reports are avail-
able as supplementary CIF data and supplementary XRD data,
respectively. B-level alerts can be explained by the low sym-
metry of all crystal structures. Analysis of the diffraction pat-
terns also revealed that the reflections with the lowest values
of the theta angle were eliminated by the beam stop which is
related to the use of Mo radiation.

4.3. DFT calcwations

The reported calculational results were obtained by apply-
ing the DFT [44] level of theory with the hybrd B3LYP
functional [£5-47] and the def2-SVP basis set [48]. For all
considered structures, the presence of dispersion interactions
was taken into account by including semi-empirical D3BI
[49-52] dispersion corrections. The encrgy barrier of the rota-
tional motion of the substituted phenyl ring with respect to
the axis of the acetylene bridge was determined based on the
energy profile calculated as a function of the dihedral angle ¢,
between the plane of the phenyl ring and that of the fluorene
motif. The definition of the ¢ dihedral angle is shown in
figure 1ia). Total energies have been calculated at the frozen
value of the ¢ angle in the range from 0° to 350° with the step
of 10°. Calculations were carried out with the use Gaussian
16 quantum chemistry package [53]. All caleulations for the
cluster structural model were performed using the 5.03 ver-
sion of the ORCA [54-56] package. The basic analysis of the
caleulation results, as well as the drawings presenting the geo-
metry. were made with the ChemCraft [57] program. The cal-
culated geometric coordinates are included in supplementary
DFT data. Part ‘Isolated molecule” contains the coordinates
of atoms for isolated isomers (vacuum, gas state), respectively
for minima and transition states. The second part *Structural
models” contains optimized geometries for M1, M2, and M3
models.

Data availability statement

The X-ray crystallographic coordinates for M-ortho-F, M-
meta-F, and M-2F reported in this study have been deposited at
the Cambridge Crystallographic Data Centre (CCDC), under
deposition number 2259776 (M-artho-F), 2259777 (M-meta-
F) and 2259778 (M-2F). These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.cede cam.ac uk/structures.
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1. Supplementary Methods

1.1 General Information

All substrates and reagents were purchased from Angene Chemical. Dry solvents:
tetrahydrofuran  (THF), dichlomethane (DCM), N N-dimethylformamide (DMF),
dimethylsulphoxide (DMSO), acetonitrile (ACN), methanol (MeOH) and ethyl acetate (EtOAc)

were obtained commercially and used directly without additional treatment.

Nuclear Magnetic Resonance (NMR) spectra were acquired on a Bruker 400 or Bruker 700
instrument. For '"H NMR and “*C{'H} NMR, chemical shifts were reported in the scale relative
to the residual signal of solvent (CHCI3) as an internal reference. For '“F NMR, CFCl; was used

as the external reference with chemical shift at 0 ppm.

UPLC analyses were run on a Waters Aquity separation module with an Aquity PDA ek
detector equipped with a Kinetex Biphenyl column 50 = 2. 1mm, 1.7 um; flow 0.8 mL/min;
gradient 3-97% of acetonitrile in water over 3 min, then 1.5min of 97% acetonitrile {(both
mobile phases contained an addition of 0.04% of formic acid). Electrospray ionization (ESI)
mass spectra were obtained with Waters S() detector 2. M-Ph was analyzed using ACQUITY
UPLC BEH C18 Column, 130A, 1.7 pm, 2.1 mm X 50 mm with the same gradient and

apparatus.

High-resolution mass spectrometry (HRMS) measurements were performed using Synapt G2-
5i mass spectrometer (Waters) equipped with an ESI source and quadrupole-Time-of- Flight
mass analyser. The mass spectrometer was operated in the positive 1on detection mode. The
optimized source parameters were: capillary voltage 3.0 kV, cone voltage 30 V, source
temperature 120°C, desolvation gas (nitrogen) flow rate 600 L/h with the temperature 350°C,
nebulizer gas pressure 6.5 bar. To ensure accurate mass measurements, data were collected in
centroid mode, and mass was corrected during acquisition using leucine encephalin solution
as an external reference, Lock-SprayTM., (Waters Corp., Miltord, MA,USA), which generated
reference ion at m/z 556.2771 Da ([M+H]" )} in positive ESI mode. The results of the

measurements were processed using the MassLynx 4.1 software (Waters).
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1.2 Synthesis

(7-Bromo-9,9-dibutyl-9H-fluoren-2-yl)-diphenylamine was prepared in 54% yield (2.60 g)
starting from commercially available 2-bromo-7-iodo-9H-Fluorene, (5.00 g, 13.4 mmol) as

vellow crystals according to the literature procedure [ ).

'H NMR (400 MHz, CDCl3) § 7.54 (d, J= 8.2 Hz. 1H), 7.51 — 7.40 (m, 3H), 7.28 (m, 4H),
7.13 (m, 5H), 7.09 — 6.99 ({m, 3H), 1.93 — 1.78 (m, 4H). 1.20 — 1.02 {m, 4H), 0.73 (t. J=7.3
Hz, 6H), 0.69 — 0.55 (m, 4H).

B (' H! NMR (151 MHz, CDC13) 6 152.9, 151.7, 147.9, 147.6, 140.0, 135.0, 129.9, 129.2,
126.0, 124.0, 123.4, 122.7, 120.4, 120.1, 119.0, 55.3, 39.90, 26.0, 23.0, 13.9.

LCMS (ESI+) m/z: Cale. for C33HyBrN 524.5; Found (M + H)" 525.7.

(9.9-Dibutyl-7-phenylethynyl-9H-fluoren-2-yl)-diphenylamine (M-Ph)
O

: ‘>--N>d: . g C5,;C04, DMS0, Cul =

- 2;—\\\ | » Pd(PPh; );Cly T’m \ / 7N

N s~

(7-Bromo-9,9-dibutyl-9H-fluoren-2-yl)-diphenylamine (2.0 g. 3.8 mmol, 1.0 equiv) was
dissolved in DMSO (20 mL) in a 250 mL three neck flask then Cs,C0O;(3.10 g, 9.53 mmol, 2.5

Y.

equiv) and phenylacetylene (467.15 mg, 4.57 mmol, 1.2 equiv) were added into the solution.
Air was removed by vacuum pump and the reaction mixture was degassed by introducing argon.
After degassing, Cul (72.56 mg, 038 mmol, 0.1 equiv) and Pd(PPh;)2C1: (53.51 mg, 0.076
mmol, 0.02 equiv) were added to the tlask sequentially under argon. The reaction mixture was
heated to 100°C and stirred under argon. Progress of the reaction was monitored by TLC and

LCMS. After 3 hours the substrates were consumed and the mixture cooled to room

3
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temperature, then water (200 mL) was added to the flask along with EtOAc (200 mL). Phases
were separated and the organic layer was washed twice by water and brine then dried over
Na;S0,. After the solvents were removed under reduced pressure, the crude product was
purified by silica gel column chromatography using neat hexane as eluent. Crystallization from

DCM/MeQOH gave the pure product as yvellow crystals (1.30 g, 62% vield).

I H NMR (400 MHz, CDCl3) § 7.60 (m, 4H), 7.56 — 7.47 (m, 2H), 7.44 — 7.34 (m, 3H), 7.29
(m, 4H), 7.17 (m, 5H), 7.05 (m, 3H), 1.91 (pd, J = 13.3, 5.8 Hz, 4H), 1.21 — 1.04 (m, 4H),
0.82 — 0.57 (m, 10H).

¢ {'H} NMR (151 MHz, CDCl3) 6 152.5, 150.7, 147.9, 147.6, 141.3, 135.4, 131.6, 130.8,
129.2, 128.4, 128.1, 125.8, 124.0, 123.5, 123.3, 122.7, 120.7, 120.5, 119.0, 119.0, 90.7, 89.3,
55.1, 40.0, 26.0, 23.0, 13.9.

LCMS (ESI+) m/z: Cale. for Cy H3N 545.3; Found (M + H)" 545.6.

HEMS (ESI+) m/z: Cale. for Ca1HaoN 546.3161; Found (M + H) 5463149

N-{7-|(3-Mluorophenyl)ethynyl]-2.9-dibutyl-9H-fluoren-2-yl}-N.N-diphenylamine (M-

meta-F)

L | | Q
j L‘ﬁ, Jr} ,J%/Il\

— 3 . - _ ' o
{\—} ¢"§I:j + JC;L - }f W
< {-"\__ o8- n—{

i

{ 7-Bromo-9,9-dibutyl-9H-fluoren-2-yl)-diphenylamine (2.5 g, 4.77 mmol, 1.0 equiv) was
dissolved in a mixture of DMSO (20 mL) and THF (2 mL) in a 250 mL three neck flask then
Cs200;5 (4.65 g, 14.3 mmol, 3.0 equiv) and 3-fluorophenylacetylene (859 mg, 7.15 mmol, 1.5
equiv) were added into the solution. Airwas removed by vacuum pump and the reaction mixture
was degassed by introducing argon. After degassing, Cul (90.6 mg, 0.477 mmol, 0.1 equiv) and
Pd(PPhz):Cl2 (100 mg, 0.143 mmol, 0.03 equiv) were added to the flask sequentially under
argon. The reaction mixture was heated to 60°C and stirred under argon. Progress of the reaction
was monitored by TLC and LCMS. When the substrates were consumed and the mixture cooled

to room temperature, then water (200 mL) was added to the flask along with DCM (200 mL).

4
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Phases were separated and the organic layer was washed twice by water and brine then dried
over Na:504. After the solvents were removed under reduced pressure, the crude product was
purified by silica gel column chromatography using neat hexane as eluent. Product crystallized

upon standing and was washed with ACN to give yellowish crystals (2.3 g, 85% yield).

'"H NMR (400 MHz, CDCI3) & 7.60 (m, 2H), 7.55 — 7.45 (m, 2H), 7.36 (m, 2H), 7.28 (m, 5H),
7.16 (m, 5H), 7.06 (m, 4H), 1.99 — 1.79 (m, 4H), 1.20 — 1.01 (m, 4H), 0.74 (t, J= 7.3 Hz, 6H),
0.65 (dd, J= 18.5, 11.5 Hz, 4H).

FNMR!'H} (377 MHz, CDCl3) § -112.39.

e NMR{'H! (101 MHz, CDCl3) & 163.7, 161.2, 152.5, 150.7, 147.9, 147.8, 141.7, 135.3,
130.9,123.0,129.9, 129.2, 127.5, 127.4, 125.9, 124.1, 123.3, 122.8, 120.8, 120.0, 119.1, 118.9,
118.4, 118.2, 115.5, 115.3, 91.6, 88.0, 55.1. 40.0, 26.0, 23.0, 13.9.

LCMS (ESI") m/z: Cale. for Cyq H33FN 563.3; Found (M + H)" 564.6.

HREMS (ESI") m/z: Cale. for CyiHoFN 564.3067; Found (M + H)" 564.3058

N-{7-[(2-fluorophenyl)ethynyl]-9.9-dibutyl-9H-fluoren-2-y1}-N.N-diphenylamine (M-

ortho-F)

Qg% A — %Zﬁ; A

{7-Bromo-9,9-dibutyl-9H-fluoren-2-yl)-diphenylamine (4 g, 7.63 mmol, 1.0 equiv) was
dissolved in a mixture of DMF {30 mL) and THF {10 mL) in a 250 mL three neck flask, then
Cs2C0;5 (6.2 g, 19.1 mmol, 2.5 equiv) was added and argon was bubbled through the solution
for 15 minutes. Cul {160 mg, 0.84 mmol, 0.11 equiv) and Pd({PPh3):Cl: {160 mg, 0.23 mmol,
(.03 equiv) were added to the flask and argon was again bubbled for 5 minutes, then 2-
fluorophenylacetylene (1.36 g, 11.4 mmol, 1.5 equiv) was added into the solution. The reaction
mixture was refluxed for two hours under argon. Progress of the reaction was monitored by

TLC and LCMS. As the substrates were consumed the mixture was taken into water (200 mL)

5
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and shaken with EtOAc (200 mL) and hexane (50 mL). Phases were separated and the organic
laver was washed twice by water and brine then dried over Na:504. After the solvents were
removed under reduced pressure, the crude product was purified by silica gel column
chromatography using neat hexane as eluent. After evaporating to dryness the product

crystallized upon standing to give pure yellowish crystals (3.3 g, 76% yield).

'H NMR (700 MHz, CDC1s) & 7.61 (dd. J = 7.8, 0.4 Hz, 2H), 7.60 — 7.56 (m, 1H), 7.55 (dd. J
= 7.8, 1.4 Hz, 1H), 7.51 (d. J = 0.9 Hz, 1H), 7.36 — 7.31 (m, 1H), 7.30 — 7.25 (m, 4H), 7.18 —
7.13 (m, TH), 7.05 (ddd, J = 7.1, 2.1, 1.2 Hz, 3H), 1.97 — 1.82 (m, 4H), 1.19 — 1.03 (m, 4H),
0.74 (t,.J= 7.4 Hz, 6H), 0.71 — 0.61 (m, 4H).

YF {' H} NMR (235 MHz, CDCl3) & -110.95.

BC{ H} NMR (101 MHz, CDCl3) 6 163.8, 161.3, 152.5, 150.7, 147.9, 147.7, 141.7, 135.4,
133.4,130.9, 1295, 1298, 1292, 1259, 124.0, 123.2, 122.7, 120.8, 120.1, 119.0, 118.9, 115.7,
1155, 1123, 112.1, 95.8, 82.5, 55.1, 40.0, 26.0, 23.0, 13.9.

LCMS (ESI') m/z: Cale. for CaiHagFN 563.3; Found (M + H)" 564.5.

HRMS (ESI") m/z: Calc. for Cy HzoFN 564.3067; Found (M + H)"™ 564.3060.

N-{7-](2,3-difluorophenyl)ethynyl]-9.9-dibutyl-9H-fluoren-2-y1}-N . N-diphenylamine (M-
2F)

N . N\
Q. Q — Qi »

O O

(7-Bromo-9,9-dibutyl-9H-fluoren-2-yl)-diphenylamine (5.4 g, 10.3 mmol, 1.0 equiv) was
dissolved in a mixture of DMF {30 mL) and THF {10 mL) in a 250 mL three neck flask, then
Cs2C0: (8.4 g, 25.8 mmol, 2.5 equiv) was added and argon was bubbled through the solution
for 15 minutes. Cul (200 mg, 1.1 mmol, 0.11 equiv) and Pd{PPh;)>Cl; (210 mg, 0.3 mmol, 0.03
equiv) were added to the flask and argon was again bubbled for 5 minutes, then 2.3-

difluorophenylacetylene (3.58 g, 20.6 mmol, 2 equiv) was added into the solution. The reaction
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mixture was retluxed for three hours under argon. Progress of the reaction was monitored by
TLC and LCMS. As the substrates were consumed the mixture was taken into water {200 mL)
and shaken with EtOAc (200 mL) and hexane (50 mL). Phases were separated and the organic
layer was washed twice by water and brine then dried over Na:504. After the solvents were
removed under reduced pressure, the crude product was purified by silica gel column
chromatography using neat hexane as eluent. After evaporating to dryness the product

crystallized upon standing to give yellowish crystals (4.0 g, 67% yield, 96% purity).

'H NMR (400 MHz, CDCl3) 6 7.58 (m, 3H), 7.51 (s, 1H), 7.37 — 7.24 (m, 5H), 7.21 — 7.12 (m,
6H), 7.12 — 6.99 (m, 4H), 2.00 — 1.80 (m, 4H), 1.20 — 1.04 (m, 4H), 0.74 (t, J = 7.3 Hz, 6H).
0.71 — 0.58 (m. 4H).

YF{' H} NMR (377 MHz, CDCls) & -134.57, -134.62, -136.88, -136.94.

BC{' H} NMR (101 MHz, CDCly) & 152.6, 152.0, 151.9, 150.7, 149.6, 149.5, 149.4, 147.9,
142.0,135.0, 131.2, 129.3, 128.2, 128.2, 125.9, 124.1, 124.0, 123.2, 122.5, 120.8, 119.7, 119.1,
118.86, 117.3, 117.1, 114.4, 97.0, 55.1, 40.0, 26.0, 23.0, 13.9,

LCMS (ESI') m/z: Cale. for CaiH3eFN 581.3 Found (M + H)" 582.4

HEMS (EST") m/z: Cale. for CyH:oFN 582.2972 Found (M + H)™ 582.2964

References:

(1) Zheng, Q.; He, G. 5; Lu, C.; Prasad, P. N. Synthesis, Two- and Three-Photon
Absorption, and Optical Limiting Properties of Fluorene-Containing Ferrocene Derivatives. J.
Mater. Chem. 2005, 15 (34), 3488, https://doi.org/10.1039/b508005c.
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2. Supplementary figsures

UPLC column Waters BEH C18

ind |
{_‘} l‘-\ﬁl__ l'--'r \_1"'-::-"\3
4300 Bipnen
TTRIE formula C41H39N
M+l mol_weight  345.755
B san g exact_mass 545308
o LEE L]
5 e
s N T -
[ITKT] ITIT [T [T il il I AT

Figure §1 LC-MS analysis of M-Ph
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Single Mass Analysis

Tolerance =50 PPM / DBE: min = -1.5, max = 60.0
Element prediction: Off

Number of isotope peaks used for i-FIT =9

Monoisctopic Mass, Even Electron lons

144 formulale) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-60 H:0-70 N:0-5 F:0-3
240709_5416_pos® 16 (0.177) Cm (13:16-54.56)

TOF MS ES+
2.200+006
10’_] 5463149
547.3185
5453075
54 5483215 .
1 SIB2T6  oe 10sy 0312881 cog iny z3g3pgs S021E0 ( S87.4257  gap agqqP623005 8728517 gye waap
T T~ | RAASA RARAS ] T T [ ABSAN RABLE LERLA | UG | T T T T T T L3 T T T T mz
5200 52650 5300 8350 5400 5450 6500 5560 5600 5650 5700 6750
-1.9
Mass Calgs. Mass mbe EEM DEE i-7IT Norm Conf(%) Formula
346.31453 34€.,31¢L ~1.2 ~2.2 22 1356.% n/a n/a Cel HaO N
240709_5415_poal 10 10.177) Con (13 16-54 34 TOF 1S £54
P 5463140 2206
2
5473185
545 3075
548 3215
9.3265
oL 1050701 1650602 2089030 329 2370 353.2637400.1612 469.2718 P s PAOTR
5 1

10 15 20 25 0 BE W0 BE B NE A 65 40 45 H0 S S0 5 00 65 6 695

Figure S2 HRMS data of M-Ph
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UPLC column Kinetex biphenyl
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Figure S5 LC-MS analysis of M-meta-F
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Single Mass Analysis

Tolerance = 50 PPM / DBE: min =-1.5, max = 60.0
Element prediction: Off

Number of isotope peaks used for |-FIT =&

Monoisotopic Mass, Even Electron lons

144 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-60 H:0-70 N 05 F:0-3

240709_5319_posA 18 (0.177) Cm (13:16-45:46)

5520 5540 556.0 5580 650.0 5620 564.0 556.0 558.0 5700 5720 5740 576.0

TOF M5 ES+
156e+0056

Masz Cale, Naze nla P UBE 1-FIT Norm cond (%) Formula
££4.305¢ 5e4,30¢7 0.9 -1.¢% 225 1471.5 n/a n/a 41 H3ONT
240709 _5319_posA 16 (0. 177) Cm (13.16.45.46) TOF MS ES+
e 564.3058 165e6
*~
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566.3127
270.2828 3392006 409.1641 487.2696 578.2867
| 104.1452  185.8079 £/0.£948 it 4 1041 445.2772 481 ¢ 626.3422
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Figure S6 HRMS data for M-meta-F
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UPLC column Kinetex biphenyl
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Single Mass Analysis

Tolerance = 5.0 PPM [ DBE: min = -1.5, max = 60.0
Element prediction: Off

Mumber of isotope peaks used for |-FIT = &

Monoisolophe Mass, Even Electron lons
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Figure §11 HRMS data for M-erthe-F
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Single Mass Analysis
Tolerance = 5.0 PPM |
Element pradiction: Off
Mumber of isolope peaks used for -FIT =9

Mongisciopic Mass, Even Electron lons
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Figure 816 HRMS analysis of M-2F
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Figure S21 The temperature evolution of shape parameter a from Cole-Cole model for
crystals showing the decreasing value of o on cooling.
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b crystals after BDS
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Figure §22 DSC thermograms for samples re-crystalized during BDS experiments measured
after BDS data collection. Scans were done from 200 K. Only calorimetric indication for
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Figure 823 The kinetic data used in Eyring analysis for M-ortho-F (a), M-meta-F (b), and M-2F {c).
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Relaxation rates k=1 " were determined from dielectric loss spectra for erystalline samples.
Symbols correspond to experimental values [rom three independent experiments. Solid lines are
linear fit functions. The slope and y-intercept values are presented.
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Figure 824 Thermal characterization of glassy and crystalline rotors. DSC scans registered
during heating {heating rate HR = 10 K/min) of crystalline and glassy samples revealed a single
thermal event corresponding to melting and glass transition, respectively. The inset magnifies
the temperature range relevant to the glass transition event. Melting temperature T, was
determined as an onset of the peak, while the glass transition temperature Ty as the midpoint of
the heat capacity increment. Thermograms were acquired using a Mettler Toledo DSCISTAR
System equipped with a liguid nitrogen cooling accessory and an HSS8 ceramic sensor (a heat
flux sensor with 120 thermocouples).
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Figure S25 Left panel - the structure of the cluster model obtained from crystallographic data.
The presented structure is for the M-2F isomer, analogous structures were isolated for the
remaining M-ortho-F and M-meta-F isomers. Right panel - rules for simplifying the geometry
of individual molecules included in the structural cluster model, which was used in the DFT
calculations. The atoms marked in red have been removed and the free valencies of carbon
atoms have been supplemented by hydrogen atoms. The red arrow marks the selected
phenylene group, which is the rotor in the calculations.
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Figure S26 DFT calculated potential for isolated molecules
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3. Supplementary Tables

Table S1. List of relaxation time values 1 (s) as a function of temperature T (K) for crystalline rotators

M-ortho-F erystal M-meta-F crystal M-2F erystal
Expl Exp2 Exp3 Expl Exp2 Exp3 Expl Exp2 Exp3
T i T T T T T T T T T T T T T T 1 T
K | 5B | K | J |8 | K |68 Kk [ 8| K| 6§ K | B
32315 |LBSE-07| 32315 | LESE-O7 L69E-07 | 31315 [6.11E-08 | 31315 |629E-08 | 31315 [6.36E-08 | 36315 36315 | 200E-07
31315 |309E-07| 31315 |309E-07 | 313, 286E-07 [ 30315 [9.00E-0% | 30315 |942E-08 | 303.15 |9.31E-08 5 35315
30315 |539E-07| 303,15 |539E-07 | 30315 |498E-07 | 29315 |1.34E-07 | 29315 |138E-07| 29315 |1.39E-07 5 34315
29315 [9.85E-07| 293.15 [9.83E-07 B96E-07 | 283.15 |2.05E-07 208E-07 | 283.15 |2.08E-07 | 333.15 33315
28315 [1.91E-06| 28315 [1.91E-06 LTIE-06 | 27315 |3.20E-07 IATE-07| 27315 [316E-07 | 323.15 32315 | LO9E-06
27315 [3.97E-06| 27315 [3.97E-06 1S2E-06 | 263.15 |5.07E-07 4.98E-07 | 263.15 |4.94E-07 | 313.15 31315 | L79E-06
20315 [9.92E-07| 263.15 |8.95E-06 | 263 TR6E-06 | 25315 |8.29E-07 SA2E-07 | 25315 |7.98E-07 | 303.15 303E-06 | 30315 |3.01E-06
28315 | 1.92E-06) 25315 |2.1RE-05) 25 193E-05 | 24315 |1.3TE-06 1.34E-06 | 24315 |1 31E-06 | 29315 5.26E-06 | 29315 [5.26E-06
27315 [399E-06 [ 24315 | 569E-05) 24305 [500E-05 | 23315 |235E 3 2R3E-06 | 23315 |2 19E-06 | 28315 G46E-06 | 28315 [946E-06
26315 [BO99E-06 [ 23315 | LSTE-04 | 233015 | 140E-04 | 22315 |4.19E- 22315 |4.16E-06 | 22315 [3R9E-06 | 273.15 1.76E-05 [ 27315 | 1.76E-05
25315 [21BE-05( 22315 |507E-04 | 22305 |413E-04 | 21315 |7.76E- 21515 |7.79E-06 | 21315 [7.24E-06 | 263.15 FI8E-05 | 26315 [3.36E-05
24315 [SATE-D5( 21315 | 0.00196 | 213015 | 000162 | 20315 |1.52E-05 | 203.15 |1.53E-05 [ 203,15 | .42E-05 | 253.15 6.81E-05 [ 25315 [6.75E-05
23315 [1.56E-04| 20315 | 0.00846 | 20315 | 0.00734 [ 19315 [310E-05 | 19315 [318E-05 | 19315 [297E-05 | 243.15 LATE-04 | 24315 | 1L47E-04
22315 [S07E-04| 19315 | 0.04173 | 19315 | 0.03649 | 18315 [6.93E-05 | 18315 |7T.16E-05| 183.15 [6.65E-05 | 233.15 S4IE-04 | 23315 |3.39E-04
21315 [ 000195 | 18305 | 02534 | 18305 | 02167 | 17205 |[18IE-04 | 17305 |182E-04| 17315 |1.69E-04 | 223.15 BAIE-04 | 22315 |8.36E-04
203.15 | 0.00843 21515 | 0.00269 | 21315 | 000228 | 21315 | 0.00226
193.15 | 0.04146 20315 | 0.00838 | 20315 | 0.00684 | 20315 | 0.00684
183,15 | 0.2513 19515 [ 0.02899 | 19315 [ 002312 [ 19315 | 0.02297
I83.15 | 0.1155 | 18315 | 008963 | 18315 | 0.08935
27
Table S2. List of relaxation time values 7 (s) as a function of temperature T (K) for glassy samples
M-ortho-F glass
Expl Exp2 Exp3
B B v B
TIK] sl TIK] T[s] TIK] T[s] TIK] Tls] TIK] [s] TIK] [s]
154.15 0.6806 154.15 1.63E-04 253.15 2.18E-07 223.15| 6.35E-07 153.15 0.3624 153.15 1.51E-04
163.15 0.0827 163.15| 4.40E-05 243.15| 4.08E-07 213.15| 1.01E-06 163.15 0.07841 163.15| 3.96E-05
173.15 0.00954 173.15| 1.35E-05 233.15| 8.07E-07 203.15| 1.36E-06 173.15 0.01165 173.15| 1.39E-05
183.15 0.00114 183.15| 5.39E-06 223.15| 3.08E-06 193.15| 2.50E-06 183.15 0.00195 183.15| 5.95E-06
193.15| 2.04E-04 193.15| 2.63E-06 213.15| 8.62E-06 183.15| 4.79E-06 193.15| 2.65E-04 193.15| 2.61E-06
203.15| 3.36E-05 203.15 1.54E-06 203.15| 4.63E-05 173.15 1.29E-05 203.15 2.33E-05 203.15 2.05E-06
213.15| 7.74E-06 213.15| 9.79E-07 193.15| 2.97E-04 163.15| 3.97E-05 213.15| 6.94E-06 213.15| 1.05E-06
223.15| 2.75E-06 223.15| 5.96E-07 183.15 0.0018 153.15| 2.13E-04 223.15| 1.80E-06 223.15| 9.67E-07
233.15| 6.98E-07 173.15 0.01533 233.15| 6.05E-07
243.15| 3.05E-07 163.15 0.1241 243.15 2.86E-07
253.15 7.18E-08 153.15 1.316 253.15 1.47E-07
M-meta-F glass
Expl Exp2 Exp3
B Y B y B
TIK] T[s] TIK] tls] T[K] 1[s] T[K] tls] T (K] 1[s] TIK] 1[s]
163.15 0.03598 163.15| 3.58E-05 213.15 6.94E-06 213.15| 4.20€E-07 213.15 9.55E-06 213.15| 4.13E-07
173.15 0.00286 173.15 1.10E-05 203.15 2.54E-05 203.15| 7.96E-07 203.15 2.08E-05 203.15 8.33E-07
183.15| 3.66E-04 183.15| 4.12E-06 193.15| 5.20E-05 193.15| 1.82E-06 193.15| 8.50E-05 193.15| 1.68E-06
193.15| 6.80E-05 193.15| 1.76E-06 183.15| 3.66E-04 183.15| 3.70E-06 183.15| 5.41E-04 183.15| 3.67E-06
203.15| 2.07E-05 203.15| 9.19E-07 173.15 0.00441 173.15 1.08E-05 173.15 0.00313 173.15 9.80E-06
213.15| 7.17E-06 213.15| 4.45E-07 163.15 0.0306 163.15| 3.69E-05 163.15 0.03657 163.15| 4.03E-05
153.15 0.2923 153.15 1.52E-04 153.15 0.2539 153.15 1.57E-04
M-2F glass
Expl Exp2 Exp3
28
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B B v B
TIK] T[s] TIK] ts] T K] s] T[K] ts] T[K] 1ls] TIK] 1ls]
153.15 5.379 153.15 5.75E-04 213.15| 1.86E-04 213.15 1.76E-06 213.15 1.39E-04 213.15 2.22E-06
158.15 3.289 158.15 3.86E-04 208.15| 4.47E-04 208.15 2.44E-06 208.15| 4.03E-04 208.15 2.38E-06
163.15 0.8895 163.15 1.26E-04 203.15| 9.94E-04 203.15 3.38E-06 203.15 8.63E-04 203.15 3.42E-06
168.15 0.3216 168.15 7.13E-05 198.15 0.00223 198.15 4.50E-06 198.15 0.00206 198.15| 4.61E-06
173.15 0.1269 173.15 4.53E-05 193.15 0.00516 193.15 6.71E-06 193.15 0.00508 193.15 6.72E-06
178.15 0.0452 178.15 2.38E-05 188.15 0.01176 188.15 9.92E-06 188.15 0.01138 188.15 9.67E-06
183.15 0.01699 183.15 1.61E-05 183.15 0.02927 183.15 1.51E-05 183.15 0.02058 183.15 1.39E-05
188.15 0.00813 188.15 1.18E-05 178.15 0.06378 178.15 2.20E-05 178.15 0.05844 178.15 2.22E-05
193.15 0.00276 193.15 7.63E-06 173.15 0.1633 173.15 3.76E-05 173.15 0.1369 173.15 3.48E-05
198.15 0.00132 198.15 5.16E-06 168.15 0.3553 168.15 5.79E-05 168.15 0.3012 168.15 5.39E-05
203.15| 5.15E-04 203.15 3.79E-06 163.15 1.033 163.15 1.25E-04 163.15 0.7057 163.15 9.33E-05
208.15| 2.36E-04 208.15 2.81E-06 158.15 2.236 158.15 2.16E-04 158.15 2.234 158.15 2.15E-04
213.15 1.43E-04 213.15 1.86E-06 153.15 5.983 153.15 6.69E-04 153.15 5.156 153.15 6.83E-04
M-Ph glass
Expl Exp2 Exp3
B B v B
TIK] sl TIK] T[s] T[K] sl T[K] sl TIK] [s] TIK] [s]
143.15 4.57E-05 183.15 8.93E-07 183.15 9.91E-07
148.15 2.28E-05 178.15 1.31E-06 178.15 1.32E-06
153.15 1.23E-05 173.15 1.81E-06 173.15 1.86E-06
158.15 7.44E-06 168.15 2.66E-06 168.15 2.75E-06
163.15 4.32E-06 163.15 3.99E-06 163.15| 4.03E-06
168.15 2.81E-06 158.15 6.59E-06 158.15 6.71E-06
173.15 1.72E-06 153.15 1.11E-05 153.15 1.11E-05
178.15 1.11E-06 148.15 2.01E-05 148.15 1.93E-05
183.15 7.40E-07 143.15 3.98E-05 143.15 3.52E-05
29
Table S3. Crystallographic data for M-ortho-F, M-meta-F and M-2F.
M-ortho-F M-meta-F M-2F
CCDC number 2259776 2259777 2259778
Empirical formula CoHaeCLEN CyHayyCLEN CarH3aCLFN
Formula weight 648.65 648.65 666.64
Temperature [K] 100
Wavelength [A] 0.71073
Crystal system Triclinic
Space group P-1
Unit cell dimensions
a[A] 10.2978(12) 10.2028(4) 10.4518(3)
b[A] 13.059(2) 13.0827(4) 13.0746(4)
c[A] 13.941(3) 14.0212(5) 13.8290(5)
al’] 74.923(14) 76.360(3) 74.578(3)
BI1 84.309(12) 81.060(3) 83.388(3)
1] 69.161(12) 69.155(3) 68.750(3)
Volume [A] 1691.9(5) 1694.45(11) 1697.50(10)
Z 2
Density (calculated) Mg/m’] 1.273 1.271 1.304
Absorption coefficient [mm'] 0.229 0.228 0.234
F(000) 684 684 700
Theta range for data collection [°] 3.320 to 36.089 3.145 t0 36.527 3.057 to 36.449
Index ranges Sl6<h=16,-20=k=11,-22<1=22 -l6=h=16,-18<k<21,-22</=21 Sl7=h=12,-21<k<21,-22=1=22
Reflection collected 24988 26311 26301
Independent reflections 14532 [R(int) = 0.0821] 15060 [R(int) = 0.0363] 15164 [R(int) = 0.0439]
Completeness to theta = 25.242° [%] 99.8 99.8 99.8
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 14532/0/427 15060 /6 /455 15164 /0/434
Goodness-of-fit on F2 0.986 1.018 1.037
Final R indices [1>20(I)] R1=0.0879, wR2=0.1812 R1=10.0626, wR2=0.1412 R1=0.0702, wR2 =0.1822
R indices (all data) R1=0.2142, wR2=10.2514 R1=0.0998, wR2 = 0.1662 R1=0.1064, wR2=0.2212
Largest diff. peak and hole 0.701 and -0.653 1.022 and -0.768 0.732 and -0.608
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Table 54. DFT calculated values of energy barriers AE and asymmetries A for phenylene ring
rotations in the crystalline state.

1 11 A
b AE, b AE, AE, -AE,
(7] [kealimol] [7] [kealimol] [keal/mol]
M1
M-2F 60.0 10.3 240.0 8.8 1.5
M-ortho-F 60.0 9.3 240.0 8.2 1.1
M-meta-F 60.0 .6 2440.0 8.7 -1.1
M2
M-2F 60.0 9.5 240.0 1.3 22
M-ortho-F 60.0 1.8 24400 7.5 0.3
M-meta-F 60.0 1.7 240.0 7.2 0.5
M3
M-2F 60.0 9.9 240.0 9.9 0.0
M-ortho-F 60.0 9.5 240.0 8.6 0.9
M-meta-F 40.0 6.8 2440.0 8.8 -2.1
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3.2 Artykut A2

A2. A. Blazytko, M. Rams-Baron, M. Ksigzek, J. Kusz, M. Matussek, J. Grelska &
M. Paluch. Engineering of Rotational Dynamics via Polymorph Manipulation. The
Journal of Physical Chemistry A, 128, 50 (2024)

Impact Factor z roku opublikowania: 2,7
Punkty ministerialne: 100

DOI: 10.1021/acs.jpca.4c04964

Moj wkiad do tego artykulu polegal na przygotowaniu manuskryptu, zaplanowaniu
badan, przeprowadzeniu  eksperymentow za pomoca spektroskopii  dielektrycznej
1 skaningowej kalorymetrii réznicowej oraz analizie wynikow. O$wiadczenia o wkladzie
pozostatych wspotautorow zostaty zamieszczone podrozdziale 3.4.
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ABSTRACT: We used dielectric spectroscopy to uncover the
rotational dynamies of the fluorophenyl rotor in different
polymorphs of two amphidynamic erystals with identical sizable
cores. The rotor solid-state dynamics were investigated in various
crystalline environments. We did not change the chemical structure
of the crystal itself, but while maintaining the same atomic
composition, we changed the arrangement of atoms in space by
taking advantage of crystal polymorphism, providing an alternative
approach to one based on searching for new, chemically different
entities with desirable functionality. We demonstrated that via
polymorph variation, we can efficiently improve rotor solid-state
performance and reduce the rotational barrer height by 30%. Our
findings advance the understanding of polymorph engineering as a
prospective trend in amphidynamic crystal technology, which uses
displaying applicable internal rotational dynamics.

B INTRODUCTION

Molecular machines are increasingly attracting the attention of
scientists and engineers, as their research and design contribute
to the development of innovative materials with applications in
various scientific and technological fields."™" One of the most
rapidly developed types of molecular machines are molecular
rotors, which are characterized by their ability to perform
intramolecular rotational motions."™

In general, molecular rotation is a phenomenon invelving
the rotation of a molecule or a fragment of a molecule around
its center of mass. Various molecular factors can affect the
rotational behavior, including the molecular mass, shape of the
molecule, or inter- and intramelecular interactions.
addition, the rotational image will vary notably depending on
the state of matter. For instance, in the liquid phase, molecules
have a lot of freedom to perform rotational motion with the
time scale of relaxation times reaching nanoseconds.' %
Liguid rotational dynamies are strongly temperature-depend-
ent, s0 as the temperature decreases, a slowdown in molecular
dynamics is observed. In some cases, it is possible to supercool
the liquid and smoothly enter a disordered glassy state. In a
glass, the whole molecule’s motion reaches a laboratory-
inaccessible time scale. Stll, the mobility of molecular
fragments can be experimentally observed (if the structure of
the molecule and its environment allows it)." In other cases,
liquid cooling can lead to erystal formation, where the mobility
of molecules is precluded by a highly dense and well-ordered
environment. Exceptions include plastic crystals, in which the
centers of mass of the molecules are stationary, but the

In
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the phenomenon of crystal polymorphism to design erystals

molecules can pedform rotational movements.”'* Another
exception is the so-called amphidynamic crystals. In such
structures, the static part of the molecule {the stator) remains
trapped in the erystal structure, while the mobile fragment (the
rotor) exhibits some rotational freedom to perform rotary

The key direction of research on amphidynamic crystals and
the first step to create new paradigms in molecular rotor
engineering is identifying relationships between the crystal
structure and the rotational bartier height. Up to now,
researchers” efforts toward designing optimal rotational
behavior have focused on examining newly synthesized
compounds. An alternative unexplored area is to use
polymorphic engineering for this purpose. It is unclear to
what extent small changes in the arrangement of atoms in
different polymorphs of one compound can affect the rotor
performance. As such, erystal polymorphism in rotor engineer-
ing has not been fully utilized.

The leading and widely used technique in the study of
rotation in crystals is nuclear magnetic resonance {NMR); this
technigue has some limitations, including a relatively small
range of available relaxation times {about five decades).” ™'
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An alternative, increasingly used in polar rotor research, is
broadband dielectric spectroscopy (BDS). It offers a much
more comprehensive frequency range of up to 16 decades;
thus, melecular mobility can be followed over a wide
temperature range.' > For an intriguing class of amphidy-
namic crystals with polar rotors, the BDS method is an
effective and convenient tool for studying their internal
dynamics in a crystalline environment.

Motivated by the lack of general guidelines indicating the
role of erystal polymorphism on the rotor’s performance in
amphidynamic crystals, we used dielectric spectroscopy to
investigate the internal rotational dynamics of two amphidy-
namic crystals with different polymorphs. We used two
custom-designed systems containing a large, rigid stator and
a fluorophenylene rotor rotating around a single carbon—
carbon bond. We observed that depending on the applied
erystallization protocol (involving different thermal steps), we
could obtain distinct polymorphs of cach compound. The
combination of XRD and BDS methods allowed us to indicate
how the polymorph variation impacts the rotational behavior
of the fluorophenylene rotor in different erystal forms of two
compounds. We believe that the results presented in this paper
will advance the understanding of polymorph engineering as an
emerging trend in amphidynamic erystal technology, which
uses the phenomenon of erystal polymorphism to design
erystals with useful intrinsic rotary dynamics.

Recently, we have proposed a new platform of erystalline
molecular rotors with a sizable stator providing sufficient free
volume for the solid-state rotation of a fluorophenylene unit.™
We demonstrated that via internal rotation, the rotor can
sample the immediate surroundings with high sensitivity to
molecular-level changes that impact the rotation parame-
ters. ™" These unique properties are determined by the
presence of a fluorine atom, whose small size and electron-
withdrawing nature allows for robust interaction with the
rotor’s surroundings via C—H-F-C contacts. Previously
investigated molecules have an acetylene linker between the
stator and rotor, allowing fast rotary motion of the
fluorophenyl moiety to be achieved in a crystalline environ-
ment with a barrier of 25.3 k]/mol. To realize our concept of
obtaining different polymorphs of sizable crystals, here, we
replace the previously used acetylene linker with a single bond,
which, although it limits the freedom of rotation, allows us to
abtain different polymorphs of amphidynamic crystals, which
was a central point of the current research. The chemical
structure of two investigated molecules, referred to as M-meta-
F (with 1,3-fluorophenylene rotor) and M-ortho-F (with 1,2-
fluorophenylene rotor), is shown in Figure 1. These isomers
differ only in the position of the fluorine atom in the rotating
unit. The fluorophenylene rotor is connected by a single bond
to a large, rigid, nonpelar part of a molecule containing
diphenylamine and fluorene with long alkyl chains attached.

B MATERIALS AND METHODS

Materials. For our study, we used two structural isomers,
ie, M-meta-F (N-(7-(3-fluorophenyl)-9,9-tetrabutyl-9H-fluo-
ren-2-yl)-N N-diphenylamine) and M-ortho-F ((N-(7-(2-fluo-
rophenyl)-9,9-tetrabutyl-9H-fluoren-2-yl)-N,N-diphenyl-
amine). Both molecules were synthesized on request by
TriMen Chemicals (Lods, Poland) with a declared purity of
=97%. The molecular mass of these compounds was M =
539.71 g/mol. Their structural formulas are presented in
Figure la. Chemical characterization ('"H NMR, "C NMR,
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Figure 1. (a) Differential scanning calorimetry ([*$C) thermograms
measure on heating (10 E/min) of M-meta-F (red line) and M-ortho-
F (green line). The chemical structures of both isomers are presented.
Dielectric permittivity spectra £"(f) collected for M-mefa-F (red
color) and M-orthe-F (green) in the glassy (b) and supercooled liquid
() states. Symbols denote experimental data while solid lines are
fitting functions. A spectrum plotted with a dashed line was partially
crystalline.

HRMS spectra) confirming the identity and purity of both
compounds is presented in the Supporting Information
(]"igl.m:s 51-56).

Differential Scanning Calorimetry. Thermal analysis was
performed by using a Mettler-Taledo calorimeter equipped
with a ceramic HSS58 sensor (heat flux sensor with 120
thermocouples) and a liquid nitrogen cooling system. Temper-
ature and enthalpy calibrations were performed by using
indium and zine standards. The sample was placed in 40 uL
aluminum vessels. Samples in the amorphous and erystalline
states were tested at 253—463 K for M-orthe-F and 253433 K
for M-meta-F with a heating rate of 10 K/min. The melting
temperatures were determined from the onset of the process,
while the glass transition temperature was assessed from the
midpoint of the heat capacity change.

Broadband Dielectric Spectroscopy. We performed
dielectric measurements using a Novocontrol GMBH Alpha
spectrometer. The Novocool Cryosystem system was respon-
sible for temperature stabilization with an accuracy of 0.2 K.
Most of the measurements were carried out in the frequency
range from 107" to 3 % 10° Hz For temperature-dependent
measurements of M-ortho-F polymorphs, the range was

hittpsfdal.ong 10,102 facs. jpca dca5Ed
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Figure 2. Look horizontally to see the BDYS results for representative crystals of M-orthe-F after path [ (first column) and after path Il (second
column). {a) Schematic representation of applied recrystallization protocol (b) (Left panel) the progress of crystallization detected during
isothermal annealing for selected polymorph. (Right panel) the effect of Cole=Cole (CC) fitting analysis with the value of corresponding o
parameter. (¢} Dielectric loss spectra collected for recrystallized samples showing the oryn processes at different temperatures. Similar data for M-

mefa-F can be found in the Supporting Information.

extended to 1 % 107" Hz. The sample in the amorphous state
was placed between two stainless steel capacitor plates. A gap
of 0.1 mm was provided by silica fibers. Dielectric loss spectra
e"{ﬁ were measured on heating from 173 to 383 K for M-
mela-F and from 173 to 359 K for M-erthe-F. The temperature
step was 5 K for T < T, and 2 K for T » T To obtain
crystalline forms of the investigated isomers, we recrystallized
samples from the supercooled liquid. Samples annealing at
Tinneating > Ty was performed directly between the capacitor
plates and the dielectric response was monitored as a function
of time during this process. To obtain different polymorphic
forms, we used two temperature protocols. The first involved
heating the substance to Ty, (T = 415 K and T = 440 K for M-
meta-F and M-ortho-F, respectively), then cooling to T, 0, =
373 K and isothermal reerystallization at this temperature. In
contrast, the second protocal involved heating to T, cooling
to 273 K, and heating to Timneatng = 343 K. The obtained
crystals were subsequently analyzed as a function of temper-
ature in the range: 273—373 K (M-ortho-F polymorph 1b),
353—403 K (M-ortho-F polymorph 2b), 243—373 K ( M-meta-
E polymorph 1a), and 203—373 K [ M-meta-F polymorph 2a).

Powder X-ray Diffraction. PXRD experiments were
performed wsing a Rigaku-Denki D/MAX/RAPID I1I-R
difftactometer equipped with a rotating silver anode and a
two-dimensional image plate detector. The wavelength of the
incident beam was 0.5608 A. The samples were measured in
glass capillaries. The two-dimensional diffraction pattern was
corrected for background (subtracted empty capillary) and
converted to a one-dimensional function of the diffraction
intensity vs the scattering angle 28, The angular range covered
by the experiment was 2—164%, but the range presented in the
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article was a range of 2— 11 characterized by the occurrence of
Bragg peaks.

Single-Crystal X-ray Diffraction. The single-crystal X-ray
experiments were performed at 100 K. The data were collected
using a SuperMNova four-circle kappa diffractometer with an
Atlas CCD detector (formerly Agilent Technologies, currently
Rigaku Oxford Diffraction). For the integration of the collected
data, the CrysAlis™ software was used.” The structures were
solved using direct methods with the SHELXS-2013 software
and the solutions were refined using the SHELXL-2019/2

@ Crystal, data collection, and refinement details for

program.
the erystal structures are gathered in Table 52

B RESULTS AND DISCUSSION

First, we characterize the thermal properties of M-meta-F and
M-erthe-F using DSC. Both isomers were found to be in the
glassy state, as conficmed by the presence of a glass transition,
visible as a step change in heat capacity on collected
thermograms (Figure la). The glass transition temperatures,
Ty determined from the midpoint of heat capacity increment,
are the same, i.e., T,=313+1K for M-micta-F and M-orthe-F,
The DSC measurements were performed with a heating rate of
10 KE/min; no crystallization was observed under these
conditions. Subsequently, the molecular dynamics of both
isomers were investigated using the BDS method.

Figure 1b,c shows the representative dielectric loss spectra
£"(f), collected at different temperatures for samples above
and below Tg. In the glassy state {I:igurc 1b), molecular
mobility is determined by secondary relaxations. In general
terms, secondary relaxations may reflect the intramolecular
dynamics of molecular fragments or the dynamics of an enbire
molecule. The latter called Johari—Goldstein (JG) relaxations
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Figure 3. (a) Thermograms obtained on heating of recrystallized samples (10 K/min) obtained using different crystallization protocols {path I and
path 11} for M-meta-F (red lines) and M-srthe-F (green lines) isomers. (b) Relaxation map for different palymorphs and glass of M-meta-F and M-
ortho-F. (¢} Powder diffraction patterns of samples obtained using crystallization protocols like in diagram (a), symbols mark diffraction peaks

which refer to polymorph 1 or 2.

are frequently discussed as precursors of the cooperative
dynamics associated with the glass transition.” ™" In the case of
molecular rotors, intramolecular relaxations are of greatest
importance, as the focal point of research s a moelecular
fragment called the rotor, performing rapid rotations in the
environment created by the rest of the molecule. In the studied
molecules, internal rotation was accomplished with a
fluorophenyl unit. Due to the presence of a fluorine atom,
rotor mobility leads to dipole moment changes. Thus, in a
glassy state, the rotation of the luorophenyl unit contributes to
the diclectric response as a secondary relaxation mode (non-
1G), which we assigned as the i, process.”" As shown in
Figure 1b when the glassy sample is heated, the maximum of
the ., process shifts toward higher frequencies. As the loss
peak frequeney is inversely related to the relaxation time, such
behavior proves that the internal rotation of fluorophenylene
units accelerates on heating. When the temperature reaches T

T, 2 higher amplitude £7(f) peak, @-process, appears on the
spectrum (see Figure le). It corresponds to the structural
relaxation process originating from the cooperative rearrange-
ments of whole molecules and constitutes an intrinsic feature
of supercooled liguids dynamics. One can see in Figure e that
for the M-orthe-F at T = 353 K, a significant reduction in the
£"(f) peak amplitude oceurs. It denotes the ongoing
crystallization. The drop in £"(f) peak amplitude is caused
by the partial transformation of supercooled liquid inte a
erystalline phase where the whole molecule motions
responsible for a-process are limited.

The observation of the recrystallization phenomena
prompted us to perform time-dependent isothermal dielectrie
experiments to monitor the erystallization of the investigated
isomers in situ. We applied two crystallization protocols
intending to produce different polymorphs by cooling the melt

to various temperatures. We expected that nucleation at
different temperatures (ie, near T, and near T ) would yield
different polymarphic forms.”"™" The overview of the two
experimental protocols used in our study is shown in Figure Ja,
The applied procedures include the following steps (i) melting
the substance at T = Ty, cooling to Tipeneg = T, (path 1) and
(i) melting the substance at T = T, cooling to T < T, and
subsequent heating to T, > T, (path 11). The main
difference is the deeper cooling step and additional heating
step in path L The representative dielectric loss spectra £"( f)
collected during sample annealing for M-ortho-F are presented
in Figure 2b. Data for M-meta-F are shown in Figure 57 in the
Supporting Information. The corresponding '(f) data are
shown in Figure 58.

As can be seen in Figure Ib, when the crystallization
progresses, the a-process gradually disappears. Interestingly,
when the crystallization was completed, the collected £7(f)
spectra were not featureless, which would be expected if all
mobile dipoles were frozen in the erystalline lattice. Instead,
simultaneously with the disappearance of the a-peak, 2 new
relaxation process appears in the dielectric response; see Figure
Ib,c, assigned as § ., which indicates that the internal rotation
of the fluorophenylene unit is not suppressed in a crystalline
state, The same effect was reported before for similar crystals
with an acetylene linker™ Surprisingly, the pattern of the
dielectric response depends on the applied erystallization
protocol. For instance, for M-meta-F, the bimodal dielectrie
response was observed after path 11, suggesting that a mixture
of different polymorphs was formed (see a second column in
Figure 57

To confirm that the applied recrystallization protocols led to
various polymorphic forms, we performed DSC measurements
to characterize the melting points of the obtained crystals.

brttpes:dal org 10,102 1/acs jpca 4ciqs 4
A Phys. Chem. A 2029, 128, 1075810765

63

63:6154146532



The Journal of Physical Chemistry A

pubs.acs.org/JPCA

polymorph 1a

-Y:“V'E.Sﬂ!a’\
“u-,‘/‘\,

polymorph 2a

& W B0 90

50 1M 10 14
E, [kVmol]

Figure 4. Packing geometry around the rotor with interatomic distances {in A} for most relevant C—H---F contacts for M-mefa-F (2} and M-ortho-
F (b} palymorphs. The flusrophenylene units rotating in the crystalline interior are marked in orange (M-meta-F) or green (M-ortho-F). The unit
cell axes are depicted. (c) Summary of results showing the relationship between the height of the rotational barrier, the number of possible
interactions, and the distance between the donor and acceptor in the C=H-F contacts.

Figure 3a presents thermograms obtained on heating of
samples recrystallized on a BDS using different protocols. All
the curves show an endothermie process associated with erystal
melting. For the M-meta-F, we identified two polymorphs with
T, =415 £ 1 K (assigned as polymorph la) and T,, = 398 + 1
K (polymorph 2a). The recrystallization procedure according
to path I resulted in polymorph la, while path 11 led to the
appearance of a lower melting point polymorph 2a, which after
melting promptly recrystallized to polymorph la when heated
at 10 K/min. To demonstrate that polymorph la is not formed
postmelting of polymorph 2a but was formed during thermal
annealing in BDS, the sample was heated with a faster heating
rate of 30 K/min (see Figure 510). Then, the recrystallization
to polymorph la can be avoided and two endothermic
processes corresponding to the melting of polymorphs la and
2a can be distinguished. For the M-orthe-F, we obtained
polymorph 1b with T, = 440 + 1 K following path I, and a
lower melting point polymorph 2b with T, = 435 £ 1 K after
path Il The structural evidence for the presence of various
polymorphs in samples recrystallized using different protocols
is given in Figure 3¢ where PXRD patterns for each
recrystallized sample are compared. The diffractograms of M-
mela-F and M-ortho-F show sharp Bragg peaks characterizing
the erystalline structures of the investigated samples. Patterns
of samples obtained after path I and path II are characterized
by clear differences, indicating that we are dealing with
different crystalline forms. A closer analysis of the M-meta-F
erystal obtained via path Il confirms that the obtained sample
i 2 mixture of two polymorphs 1a and 2a, with the majority of
the second. That observation helps to explain the two melting
points and bimodal dielectrie response.

To probe the rotational dynamics for each erystal, we
measured the dielectric loss spectra as a function of the
temperature when the recrystallization process was completed.
The collected £7(f) data are shown in Figures 2 and 57b. One
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can notice that £7(f) spectra collected for erystals are much
narrower than those presented in Figure lbe. To determine
the characteristic relaxation times for internal rotation of the
fluorophenyl unit in erystals (. process), we fitted the £7(f)
spectra depicted in Figures 2¢ and 57 using a CC function

P Ae
€{e) Em-'_1+(iamll"
where e, is the high-frequency permittivity, Ar is the
dielectric strength, @ is the angular frequency, t is the
characteristic dielectric relaxation time, and @ is a shape
parameter which varies from 0 to 1 (for the Debye response
with a single relaxation time).* For the M-meta-F erystal with
the bimodal response, we applied two CC functions (see
Figure §7a, second column). For all erystalline samples, the a
parameter is close to unity at high T and decreases on cooling,
reflecting a departure from the ideal Debye model in terms of
peak broadening (see Figure 59). Referring to the
nomenclature typical for glass-forming liquids, it is denoted
that rotational heterogeneity increases as the temperature
decreases. In structurally ordered crystals, such effects were
linked with the diversity of dipole—dipole interactions in the
case of polar rotors,”’ or temperature-dependent crystalline
framework motion as was suggested for rotors in the metal—
organic frameworks. ™

The main outcome of CC analysis is presented in Figure 3b
where the temperature dependence of characteristic relaxation
times is shown. For all erystals, the relaxation times follow the
linear Archenius relationship, allowing us to compare their
rotational dynamie in terms of activation energy”

T rep[E‘]
= Thexp] —
kT

where 7, is the pre-exponential factor linked to attempt
frequency, E, is the activaion energy, k is Boltemann's
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constant, and T is the temperature (see Table 51 for fitting
parameters). In all cases, the rotation barder determined for
the internal rotation of the fluorophenylene unit in the
erystalline state was higher than that in the glassy state. This
can be expected due to the lower density and larger free
volume of glass compared to its crystalline counterpart.
However, such regularity cannot be treated as a strict rule, as
we recently showed for a rotor for which the barrier height in
the crystal was halved.™ Here, for the P process, the E,
values were £, = 45.20 £ 0.72 and E, = 47.1 £ 0.58 k] /mol for
Momieta-F and M-ortho-F, respectively. For the f§_ . process,
the barrier height for the M-meta-F sample recrystallized using
path 1 wag equal to 83.32 + 0.65 kJ/mol (polymorph 1a). For
the sample recrystallized according to path 11, which is a
mixture of two polymorphs, we obtained two E, values. For a
slower component with a smaller amplitude E, = 85.00 + 0.42
k] /mol, while for a faster higher-amplitude component E, =
58.26 + 0,08 k] /mol. One can note in Figure 3b that relaxation
times obtained for polymorph la and those corresponding to a
slower component after path I overap perfectly. Thus, we
assigned a relaxation with a smaller amplitude to polymorph 1a
and a faster higher-amplitude component to polymorph 2a. In
the M-ortho-F process with E, = 8647 + 0.08 k[/mol after
path [ corresponds to polymorph 1b while this with E, =
12849 + 2.66 k] /mol observed for the erystal after path 11 is
assigned to polymorph 2b. These results demonstrated that
rotors in erystals obtained using different crystallization
protocols revealed various solid-state rotational performances.
Depending on the polymorph, the barrier height for the
internal rotation of the fluorophenylene unit varied substan-
tially, showing that polymorph variation is an effective
approach to tailor the rotor properties in the amphidynamic
erystals.

In our experiments, by maintaining the atomic composition
in all tested samples and only meodifying the packing
arrangement, we created optimal conditions to identify the
molecular factors determining the barrier height in each case.
Single-crystal X-ray diffraction measurements provide precise
structural information about each polymorph, which we could
compare with BDS results. The crystallization protocols appear
to be successful and allow us to grow single arystals of each
polymorph suitable for structural analysis. In each sample, for
most of the fluorophenyl units rotating in the crystalline
interior, we observed that positional disorder and erystal
refinement could be done only by assigning a fluorine location
at two different sites, as shown in Figure 4 (F atoms are labeled
in red) where packing geometry around the rotor and most
relevant rotor-stator conmtacts are depicted (for thermal
ellipsoid representation of structures see Figures S11-514).
For M-meta-F, polymorph la and polymorph 2a are packed in
the same triclinic system with space group P-1 but the unit cell
of polymorph 2a has twice the volume of polymorph la (see
Table 52) and accommodates two molecules in the unit cell.
The molecular arrangement and nature of intermolecular
contacts vary among polymorphs. In polymorph la, the M-
meta-F molecules have an arrangement allowing both rotor—
stator (de_y.p = 2688 A) and rotor—rotor (de_y.p = 2.606
A) interactions, see Figure 4a. Regardless of the position of the
rotating fluorine, the geometry of rotor surroundings allows the
creation of C—H--F contacts with neighboring molecules,
hindering the rotor’s mobility. In polymorph 2a, the situation
is more complex. In the unit cell, we have two molecules in
which the rotor is located in different packing surroundings.

The first population of rotor molecules can interact with the
alleyl chains (de_y.p = 2.607 A), and in this case, no positional
disorder for the fluorne location was found. It denotes that
rotor mobility remains suppressed in a crystalline lattice. The
second population of rotor molecules interacts with one of the
phenylamine rings, but the strength of interactions is weaker
than in polymorph la due to the larger distance between
interacting atoms (d-_y.p = 2.882 A). During rotation, such
contacts can be avoided at some fluorine locations as structures
related to 1807 rotation are not equivalent in terms of their
ability to create rotor—stator contacts. Consequently, the
internal rotation in polymorph 2a occurs with a lower barrier
height.

For M-orthe-F, following path I, polymorph Ib was created
with an orthorhombic unit cell and space group P2,2,2; path
I resulted in polymorph 2b with a triclinie structure.
Polymorph 1b has a unit cell volume two times larger than
polymorph 2b (see Table 52 for details). Smaller rotational
barriers had rotors moving in crystals with a larger volume of a
unit eell; the same is true for M-meta-F polymorphs. The
higher rotational barriers observed for M-ortho-F polymorphs
in comparison to M-meta-F are due to the proximity of a
fluorine atom to the stator’s fluorene unit, which allows the
formation of intramolecular rotor—stator contacts, restricting
the rotor’s mobility. The erystalline packing and pattern of
relevant rotor—stater contacts for both polymorphs of M-
artho-F are shown in Figure 4b. For polymorph 1b, in addition
to intramolecular C—H---F interactions relevant for both M-
orthe-F polymorphs (d,,,, = 2.499 A), intermolecular C—H-~F
contacts with one of the diphenylamine rings (dp_yy ¢ = 2.466
A} affect rotor mobility. For polymorph 2b, with the highest
barrier detected, the molecular packing is different. During
rotation, the fluorine atom can interact with one of the
diphenylamine rings (de_y.p = 2486 A) but at the same time,
the proximity of alkyl chains may hinder rotation, see the right
panel in Figure 4b. Refined structures revealed some positional
disorder for alkyl chains for polymorph 2b in M-orthe-F. Since
the terminal group of one of the alkyl chains can change its
position, under certain conditions, a strong rotor-chain contact
can emerge (with d-_ p = 1.875 A}, hindering rotation.
Consequently, the largest barrer height discovered for this
polymorph reflects the highest number of C—H-F contacts,
allowing for developing rotor—stator interactions.

Our efforts to find a molecular justification for barder height
for the investigated fluorophenyl rotor have shown that the
main factors are the interactions of fluorine with its immediate
environment and differences in the pattern of C—H--F
contacts determined by changes in the arrangement of atoms
in individual crystal forms. It is apparent that the highest
activation energy found for polymorph 2b in M-ortho-F (E, =
12849 £ 2.66 k] /mol) is related to the highest number of C—
H-~F interactions. The fewer rotor—stator contacts are created
and the lower barriers are observed, as in the case of
polymorph 2a in M-meta-F with the lowest activation energy
found (E, = 58.26 £ 0.08 kJ/moal) and only one site favoring
rotor—stator contacts. As shown in Figure 4¢, the rotational
barrier height correlates with the donor—acceptor distances of
the involved C—H--F contacts. The proximity of the sizable
core in the case of the M-ortho-F substitution, allowing the
intramolecular C—H-~F contacts, increased the barrier height
compared to the mela isomer. The size of the unit cell is also
important. For both isomers, the polymorph with lower
activation energy had a larger unit cell. These results confirm
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the possibility of adjusting the internal dynamics of rotors via
polymorph variation and show that the dynamics of a rotor in
the crystalline interior can be effectively adjusted by finding a
polymorph with optimal molecular arrangement limiting the
possibility of rotor—stator interactions.

B CONCLUSIONS

In summary, we designed two molecular rotors with
fluorophenylene rotors embedded in sizable crystals using an
approach reported previously. By playing with the temperature
during the erystallization procedure, we obtained varous forms
of an amphidynamic crystal, where the rotor moves in distinet
packing environments with different patterns of rotor—stator
interactions. Finally, we demonstrated that polymorph
variation allows for the improvement of rotor properties and
a reduction in barrier height by 30%. Our findings
demonstrated that exploring the polymorphs of newly tested
compounds presents a promising approach to identifying
optimal rotational pedformance. Such polymorph screening can
become an integral part of the search for new amphidynamic
crystals, as it represents an opportunity to significantly improve
rotational properties without synthesizing a new chemical
entity.
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1. Chemical characterization of compounds

M-meta-F

Q

Hi&  €Hy

'H NMR (500 MHz, Acetone-d) &: 7.85 — 7.75 (m, 3H), 7.69 (dd..J = 7.9, 1.7 Hz, 1H), 7.62 —
7.58 (m, 1H), 7.55 — 7.48 (m, 2H), 7.35 — 7.29 (m, 4H), 7.23 — 7.20 (m, 1H), 7.15 — 7.10 (m,
5H), 7.08 — 7.02 (m, 3H), 2.16 — 1.93 (m, 4H), 1.17 — 1.04 (m, 4H), 0.74 — 0.66 (m. 10H). *C
NMR (126 MHz, CDCl:) &: 164.32, 162.37, 152,51, 151.52, 148.05, 147.47, 144.13, 144.07,
140.96, 138.01, 135.73, 130.29, 130.23, 129.28, 126.11, 124.01. 123.52, 122.79, 122.69,
121.31, 120.63, 119.54, 119.32, 114.09, 113.92, 113.89, 113.72, 55.19, 40.11, 26.17, 23.10,
13.99. HRMS (ESI): caled. for C3oH3sFN [M*] 539.2988; found 539.2991,

M-orthe-F

Q

N
@ ;
H,C CH,
'H NMR (500 MHz, Acetone-ds) 8: 7.83 (d,.J = 7.8 Hz, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.65 —
7.55 (m, 3H), 7.46 — 7.39 (m, 1H), 7.35 — 7.24 (m, 6H), 7.23 — 7.20 (m, 1H), 7.14 — 7.02 (m,
TH), 2.00 — 1.92 (m, 4H), 1.16 — 1.07 (m, 4H), 0.75 — 0.68 (m, 10H). 3C NMR (126 MHz,
CDCl3) 8: 160.91, 158.94, 152.54, 150.84, 148.06, 147.34, 140.56, 135.91, 133.73. 130.86,
130.84, 129.75, 129.65, 129.24. 128.71, 128.65, 127.86, 127.84, 124.40, 12437, 123.95,

123,54, 123.52, 12349 122.61, 12056, 11936, 119.10, 11631, 116,12, 55.12, 3999, 26.14,
23.07. 13.95. HRMS (ESI): caled. for CseHasFN [M™] 539.2988; found 539.2991.
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Figure S1: HRMS spectrum of M-meta-F
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Figure 82: 'H NMR spectrum of M-meta-F
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2. Supporting graphics and tables
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Figure S10: Thermogram obtained on heating of recrystallized M-meta-F after path II with 30
K/min heating rate.

Figure S11: M-ortho-F polymorph 1b structure in thermal ellipsoid representation.
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Figure S12: M-ortho-F polymorph 2b structure in thermal ellipsoid representation.

Figure S13: M-meta-F polymorph 1a structure in thermal ellipsoid representation.
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Figure S14: M-meta-F polymorph 2a structure in thermal ellipsoid representation.

Table S1: Fit parameters of Arrhenius function for glasses and crystals.

E. [kJ/mol] logT [s]
Glass 45.20+0.72 -14.98 = 0.18
Meiieta:F Polymorph 1a path I 83.32 £ 0.65 -17.85 £ 0.11
Polymorph 1a path II 85.00 + 0.42 -18.06 = 0.07
Polymorph 2a 58.26 + 0.08 -15.48 = 0.01
Glass 47.10+ 0.58 -15.61 = 0.15
M-ortho-F Polymorph 1b 86.47 + 0.08 -16.16 = 0.52
Polymorph 2b 128.49 + 2.66 -18.32 %+ 0.37
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Table 82: Structural parameters of obtained single crystals of M-meta-F and M-ortho-F.

M-meta-F M- -F

polymorph la polvmorph 2a polymorph 1b polvmorph 2b
CCDhC 2353733 2353734 2353736 2353735
Tk 1003
Chemical formula CugHyFN
Formula Mass 539,70
Wavelength/A 071073 1.54184
Crystal system Triclinic Orthorhombic Triclinic
Space group I'-1 P22 P-1
£ 2 4 4 2
Unit cell dimensions
alA 9.2598(2) 10.15614(3) 10.7172(2) 9.1595(9)
hiA 12.6652(4) 17 1667(4) 13.3801(3) 12.6777(12)
/A 14.3895(4) 18.3720(4) 20.9751(5) 14.2485(9)
o T2.700(3) 107.17142) 90 104.837(T)
fe 0.726(2) 97.397(2) 90 93.252(7)
3 71.324(2) 97.617(2) 90 109.944(9)
Unit cell volume/A® 1518.72(8) 2085.28(13) 3007.77i12) 148442
FilHh) 576 1152 1152 576
Fis -"Mf_:m"‘ 1.180 1.201 1192 1.207
L ! 0.072 0.073 .539 (1.566
Theta range for  data 2958 to 36,357 2,951 10 36.534 3919 t0 73.720 125010 73673

collection®

Range of &, &1 A15=h=13 Ale=h=16 -13=h=13 Al =h=10
20= k=20 27=k=23 le=k=14 A=k=15
23=1=21 21 =1=30 21=1=2 -17=i=17

Mo, of measured reflections 23308 45564 19730 H491

No. of independent reflections 13469 26507 5905 5229

Hine 0.0292 0405 0.0330 0.0427

Data / restrainis / parameters 13469/ 0/ 382 2650770/ 754 3905/ 0/ 382 522970/ 393

Goodness-of-fit on F? 1.035 1.022 1.047 1.054

Final &; values (f > 2a(i)) (L0551 0.0554 0.0343 (L0910

Final wR{F7) values (I = 2a( ) 0.1396 01370 0.0823 01.2562

Final &; values (all data) (.0829 01016 0.0383 01031

Final |L'H{F:} values {all data) (11648 0.1729 00850 0.2822

Largest diff. peak and hole/e A’

0.569 and -0.273

0.494 and -0.309

(0.214 and -0.188

0414 and -0.454
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3.3 Artykut A3

A3. A. Btazytko, M. Rams-Baron & M. Paluch. The influence of molecular shape on
reorientation dynamics of sizable glass-forming isomers at ambient and elevated
pressure. Scientific Reports, 14, 887 (2024).

Impact Factor z roku opublikowania: 4.1

Punkty ministerialne: 140

DOI: 10.1038/s41598-023-50894-8

Moj wkiad do tego artykulu polegal na przygotowaniu manuskryptu, zaplanowaniu
badan, przeprowadzeniu eksperymentdow za pomocg spektroskopii dielektrycznej oraz
skaningowej kalorymetrii réznicowej oraz analizie wynikow. O$wiadczenia o wkladzie
pozostatych wspotautoréw zostaty zamieszczone w podrozdziale 3.4.
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The influence of molecular

shape on reorientation dynamics
of sizable glass-forming isomers
at ambient and elevated pressure

Alfred Btazytko, Marzena Rams-Baron & Marian Paluch

We used dielectric spectroscopy to access the molecular dynamics of three isomers with a structure
based on a sizable, partially rigid, and non-polar core connected to a polar phenylene unit differing

in the position of the polar group, and, consequently, the direction and magnitude of the dipole
moment to address the gquestion how unique molecular properties, in particular large size and
elongated shape, affect the dynamics. The position of the pelar group differentiates the molecular
shape and isomer’s anisotropy and leads to different thermal and dynamic properties of the isomers.
The shape of permittivity loss spectra was governed by magnitudes of the longitudinal and transverse
components of dipole mement to a large extent. For para isomer with negligible traverse component
of dipole moment, the narrowest loss peak was found while for meta isomer, the bimodal loss peak
was observed at high temperatures. Its shape evolved on cooling limiting the possibility of individual
mode separation near glass transition where the dynamics were more cooperative. High-pressure
dielectric studies showed that sizable isomers were characterized by the pronounced sensitivity of
glass transition temperature, T, to compression. Observed high activation volumes, such as 735 em?/
mol at T, for para isomer, were found to correlate with the length scale of dynamic cooperativity. The
number of dynamically correlated molecvles depended on meolecular shape and varied among isomers
while the determined values were much smaller than that reported for other glass-forming liguids.
We discussed here the obtained results in the context of the specific properties of the systems studied
showing the overriding role of anisotropy.

The ﬁludy of maolecular 1'm’.r|}iJit}' is important in many areas of science and engineering, il]i:ludiug materials
science, physics, and chemical engineering. It can provide insight into the physical and chemical properties of
materfals and can help to design and optimize materials for specific applications. Broadband dielectric spec-
troscopy (BDS) is one of the most common techniques for molecular dynamics examination with a longstand-
ing tradition of studying supercooled liquids and glasses. What constantly attracts researchers’ attention to
glass-forming materials is the spectacular evolution of dynamie properties covering 15 orders of magnitude in
a relatively small temperature range between the melting and glass transition temperatures, providing unigue
opportunities to study the fascinating and still not fully understood effects related to the cooperative phenom-
enon of liquid-to-glass transition.

To study the reorientation dynamics using the BDS method, the molecule must exhibit a non-zero value of
the dipole moment'. The case of anisotropic glass-forming molecules is of particular interest because the longi-
tudinal and transverse components of the dipole moment can contribute to the dielectric response to a different
extent. In contrast, for small and symmetrical particles with isotropic shapes, such differences are expected to
be negligible. Most anisotropic glass-forming molecules investigated to date host rod-shaped, disc-shaped, or
bent-core structures that can form liquid crystalline phases. The importance of molecular shape in determin-
ing their mesogenic and dielectric properties has been well recognized®. In the vast majority of these materials
the dipole moment was directed along the long molecular axis, making the longitudinal component of a dipale
moment a main probe of molecular motion. On the other hand, very few studies have concentrated on the role
of anisotropy in the dielectric response of disordered systems. Consequently, our understanding of how the

August Chetkawski Institute of Physics, University of Silesia in Katowice, 75 Putku Piechoty 1, 41-500 Chorzow,
Poland. *email: marzena_rams-baron@us.edu.pl
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longitudinal and transverse components of dipole moment sample different aspects of rearientations in such
anisotropic glass-formers is still incomplete.

Recently, unusual dielectric behavior at a high temperature was reported for anisotropic glass formers witha
sizable core’. When most supercooled liquids at high temperatures revealed a narrow and symmetric Debye-like
dielectric loss peak which broadened on cooling, a representative of sizable molecules showed the bifureation
of the main loss peak at high temperatures. This behavior has been interpreted as a manifestation of individual
aspects of the motion of a sizable and anisotropic molecule, which can reorient along short and long axes on
different time scales. Of course, this result raises the question of how exactly the dielectric response ie. bimaodal
peak shape is connected to molecular properties of sizable glass-formers.

Itis generally agreed that as the glass transition is approaching, the character of molecular motions becomes
more cooperative’. The independent reorientations observed at high temperatures, evolve on cooling towards
cooperative behavior where the motion of melecules depends strongly on their neighborhood. Therefore, as
the temperature increases towards the melting temperature the shape of dielectric spectra, sensitive to dynamic
heterogeneity, can uncover some individual features of molecular motion whose diserimination near T, is unat-
tainable. On the other hand, molecular dynamies, structure, and properties {also cooperativity) of glass-forming
materials can be also effectively tuned by varying the pressure at a constant temperature. By performing dielectric
studies at elevated pressure, it is possible 1o determine the activation volume characterizing the sensitivity of
reorientation dynamics to compression®. Its value depends on the size of the reorienting unit, but in the case of
isomers with identical molecular weights, any differences may shed more light on the importance of anisotropy
and molecular shape. In the case of molecules with elongated shapes, the application of pressure can provide
additional information to understand better the eventual separation of time scales of relaxations associated
with long and short axes reorientation and differences in pressure sensitivity of particular modes. Additionally,
the relation between activation volume and cooperativity length scale for structural relaxation was reported®
which validity is interesting to check in the context of unusual properties found for sizable glass-formers in the
previous studies™”.

A first indication of the bimodal dielectric response of sizable glass formers was given in rel”. In our con-
siderations, the term sizable glass formers refers 1o molecules with a molecular weight above 600 g/mol that
have multiple rigid ring-containing structures and exhibit unique dieleetric properties e.g. large value of pre-
exponential factor of a Vogel-Fulcher-Tammann (VFT) law used to describe the temperature dependence of an
a relaxation process originated from reorientation around shorter molecular axis’. Here, we investigated other
representatives of sizable glass-formers with a structure based on the same coneept of an anisotropic, partially
rigid, and sizable non-polar core containing various heterocyelic structures and aliphatic chains connected to
a polar phenylene unit, see Fig. 1. As a linker between polar and non-polar segments, we used an acetyl bridge,
unlike in the previous paper’. The linker modification allows us to increase the system anisotropy in compari-
son to sizable glass-formers investigated before. We used a trifluoromethyl group, -CF;, 1o introduce the dipole
moment Lo the investigated molecules. It was variously attached 1o the phenyl ring at the ortho, meta, or para
positions. This approach provided us with isomers with a well-defined direction of the dipole moment vector
and different molecular shapes — more elongated in comparison to those studied in ref?, suitable for further
systematic dielectric studies of their reorientation dynamics.

The main goal of the current work was to address the question of how differences in molecular shapes among
isomers will impact the spectral properties revealed in dielectric investigations at ambient and elevated pres-
sure in thermodynamic condilions corresponding to a supercooled liquid state. To facilitate understanding of
the complex reorientation dynamics above the T,, we analyzed and discussed data collected below T, where
the relaxation pattern also depends on the position of the —-CF, group attached to the rotating phenyl ring. Our
calorimetric and dielectric studies revealed many differences in thermal and relaxation properties between
isomers which were largely due to differences in the molecular shapes. Al the same time, cerlain characteristic
features, common to all isomers were identified. Namely, high-pressure studies showed that all isomers revealed
pronounced sensitivity of reorientation dynamies to compression as indicated by very high values of activation
volumes and pressure coefficients of T,. A particularly important result of this work was the observation of
complex dielectric response for a meta isomer at high temperatures and at elevated pressure which we attributed
to reorientation along the long and short molecular axes whose time scales decouple as the degree of intermo-
lecular cooperativity decreases. In addition, we examined the degree of heterogeneity near the glass transition
and confirmed the validity of a relation between the correlation radius and the activation volume reported lor
other pglass-forming materials®. We discussed the obtained results in the context of the specific praoperties of
isomers studied—their large size, substantial stiffness of sizable cores, and elongated shape. We have shown the
overriding role of anisotropy which we identified as a pivotal feature determining the dynamic properties of the
studied isomers.

Results and discussion

Thermal characterization

Figure 2 shows thermograms measured on heating of erystalline (top panel) and vitrified (bottom panel) iso-

mers of sizable molecules. On thermograms recorded for erystalline samples only one endothermic process

was observed (top panel), which corresponds to the melting of the crystalline material. The highest melting

temperature, Ty, was found for meta-CF,, Le. T,, =438 K. The para and orthe isomers melt at T,, =435 K and

Ty =403 K, respectively. The Ty, value observed for ortho-CF; was found to be significantly lower in comparison

to other isomers, which may indicate the presence of weaker bonds in the erystal structure of the ortho isomer®.
A step change in heat capacity, indicating the glass transition phenomenon, was observed on each thermao-

gram recorded on heating of vitrified samples. The exact temperature values at the midpoint of the glass transition
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Figure 1. (a) The chemical structure of the studied isomers. (b) Geometrically optimized structures through
the AMI semi-empirical method. Starting from the left: ortho-CF,, meta-CF,, and para-CF; are presented.
Symbolic mesh shows the van der Waals volume of the molecules. The drawing was created using Vega ZZ

software.
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Figure 2. Thermograms showing thermal processes observed during heating of crystalline (upper panel) and
vitrified (lower panel) samples. The inset magnifies the glass transition region.
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wete determined using temperature-modulated differential scanning ealorimetry (TMDSC). The highest value
of the glass transition temperature, T,, was found for para-CF, e, T, ™" =323 K. The ortho and meta isomers
show the glass transition at T, =313 K and T,"™" = 309 K, respectively. Several factors can affect the glass
transition temperature, such as differences in moslecular structure {molecular weight, polarity, shape) and the
ability to form intermolecular bonds®™ . The studied isomers have the same mass and atomic composition.
However, due to the differences in the position of the CF, group, the shape of a molecule and the strength of
intermolecular interactions can vary among lsomers.

The thermogram registered for para-CF;, besides the glass transition feature, shows an additional process at
T, =387 K attributed to non-isothermal crystallization. The lowest physical stability of vitrified para-CF, among
investigated isomers is related to its higher symmetey facilitating the formation and growth of erystals. As shown
on several low-molecular-weight liquid pairs (like p-xylene and m-xylene, or benzene and toluene}, those show-
ing greater symmetry had a greater tendency to recrystallize™.

Reorientation dynamics at ambient pressure

To characterize the reorientation dynamics and compare the properties of particular isomers at ambient pressure
we performed first the dielectric measurements at temperatures corresponding to the supercooled liquid state.
Figure 3 shows the frequency dependence of the imaginary part of complex permittivity, £"(f), at various tempera-
tures. The prominent process well-resolved on all recorded £'(f) spectra is a structural relaxation peak (denoted
also as a-relaxation) corresponding to the cooperative reorfentation of the molecules and directly related to the
glass transition. For anisotropic elongated systems, such neighbor-dependent molecular rearrangement can
oceur via long or short axes reorientations. On cooling the structural relaxation peak maximum shifts toward
lower frequencies manifesting a growing time-scale required for molecular reorientation as the temperature
decreases towards the glass transition. In contrast to meta-CF; and ortho-CF;, the amplitude of a-relaxation for
para-CF, started decreasing at T= 367 K. Such behavior denotes the onset of crystallization and is consistent
with the behavior revealed in DSC studies indicating recrystallization of the para-CF, sample when heated above
T, When liquid-crystal transformation progresses on heating, para-CF; molecules that constitute the erystal
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Figure 3. The dielectric response of para-CF;, meta-CF; and ortho-CF; at ambient pressure. The solid lines
represent the real part of dielectric permittivity & (right axis), while the dotted lines indicate the imaginary
part of the permittivity £” (left axis). In the case of para-CF, black color was used to distingnish partially
recrystallized spectra. The de-conductivity has been removed from the spectra, except one illustrating the
magnitude of de contribution (dashed red line).
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lattice lose the ability to reorient. As a consequence, the decreasing number of mobile dipoles is accompanied
by a drop in the a-peak amplitude'.

To get more detailed information about the relaxation properties of the isomers studied, the data presented
in Fig. 3 were fitted using the Havrilik-Negami (HN) function with the de-conductivity term:

+ Ae
(1 + (et 1)

Y= —— b En
Egin o=

where o /g0 defines the de-conductivity contribution, e_ is the high-frequency permittivity limit, Ae is dielectric
strength, w is the angular frequency, 1, corresponds to the Havriliak-Negami relaxation time, and the exponents
aand j are the shape parameters'. The outcome of the fitting procedure for representative spectra selected for
each isomer is shown in the right panels of Fig. 4.

For meta and orthe isomers, apart from the main structural relaxation peak, the additional contribution from
the secondary relaxation denoted as the p-process was distinguishable in the high-frequency part of the spec-
trusm. Although the maximum of B-process was far outside the experimental window its presence was included
in the right panel of Fig. 4 to make the comparison among isomers clearer. The main experimental peak was
satisfactorily fitted with a single HN function for para-CF, and ortho-CF, isomers, while for the meta-CF,, such
an approach was insufficient. In the case of meta isomer, a strong shape asymmetry evolved on heating, indicat-
ing bifurcation of the primary process at high temperatures, required two HN functions. These two processes
began to merge on cooling, and a single HN function could reasonably parametrize the e"(f} data for meta-CF,
at temperatures below T =340 K. A similar pattern of behavior was observed previously and attributed to vari-
ous aspects of the motion of molecules with identical anisotropic sizable cores®. Due to their elongated shape,
two molecular axes can be distinguished, relative to which the molecular reorientation can occur. Depending
on whether the motion concerns the short or long axis, inertia impacts the reorientation to varying degrees. The
link between the moment of inertia about the principal axes of the molecule, I, and the relaxation time about the
same axes is hidden in the square-root relationship of the pre-exponential factor'™ 1, ~ (2nlikeT)" in a fune-
tion describing the nonlinear temperature behavior of relaxation tmes. Thus in the case of elongated molecules,
rearientation with respect to the short axis is expected to be slower than reorientation about the longer axis being
observed at higher frequencies’. The detection of mentioned aspects of reorientation depends on the presence of
appropriate components of the dipole moment vector. A schematie illustration of each isomer with an indication
of the components of the dipole moment vector is shown in the inset of Fig. 4. The presented values of the dipole
moment, {1, were caleulated using the AM semi-empirical method. For para-CF, the caleulated value was the
highest, i.e. p=5.67 D, for the meta-CF, p=4.48, and for the ortho-CF, p = 2,68 D Variations in the magnitude
of p were reflected in the magnitude of dielectric strength Ae ~ Np?, where N is the number of mobile dipoles,

[para-CF, : ! T=38K]
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Figure 4. Left panel: Masterplots (superimposition of spectra on selected ones) with the applied KWW
function (dashed line). The insets of each plot show a schematic representation of the molecule and dipole
moment vectors with dipole moment values in parallel and perpendicular axes. Right panel: Example spectrum
with HIN fit function for para-CF; and meta-CF;, and with HN and CD fit functions for orthe-CF,.
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as shown in Fig. 3, which was the lowest for ortho isomer. The dipole moment vector in the case of the para-CF,
was directed parallel to the long axis (the perpendicular component was negligibly small), so the movement of
a molecule relative to the short axis dominated the dielectric response. In the case of meta-CF; and ortho-CF;,
the dipole moment components parallel and perpendicular to the long molecular axis probe all reorientation
aspects. 5o, both modes contribute to the dielectric response. If, due to the different impact of inertia effects, their
time scales were different, we should be able to distinguish them in the dielectric response. The effect should be
more pronounced at high temperatures where the mobility is less cooperative. This is particularly evident in the
dielectric spectrum of the meta-CF,, where two relaxation processes were observed at high temperatures. We
assigned them as ag,, (long axes rearientation probed by perpendicular component of pj and a,,,, (short axes
reorientation probed by a parallel component of pj. In the case of the ortho somer, such a clear indication was
not found. This can be related to the much smaller magnitude of the parallel component of the dipole moment
vector in ortho-CF, (see illustration in inset to Fig. 4). Then the long-axis reorientations dominate the dielectric
response and may cover the slower contribution to the a process. Nevertheless, both contributions will affect
the width of the main relaxation peak in ortho-CF; leading to its broadening.

To quantify the differences in the spectral shapes in terms of the frequency distribution of relaxation times
between isomers, we ereated so-called masterplots by horizontally superimposing spectra recorded at different
temperatures. The obtained masterplots depicted in Fig. 4 (left panel) showed significant differences in the shape
of the loss peak between isomers. To quantitatively describe these differences, we applied a one-sided Fourier
transform of the Kohlraush-Williams-Watt (KWW) function'™'™:

oy B
D) = exp| — (r_)

where [y is a streteching parameter that takes values from 0 to 1, where a value of | indicates a narrow and
symmetric a-relaxation peak (as in the Debye process); and the more By, value approaches 0, the broader
and more asymmetric the process is. The Peyw value is commonly used 1o quantify dynamic heterogeneity,
reflected in the frequency dispersion of relaxation times. The case of meta and ortho isomers investigated herein
is unconventional because the shape of the dielectric loss peak results from two different reorientation modes,
which, however, are indistinguishable near T,. Thus, the significance of the Py, parameter is not entirely the
same as in the case of isotropic systems in which the dipole moment reflects the reorientation of the entire
molecule. A possible approach for molecules investigated herein could be treating Py value as a measure
of the distribution of relaxation times resulting from individual contributions of distinet modes. Each isomer
has a different a-relaxation shape regarding the frequency distribution of relaxation times reflected in distinet
Pewr values established for dielectric spectra collected close 1o T,. For para-CF; Py =0.71 at T=333 K, for
meta-CF, By, =058 at T=315 K, and for ortho-CF, By, =0.51 at T=317 K. The highest fi,, value in the
case of the para isomer indicates the smallest distribution of relaxation times. The smallest degree of dynamic
heterogeneity can be explained by the fact that in para-CF, the dipole moment samples one type of motion, Le.,
short axes reorientation. In contrast, for the ortho and meta isomers, the apparent broadening is due to two
relaxation modes contributing to the main loss pealk.

The next step was to find out the temperature dependence of relaxation times attributed 1o molecular reori-
entation. In particular, it was interesting to see differences in the time scale of reorientation along particular axes
for the meta-CF,. Relaxation times 1, 1., and 1, were determined from HN fit using the following formula':

B . T —Lin . maf in
T = THN Erﬂ(m) 31“(2-{-2,&)

Figure 5 shows how the characteristic relaxation times evolve in a non-linear manner with temperature in the
supercooled liquid phase. Such behavior can be parametrized by the Vogel-Fulcher-Tammann (VFT) function:

DT,
Ta = Toexp | T

where 1, ~ (2nl/kyT)™ is the pre-exponential factor depending on 1 according to Bauer expression’, D deter-
mines the deviation from Arrhenius behavior, and T, is the so-called ideal glass temperature®™*. The value of
fitting parameters 1, D, and T are shown in Table 1. From the extrapolation of the VFT funetion to logz, =2, the
glass transition temperature, T,"%, was determined as a temperature corresponding to a relaxation time of 100 5.

For the para-CF, isomer, the glass transition temperature was T, =322+ 2 K, for meta-CF, T =308 2 1 K,
and ortho-CF, T, =310£ 1 K. The T, values obtained from BD$ and TMDSC were in very good agreement.
In the case of the meta-CF,, the growing cooperativity of molecular dynamics on cooling is manifested in the
course of VFT curves for ay,, and ag, processes that merge when the T, is reached. The closer to T,, the more dif-
ficult is to distinguish the different aspects of meta-CF; motion. A simﬁ:a: effect related to the vanishing bimodal
character of the loss spectra due to the cooperativity onset was observed recently by Blochowicz et al. for lower
molecular-weight liquids™. To describe the temperature dependence of relaxation times for the ortho-CF; with
physically reliable parameters, we used two VFT functions. The limits of their applicability were determined
from the Stickel analysis*’. For meta-CF; and para-CF, the values of pre-exponential factor obtained from the
free VET fit of 1,{1000/T) data meet the criterion €, > 10" 5, previously reported for other representatives of
sizable glass-formers and identified as a characteristic feature of their dynamies®.

To compare the temperature behavior of the relaxation times for all isomers, an Angell plot was created
where the logarithm of relaxation times, t,, 1, and 7, were depicted versus normalized temperature T (T, see
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Figure 5. (a) Temperature dependence of relaxation times t, or 1, (closed circles) and 1, (open circles for
meta-CF,) of three structural isomers: para-CF, {blue), meta-CF; (red), and ortho-CF; (green). The asterisk
denotes relaxation times determined from TMDSC. The solid line corresponds to the VFT fit function with
fitting parameters denoted in Table 1. (b) Angel plot.
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Table 1. Calorimetric and dielectric parameters characterizing dynamics of investigated isomers at ambient

pressure conditions. “Value for the ag,, process.

panel b Fig. 5. The comparison of their course indicated interesting relationships. It seems that the character of
temperature changes reflects the mechanism of reorientations dominating the dielectric response. For the ag,-
process in meta-CF; and a-process in ortho-CF; very similar behavior was observed. It supports our previous
claim that long-axis reorientations determine the reorientation dynamics of ortho-CF, to a large extent. Based
on the VFT function, the fragility coefficient m was determined. The m value refers to the rate at which stroctural
relaxation times deviate from a linear relationship as T is reached®. Fragile glass-formers are characterized by
a rapid rate of change, while strong substances are characterized by the apposite. To determine the fragility we
used the following formula™™";

dlogt,
= e i 88
a(T/T)),_,,

The caleulated m values were relatively similar for all isomers studied. For para isomer mi =99, A similar value
was found for the a,,,-process in meta-CFy, Le. m =92, For the a-process in ortho lsomer and ag,, in meta-CF,
slightly higher values were found, Le. for, n = 100 and m = 102, respectively. Referring to a frequently used clas-
sification of glass-forming materials as strong (s = 30), intermediate (30 < m < 100), and fragile (100 <m)*, the
sizable molecules studied herein can be considered as moderately fragile glass-forming molecules. It is worth
noting that higher fragility values were observed for modes identified with reorientation around the long axis.

Glassy dynamics at ambient pressure

Below T, the dielectric response of isomers was dominated by secondary relaxations. This lerm covers a diver-
sified elass of relaxation processes involving molecular fragments or side-group motion as well as intermo-
lecular processes with connections to structural relaxation and glass transition called Johari-Goldstein (JG)
relaxations™ "

Playing with the substitution of the polar ~-CF, group attached to the phenyl ring (Ph-ring) allowed us to
indicate with high certainty the molecular origin of the prominent secondary relaxation assigned as f-process.
By adding a polar group to the Ph-ring, we have intentionally labeled it and made its internal rotation the
dominant contribution to the dielectric response below T Accordingly, we could relate the strong p-relaxation
to the internal rotation of the Ph-ring substituted with the polar -CF, group. The only exception was the para
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isomer, in which the dipole moment was directed along the long molecular axis (see Fig. 4a) and did not change
during the internal rotation of the Ph-CF, unit. Consequently, the corresponding p-process was not visible in
the dielectric response of para-CF, (see inset in Fig. 6a).

The dielectric loss spectra collected for an ortho isomer (Fig. 6¢c) below T, revealed a single secondary
p-relaxation related to the internal rotation of the Ph—-CF, unit with activation energy of E, = 54.0+ 0.6 kl/mol
determined from Arrhenius law. For the meta-CF; the rotation of the Ph-CF; unit was faster and associated
with a lower activation barrier, Le. E =439+ 0.6 k]/mol. In comparison to ortho-CF;, the internal rotation in
the meta-CF; was less coupled to the motion of the rest of the molecule. The proximity of a sizable core hindered
the Ph-CF; dynamics in the orto isomer. Interestingly, in the vicinity of T,, the time scale of internal rotation
in ortho-CF, agrees with the predictions of the Coupling Model (CM). The use of CM is a common way to
approximate the Johari-Goldstain (JG) secondary relaxation time identified with intermolecular dynamics and
connections to the glass transition™. In Fig. 6b, ¢ a vertical arrow indicates the primitive relaxation frequency
Jo= 12ty corresponding to the primitive relaxation time 1, a precursor of structural relaxation according to
CM. We caleulated 1 as 10 = (7o) 7 (2" yging 1, =2 ps, and 1, and Py determined for spectra
collected above T, and depicted in Fig. 6a, ¢". For the orthe isomer, the position of the f-process at T=317 K
corresponded well with cM predictions showing that the Ph-CF, motion is coupled with the dynamics of the rest
of the molecule. In the meta isomer, the rotating unit was more distant from the sizable core, thus less coupled
with core dynamics, and the compliance with the CM predictions was not so good. The agreement between the
time scale of primitive relaxation of CM and the -process provided important information about the sensitivity
of Ph-CF, rotational dynamics to the molecular environment. The relevance of intermolecular contributions
may result from the presence of fluorine in the rotating fragment, which can interact with hydrogen atoms in
its vicinity during rotation. Thus, close to T, the rotation of the Ph-CF; unit will be not independent, but due to
intermalecular contacts, will be sensitive to the molecular environment and a liquid-to-plass transition.
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Figure 6. The representative dielectric loss spectra that we recorded for para-CF, (a), meta-CF, (b), and
ortho-CF; () in the vicinity and below T,. For meta and ortho isomers the parameters 1, and Py determined
from the presented £"(f) data above T, were used to caleulate fj (marked with arrow). Inset in panel (a) shows

a comparison of the loss spectra for glasses at T=193 K, along with the marked contributions from P and/or y
relaxations (dashed lines) determined from Cole-Cole fits to £"(f) data for meta-CF,.
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In the case of meta-CF,, in addition to the p-process, we identified a faster secondary relaxation visible in
the loss spectra recorded at low temperatures with E, =27.4+ 0.8 kl/mol, denoted as y-process (see Fig. 5a).
Interestingly, y-relaxation was also apparent in the loss spectra collected for para-CF, (see inset to Fig. 6a), but
its presence was not evidenced in the dielectric response of ortho-CF,. The rapid secondary y-relaxation can be
related to alkyl chains, whose dynamics in the case of the ortho isomer might be inhibited by the proximity of
the bulky -CF, group. In the para isomer, the y-process was the fastest, which prevented its detailed analysis in
the considered temperature range.

Also noteworthy is the nature of the temperature dependence of relaxation times which vary depending on
the molecular origin of a given relaxation mode. In the case of reorientation along different molecular axes, the
corresponding relaxation times (o, and ag, in meta-CF,) separate at high temperatures where the motions
are more independent, and merge on cooling. For the f-process opposite behavior was found since it separates
systematically from structural relaxation on cooling as the temperature decreases towards T,

Reorientation dynamics at elevated pressure

In the next stage of our study, we investigated how the isomer’s reorfentation dynamics can be affected by elevated
pressure. Isothermal dielectric measurements were carried out for several temperatures, ie. 353 K, 358 K, 363 K
for para-CF,, 341 K, 351 K, 361 K for meta-CF,, and 343 K, 351 K, 365 K for ortho-CF,. The left panel of Fig. 7
shows representative dielectrie loss spectra for one isotherm for each isomer.

With increasing pressure, the a-relaxation process shifts toward lower frequencies, as it is observed during
isobaric cooling when dynamics slows down when glass transition is approaching. To analyze the data, we used
the HN model as before. The pressure dependence of relaxation times for all isotherms is presented in the rght
panel of Fig. 7. The nonlinear pressure behavior of characteristic relaxation times could be described by the
pressure variant of the VET function (so-called pVFT)*:

D,P
PP

T = Tpexp

where 1 is the relaxation time at ambient pressure, Py is the pressure of the ideal glass, and Dy, is a parameter
depending on the pressure fragility of the material. The fitting parameters of the pVFT function are depicted
in Table 2.

By extrapolating the pVFT function to logr =2, the pressure value corresponding to the glass transition at a
given temperature was determined (see Table 2). The sensitivity of glass transition temperature to compression is
a characteristic feature of a given material. To characterize it, the pressure coefficient of T, was introduced’. For
isomers studied herein the applied pressure significantly influenced the glass transition temperature. The T (F)
relationship for all isomers, visualized in Fig. 8 had a linear character. In such a case the dT,/dP parameter Le.
pressure coefficient of T, can be estimated from the slope of a linear function™. The ortho and meta isomers were
characterized by almost identical values of AT /dP, Le. dT,/dP=0.326 and dT,/dP = 0.332 K/MPa, respectively,
while the para isomer stands oul among others with a higher value dT/dP = 0387 K/MPa. It is worth noting that
this is one of the highest values observed to date among non-polymeric glass-forming substances™. It means
that sizable glass formers exhibit an especially pronounced sensitivity of T, to compression.

Another important parameter that can be discerned from dielectric data collected as a function of pressure
characterizing the pressure sensitivity of relaxation times is activation volume, AV*. In general terms, the acti-
vation volume AV is related to the local volume required for the meolecular rearrangement of a relaxing unit.
Within the lramework of transition state theory, AV* is defined as the difference between the volumes occupied
by a molecule in activated and inactive states”. It is therefore natural to assume that the value of AV® should
reflect the size of the reorienting objects. Such regularity was illustrated in the past for a series of polyalcohols
with increasing van der Waals radius (glyeerol, threitol, xylitol, and sorbitol)*®. For meta-CF, the bifurcation of
the structural relaxation process, observed in ambient pressure studies at high T, was suecessfully observed for
isotherm collected at T=361 K. This allows us to examine the effect of pressure on both relaxations, o, and
a5, We determined AV® value for a,,, and ag,, using the following formula:

AVY = RT(’”L’
dP /.,

slow

where R is the gas constant and T is the temperature®. The pressure dependence of AV for both modes in meta-
CF, is presented in Fig. 9.

It may be surprising to see that a larger activation volume was found for the o -process identified previously
with the long-axis reorientations. When considering a single rod-like molecule, such rearrangements, intui-
tively, are regarded as less massive and less volumelric in comparison to short-axis reorfentations. Therefore, we
expected that in thermodynamic conditions, where particular relaxation modes can be detected, the motions
relative to the short-axis would be characterized by a larger activation volume. The opposite behavior that we
observed in the experiment can be understood if the molecules form an anisotropic cluster in which the short
and long axes can be also distinguished. The larger activation volume for molecular rearrangements along the
long axis can be explained when the molecules in the cluster are arranged parallel to each other and create an
ellipsoid shape in which the long axis of the molecule becomes the short axis of the cluster. Then, the behavior
illustrated in Fig. 9 can be rationalized. Our observation suggests that in the case of anisotropic objects, the
activation volume may be a source of information about the morphology of relaxing clusters of dynamically
correlated molecules. As the glass transition approaches during compression, a cooperatively relaxing cluster
becomes larger and larger and its shape will change. So theoretically the change in activation volume could be
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Figure 7. Lefl panel: representative dielectric loss spectra £'([) for selected isotherm measured during
compression for indicated pressure ranges with the step of Ap =5 MPa. The de- conductivity was subtracted
except for one spectrum which illustrates its impact. For meta-CF3 the contribution from ay,,, and ag,

was indicated. Right panel: pressure dependence of relaxation times 1, T, and tg, (only for meta-CFy).
Stars indicate t, from ambient pressure measurements. The solid line represents pVFT il functions, The

corresponding fitting parameters are shown in Table 2. The glass transition pressure P, was determined for
logt =2 as marked by a horizontal dashed line.

an indicator of the cluster morphology at least under certain thermodynamic conditions when the cooperativity
onsel is not too high. As the pressure increases, the number of cooperatively rearranging molecules will grow
limiting our ability to separate different aspects of molecular motion and corresponding AV” values.

To compare the activation volume near the glass transition for all isomers we used the formula proposed by
Paluch et al.™*:

" («‘Te)
AV = 23038 [ —£ |m
dP
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| ortho-CF, | 03260011 | 624 353 | -573t00M 33214154 | GBOATH4598 | 125
| | | 361 | —7035006 | 341551160 | 757.74£22367 | 1598

Table 2. Parameters determined from dielectric measurements at elevated pressure characterizing the
rearientation dynamics of isomers—the pressure coefficient of glass transition (dT,/dP), activation valume at
T, (AV), fitting parameters of pVFT function (logt,, Dy, Py), the pressure value P, corresponding to the glass
transition at various T. *Determined for a,, process.
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Figure 8. Pressure dependence of the plass transition temperature. Stars denote the T, values obtained
from isobaric BDS measurements at ambient pressure, while closed circles represent data from isothermal
measurements at elevated pressure. The solid line indicates the linear fit function whose slope was used to
determine the dT /dP value. The values of dT /dP for each isomer are depicted.

where R is the gas constant, dT,/dP is the pressure coefficient of glass transition, and m is the fragility parameter
determined from isobaric measurements (depicted in Table 1). Knowing that the activation volume caleulated
for reorientation relative to different molecular axes may yield different values, the choice of a formula allowing
to determine AV direcily in T, seemed Lo be the most appropriate. Based on the assumption that individual
modes merge in Ty, such an approach allowed us a reliable comparison of the properties of individual isomers.
The caleulated activation volumes AV* at T, for ortho-CF, and meta-CF, were similar, Le. AV =624 cov’/mol
and AVF = 648 em?/mol, respectively. For para-CF, the highest value equal to AV® =735 em?/mol was found. The
much higher AV® for para-CF; in comparison to other isomers can be due to the most elongated shape of para
isomer as illustrated in Fig. 1. Interestingly, the elongation of the molecule caused by the substitution of the CF,
group in the para position impacts the value of the AV® near T, to such a great extent. Taking into account the
highly cooperative nature of molecular motion in the vicinity of T, the eventual lack of differences could be
easily rationalized. Meanwhile, the observed distinct behavior of the para-CF; proves that the AV* near T is still
highly sensitive to molecular shape and degree of molecule elongation.

The above discussion regarding differences in dynamical behavior near T, in the context of the activation
volume and previous discussion about the limited possibility of distinguishing a,,,, and ag, modes in meta-CF,
near T, prompted us to further studies aimed at better understanding the cooperative nature of dynamics of siz-
able molecules. The concept of cooperatively rearranging regions (CRRs), was introduced by Adam and Gibbs
to deseribe the relaxation behavior of meolecules that can rearrange their configurations independently of the
environment®. Such structural subunits increase on cooling (or during compression), so as the dynamics evolve
towards the glass transition the number of molecules relaxing cooperatively increases. For the systems studied,
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Figure 9. Pressure dependence of activation volume AV for meta-CF; for isotherm collected at T=361 K in
the supercooled liquid state. Dashed lines represent the prediction of activation volumes in higher pressure.

the increasing degree of motion cooperativity observed on cooling is of great importance because the bimodal
character of structural relaxation peak could be distinguished only at high temperatures and low pressures when
the motion of molecules was more independent.

To calculate a number of dynamically correlated molecules near the glass transition we performed TMDSC
measurements and used the approach proposed by Donth™. This method is based on the fluctuation-dissipa-
tion theorem, which, by studying enthalpy fluctuations, allows us to determine quantitatively the size of the
cooperatively rearranging regions. The number of dynamically correlated molecules N,” at T, was caleulated
using the following equation:

Na ((—fm - (—,'hr)
i ] -] T
N (Te) = ;ﬁanlr Ts

where N, is Avogadros number, Cci!"“' and C.I,"q'"'l are the heat capacity of glass and liquid at T , ky is Boltzmann’s
constant, M is the molar mass, and 8T is the average lemperature fluctuation associated with the glass transition
dynamics™. The results of TMDSC measurements are shown in Fig. 10. The AT range was determined by 16%
and 84% of the value of the total difference in heat capacity between glass and liquid. To caleulate 8T, the value
of AT was divided by 2.5 as our measurements were performed during heating. The caleulated N7 values at T,
are summarized in Table 3. The highest number of dynamically correlated molecules was found for para-CF,, Le.
N "=55. For meta-CF; and orthe-CF, N "= 44 and N," = 35, respectively. The values obtained for studied isomers
are much lower than those reported in the past for different classes of glass-forming lquids. The summary of
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Figure 10. Temperature dependences of quasi-static specific heat capacity C for the investigated isomers used
to calculate the N,” (T,) using the Donth method.
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Table 3. Parameters used to caleulate the number of dynamically correlated molecules N, at T,, according
the Donth approach and the values of N7, the volume of correlated molecules V, and radius of correlation £
determined at T, for investigated isomers.

available data can be found in ref.’™* showing that reported values cover the range of 70 - 200 for van der Waals
liquids and H-bonded liguids and 200 - 820 for polymers. The small values found for sizable isomers can be
explained by their large size. Nexl to size, the molecular stiffness of sizable cores formed by multiple ring-based
groups is probably important. It is interesting to note that the variations in N,” values apparently depend on the
molecular shapes of investigated isomers with the highest N_" value for the most elongated isomer.

Knowing the number of dynamically correlated molecules, we could determine the occupied volume as
Vo = NPM/ pwhere p is a density assumed to be 1.15 g/em? for all isomers (i.e. value determined from helium
pyenometer for meta-CF,), and subsequently calculate the radius of correlation using the following relationship
£ = Vo' ™" The value of £ corresponds to the {typical) size of a CRR postulated by Adam and Gibbs, and men-
tioned before®. Hong et al. showed that there is a correlation between the radius of cooperatively reorientating
domains and the activation volume™. This correlation was satisfied for a wide and diverse range of materials
from low-molecular-weight glass formers to larger but flexible polymers. Thus, it was interesting to check if
this correlation is also valid for sizable isomers studied herein. Figure 11 shows the correlation between £ and
AV reported by Hong et al.™ with added data for sizable isomers. One can see that our results (marked with
stars) matched the trend established by the authors very well. After taking into account data points for sizable
molecules, the slope of a linear function that approximates the correlation is equal to 0,303 £ 0.02. The highest
activation volume AV® near T, was found for para isomer characterized by the highest radius of correlation and
the highest volume oncupledgh}' dynamically eorrelated molecules. The characteristic length seale related to
dynamic cooperativity reported for various glass-forming liquids was estimated to be 1 - 4 am™, Referring to
this, the values obtained for the tested isomers are relatively high. For ortho-CF, the radius of correlation was
equal to §=3.26 nim. The higher value was found for meta-CF; Le. = 3.54 nim while for para-CF, the determined
E value was the highest, Le. =381 nm. The increasing correlation length scale determined at T, for particular
isomers corresponds well with the increasing degree of molecule elongation resulting from the different positions
of the ~-CF; group, which again proves the overriding role of anisotropy in determining the dynamic properties
of isomers studied. Our results Le. confirmation of correlation compliance for sizable glass-formers pointed out
that the £ parameter has a more universal meaning than the number of correlated molecules. The value of N7,
determined by the specific and inherent properties of the system, can be treated more as a characteristic feature
of a given class of glass-forming molecules.
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Figure 11. Correlation between the cooperativity length scale £ and the activation volume AV* at T, reported
by Hong et al. " with added data for sizable isomers investigated herein (marked with stars). The compounds
hidden under the depicted numbers are described in ref".
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Conclusions

In the present work, a series of structural isomers were studied by differential scanning calorimetry and dielectric
spectroscopy al ambient and elevated pressure. Investigated isomers possess the same large-sized rigid core and
a trifluoromethyl group variously substituted in the ortho, meta, or para positions to the phenylene ring. Varia-
tions in the position of the polar -CF, group differentiated the dipole moment of the molecule and the molecular
shape. Our results showed that the specific molecular features of isomers studied —their large size, stiffness of
some heterocyelic building blocks, elongated shape, the dipole moment properties, affect the picture of molecu-
lar dynamics to a great extent. From both calorimetric and dielectric studies, it was shown that isomers differ
in their glass transition temperature, melting point, and tendency to recrystallize from the supercooled liquid
state. The observation of bifurcation of the structural relaxation process, or the significant frequency distribu-
tion of relaxation times, is closely related to the detection of different types of relaxation motions, attributed to
long and short axes reorientations of anisotropic molecules studied herein. We confirmed that depending on
the thermodynamic conditions and cooperativity degree, the individual modes could be distinguished in the
dielectric response of some sizeable glass formers. The meta-CF, isomer is another example of a sizable glass-
forming molecule for which it was possible to distinguish the time scale of individual modes associated with
long or short axes reorientations at (T, p) conditions where the dynamics were more independent. This is an
important observation showing that spectra recorded at high temperatures may contain additional information
about motion components that are unattainable around T, due to the highly cooperative nature of molecular
dynamics. As in our previous study on another group of sizable glass-formers, unusually large pre-exponential
factors 7, were observed” which strengthens the general importance of our previous report. Molecular dynamics
studies under elevaled pressure revealed that the entire series was characterized by very high values of dT /dP
and AV®. The highest values of the mentioned parameters were found for the most elongated para-CF, isomer. An
interesting result was the observation that the long-axis reorientations were characterized by a larger activation
volume than those relative 1o the short axis, which was contrary to common-sense expectations. An explana-
tion for this situation may be to consider a cluster of cooperatively reorienting molecules, rather than the result
expected from a single molecule. Our discussion shows that the activation volume can contain information about
the morphology of relaxing units and how clusters of cooperatively reorientating molecules grow. We identi-
fied another feature specific to the elass of sizable glass formers, which was small magnitudes of the number of
dynamically correlated molecules in T,. The determined values of this parameter are the lowest ever reported
for van der Waals glass-forming molecules. Interestingly, among so many peculiar properties characterizing the
dynamics of sizable isomers, it was found that they satisfied a correlation valid for many other glass-forming
systems between the radius of correlation at T, and the activation volume.

Our results elearly show that not only the chemical composition or mass of the molecules but also molecular
shape, anisotropy, and the place of substitution of the polar group can affect the reorientation dynamics. This
discovery may contribute to a better understanding of the link between the structure of molecules and their
dynamics, which is desirable, especially in the context of designing new molecules for selected applications.
Further investigations improving our molecular-level understanding of remarkable sizable systems dynamics,
e.g. employing RBaman or infrared spectroscopy measurements, can bring us closer to the ultimate goal that has
remained unchanged for years which is improving the understanding of glass-formers dynamics in general.

Methods

Materials

We investigated herein three isomers of sizable molecules whose chemical structures are shown in Fig. 1. All
materials were synthesized by TriMen Chemicals (Ladz, Poland) with a declared purity of = 97%. Isomers studied
herein will be reffered to as ortho-CF; (N-(7-[(2-trifluoromethylphenyllethynyl] -9,9-dibutyl-9H-fluoren-2-yl)-
NN-diphenyamine), meta-CF; (N-(7-[{3-trifluoromethylphenyl jethynyl]-9,9-dibutyl-9H-fluoren-2-yl)- N.N-
diphenyamine), para-CF, (N-(7-[(4-trifluoromethylphenyljethynyl]-2,9-dibutyl-9H- fluoren-2-yl)- N.N-diphen-
yamine. The molecular mass of each compound was M =613.75 g/mol. Note that the supplier of the para-CF,
sample was different than in ref” and found properties differed slightly from a batch of the material tested
elsewhere.

Differential scanning calorimetry (DSC)

We used a Mettler-Toledo DSCI STARe differential scanning calorimeter to study the thermal properties and
phase transformations in the investigated isomers. This calorimeter was equipped with a nitrogen cooling sys-
tem and an HSS8 ceramic sensor equipped with 120 thermocouples. Temperature and enthalpy calibration was
carried out using indium and zine standards. The samples (with a mass of around 5 mg) were placed in 40 ul
aluminum vessels. The measurement protocol for each sample was the same. In the first temperature ramp, the
crystalline sample was heated from T=273 K to T=453 K with a heating rate of 10 K/min. After the first scan,
the sample was cooled at 10 K/min to vitrify the lquid and measured again on heating. The melting and crystal-
lization temperatures were determined from the onset of the process, while the glass transition temperature was
assessed [rom the midpoint of the heat capacity change.

Stochastic temperature-modulated differential scanning calorimetry (TMDSC) implemented by Mettler-
Toledo (TOPEM]) was used to determine the calorimetric relaxation times near the glass transition and heat
capacity of the studied compounds. The samples were heated at a rate of 0.5 K/min. In the experiment, the tem-
perature amplitude of the pulses of 0.5 K was selected. We analyzed the dynamic behavior in the range from 5 to
20 mHz. The values of the quasi-static heat capacity were calibrated using a sapphire reference curve.
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Broadband dielectric spectroscopy (BDS)
The study of the complex electric permittivity £ (f) = £'(f} = ie" (/') at varying temperatures was carried out
using an Alpha Impedance analvzer spectrometer by Novocontrol. The samples were analyzed in the frequency
range of 107" —10° Hz. In the vicinity of the glass transition temperature, T,, the frequency range was extended
to 10°* Hz. Before the measurement, the materials were dried under vacuum after melting (40 min at T=363 K)
and then quenched on a cooled copper plate to vitrify. The sample has been placed between parallel steel capaci-
tor plates with a diameter of 15 mm. A gap of 0.1 mm was provided by quartz fibers. The capacitor with the
investigated material was placed in the spectrometer and analyzed immediately after preparation. Dielectric
measurements at ambient pressure were carried out with a step of AT =2 K at varibus temperature ranges, i.e.
327 K—395 K for para-CF,, 313 K—387 K for meta-CF,, and 315 K—355 K for ortho-CF,. The ortho and meta
isomers were measured on cooling while para, due to its high tendency to crystallization, could be measured
on heating only. The Novocool system by Novocontrol was responsible for stabilizing the temperature to within
2K

Dielectric measurements under elevated pressure were carried out by combining an Alpha-A impedance
analyzer (range 10" to 10%) by Novocotrol with a hydrostatie pressure-generating system by Unipress, a ten-
someter by Nova Swiss, and a thermostat by Julabo. A set temperature (+ 1 K) was reached by flowing liquid
in a heating jacket around the pressure chamber. The investigated samples were prepared in the same manner
as in the dielectric measurements at ambient pressure by melting, drying under vacuum, and then quenching
on a cooled copper plate. Materials were placed between two parallel steel capacitor plates (with a diameter of
15 mm) separated with a 0.1 mm thick Tetlon ring. Tweo wires connected the capacitor covers with the analyzer.
After preparation, the sample was secured with Teflon tape and placed inside a chamber filled out with non-polar
silicone oil as the compression medium.

Data availability
Data supporting the findings of this study are available within the article. Source data are available from the
carresponding author on request.
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4. Podsumowanie

Niniejszg rozprawe doktorskg stanowi cykl trzech artykutow naukowych, w ktérych
przedstawiono wyniki badan na temat wplywu budowy molekularnej, potozenia polarnego
podstawnika oraz lokalnego otoczenia czasteczki na dynamike rotacji i relaksacji strukturalne;j
specjalnie zaprojektowanych, duzych i anizotropowych molekut. Uktady te umozliwity analizg
dynamiki wewngtrznej rotacji w stanie krystalicznym i szklistym, a takze badanie relaksacji
catych molekut w stanie cieczy przechtodzonej. Gloéwng technikg eksperymentalng
wykorzystang w pracy byta szerokopasmowa spektroskopia dielektryczna, uzupetniona
metodami kalorymetrycznymi i strukturalnymi.

W artykule A1 wykazano, ze spektroskopia dielektryczna jest doskonatym narzedziem
w badaniach rotacji wewngtrznej w amfidynamicznych krysztalach. Na podstawie badan
fluoropodstawionych rotorow fenylowych stwierdzono, ze zmiana potozenia i liczby atomow
fluoru prowadzi do istotnych roéznic w dynamice rotacji, mimo zachowania zblizonej
architektury calej molekuty. Analiza danych uzyskanych za pomoca BDS w oparciu o ADWP
umozliwila wyjasnienie dwoch odmiennych wzorcoOw temperaturowej ewolucji amplitudy
maksimum strat dielektrycznych. Dla M-meta-F, gdzie obserwowano najnizszg bariere rotacji
oraz wzrost amplitudy procesu relaksacyjnego przy obnizaniu temperatury, model ADWP
wskazal na niemal symetryczny potencjat rotacyjny. Z kolei dla M-ortho-F i M-2F spadek
amplitudy maksimum strat wraz z obniZaniem temperatury zostal powigzany z wigksza
asymetrig potencjatu, wynikajaca z silniejszej nierownowaznosci dostgpnych orientacji rotora.

W kolejnym artykule A2 przeanalizowano wplyw otoczenia na dynamike rotacji
molekularnej. Wykazano, zZe ta sama czasteczka, w zaleznosci od sposobu upakowania w sieci
krystalicznej, moze wykazywac¢ istotnie odmienne parametry rotacji. Uzyskane wyniki
dowiodly, ze zmiana formy polimorficznej prowadzi do znaczacej modyfikacji wysokosci
bariery aktywacji rotora. Oznacza to, Zze dynamika rotacji w ciele statym moze by¢
kontrolowana nie tylko poprzez projektowanie nowej struktury chemicznej, lecz rowniez
poprzez manipulacj¢ organizacjg czasteczek w krysztale. Analiza strukturalna wykazata, ze
kluczowe znaczenie maja liczba, geometria i charakter kontaktow typu C-H--F pomigdzy
rotorem a jego otoczeniem.

W artykule A3 badania za pomocg spektroskopii dielektrycznej trzech izomerow w fazie
cieczy przechtodzonej zawierajacych grupe trifluorometylowa w pozycji orto, meta oraz para

wykazaty, ze nawet przy identycznej masie molowej i sktadzie chemicznym zmiana potozenia
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polarnego podstawnika prowadzi do istotnych ro6znic w dynamice molekularne;j.
Zaobserwowano réznice w temperaturze topnienia, temperaturze zeszklenia, zdolnosci do
rekrystalizacji oraz w ksztatcie widm relaksacji dielektryczne;j. Istotnym byto zaobserwowanie
bimodalnego charakteru relaksacji strukturalnej dla izomeru meta-CF3 w wysokich
temperaturach, co zinterpretowano jako rozdzielenie czasOw reorientacji wzgledem dhugiej
1 krotkiej osi molekuly. Badania wysokoci$nieniowe wykazaty ponadto, ze duze anizotropowe
izomery szklotworcze charakteryzuja si¢ bardzo wysoka wrazliwo$cig dynamiki
reorientacyjnej na kompresje. Co istotne, uzyskane wyniki nie tylko zwalidowaly korelacje
pomiedzy objetoscig aktywacji a promieniem korelacji, lecz takze rozszerzyly zakres jej
obowigzywania na skrajne przypadki duzych molekut szktotwoérczych.

Uzyskane wyniki  pozwolily  sformulowa¢ kilka ogoélnych  wnioskow. Po
pierwsze, dynamika rotacji molekularnej jest silnie zalezna od lokalnego otoczenia rotora i nie
moze by¢ opisywana wylgcznie na podstawie struktury chemicznej samego fragmentu
rotujacego. Po drugie, odpowiedz dielektryczna dostarcza cennych informacji o mechanizmie
rotacji, asymetrii potencjatlu oraz rodzaju oddziatywan obecnych w strukturze krystalicznej. Po
trzecie, sposob upakowania czasteczek w krysztale moze by¢ wykorzystany jako narzedzie
kontroli dynamiki rotacji, co potwierdza znaczenie polimorfizmu w projektowaniu materialow
amfidynamicznych. Po czwarte, w przypadku duzych cieczy szktotworczych ksztalt czasteczki
i orientacja momentu dipolowego determinujg zarowno ksztatt widm dielektrycznych, jak
i charakter relaksacji strukturalnej, wrazliwo$¢ dynamiki czasteczkowej na cis$nienie oraz
stopien kooperatywnos$ci ruchoéw molekularnych.

Otrzymane wyniki poszerzaja wiedz¢ na temat zaleznosci pomiedzy strukturg molekularng
1 oddziatywaniem 2z otoczeniem a dynamika w ukladach amfidynamicznych oraz
szklotworczych. Stanowig one rowniez podstawe do dalszych badan nad projektowaniem
materiatdw o kontrolowanych wilasciwosciach dynamicznych, istotnych z punktu widzenia

rozwoju przysztych uktadéw funkcjonalnych i elementow maszyn molekularnych.
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