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Wykaz skrotow

1-NH>-ADM - 1-adamantyloamina (amantadyna)
1-OH-ADM - 1-adamantanol

3-NH>-1-OH-ADM - 3-amino-1-adamantanol
ADM - adamantan

API/APIs — farmaceutyczna/e substancja/e aktywna/e (ang. Active Pharmaceutical
Ingredient/s)

BCS - system klasyfikacji biofarmaceutycznej (ang. Biopharmaceutics Classification System)

BDS — szerokopasmowa spektroskopia dielektryczna (ang. Broadband Dielectric
Spectroscopy)

Cp — cieplo wlasciwe

DFT — obliczenia kwantowo-mechaniczne (ang. Density Functional Theory)
DSC — réznicowa kalorymetria skaningowa (ang. Differential Scanning Calorimetry)
DSE — Debye’a-Stokes’a-Einstein’a (rdwnanie)

dTs/dp — wspblczynnik ci$nieniowy temperatury przejscia szklistego

E. — energia (bariera) aktywacji

Ein— energia wigzania (tutaj wodorowego)

E,— energia aktywacji przy statym ci$nieniu

Eq. — skrét od stowa Equation (rbwnanie)

Ey— energia aktywacji przy statej objetosci

e* — zespolona przenikalno$¢ dielektryczna

e’ — dyspersja dielektryczna

e” — straty dielektryczne

f— czestotliwos¢

F —fluor

Fig. — skrét od stowa Figure (rysunek)

FTIR — spektroskopia w podczerwieni z transformacja Fouriera (ang. Fourier Transform
Infrared Spectroscopy)

G — funkcja Gibbsa

H — entalpia



HN — Havriliaka-Negami (funkcja)

JG — Johari-Goldstein

KWW — Kohlrauscha-Williamsa-Wattsa (funkcja)

OC — krysztat uporzadkowany (ang. ordinary crystal)

ODIC - krysztaty orientacyjnie nieuporzagdkowane (ang. orientationally disordered crystals)
p — cis$nienie

PC — plastyczne krysztaly (ang. plastic crystals)

PDG - ci$nieniowo zageszczone szkto (ang. pressure densified glass)

Pe — ci$nienie zeszklenia

pr— cis$nienie krystalizacji

R-FLP — R-flurbiprofen

RS-FLP — RS-flurbiprofen

RTV — rytonawir

Rys. — rysunek

S — entropia

s —wykladnik w rownaniu utamkowym Debye’a-Stokes’a-Einstein’a (DSE)
S-FLP — S-flurbiprofen

t —czas

T — temperatura

Ty — temperatura zeszklenia

TICA — tikagrelor

Tx— temperatura krystalizacji

T'm— temperatura topnienia

TOP — (ang. Two Order Parameter)

TPS — superpozycja temperaturowo-cisnieniowa (ang. temperature-pressure Superpositioning)
V' — objetosc

VFT — Vogela-Fulchera-Tammanna (funkcja)

XRD — dyfrakcja rentgenowska

Z — liczba atomowa

o, — procesy relaksacyjne



Srxww — parametr ksztattu, wyktadnik funkcji Kohlrausha-Williamsa-Wattsa
AHp— entalpia aktywacji procesu S

ASp— entropia aktywacji procesu

AV — zmiana objetosci w temperaturze przejscia fazowego

AV, — objetos¢ aktywacji procesu a

AVp— objeto$¢ aktywacji procesu [

n — lepkos¢

1 — moment dipolowy

opc — przewodnictwo statopragdowe

7 — czas relaksacji

Ta, Tp, Ty,— Cczasy relaksacji o, Sy
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Rys. 1. Uzyskanie fazy szklistej na drodze witryfikacji (panel a) i1 izotermicznej kompresji
cieczy (panel b). Ty 1 Te2 oznaczaja temperatury przej$¢ szklistych dla dwoch réznych
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1 pg to tzw. faza cieczy przechtodzone]. ........occeoeiiiiiiiiiiiiii 13
Rys. 2. Schematyczne przedstawienie mozliwych przejs¢ cieczy do fazy stalej: szkla
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Rys. 4. Poréwnanie znormalizowanych widm dielektrycznych zmierzonych w rdéznych
warunkach 71 p, blisko 7Tg dla R-, S- 1 RS-FLP (a). Panel (b) przedstawia 7, wykreslone w
funkcji pg, za$ (c) zalezno$¢ objetosci aktywacji a-procesu (4Vs,) od Te/T (c). W panelu (d)

pokazano histogram rozktadu klastréw potaczonych wigzaniami wodorowymi w S- i RS-FLP.

Rys. 5. Termogramy DSC uzyskane podczas ogrzewania i chtodzenia trzech pochodnych ADM:
1-NH;-ADM (a), 1-OH-ADM (b) i 3-NH>-1-OH-ADM (c). W panelach (d), (e) 1 (f)
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Rys. 6. Ewolucje czasowe znormalizowanego przewodnictwa statopragdowego dla pomiarow
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Tabela 1. Struktury chemiczne oraz nazwy substancji badanych w ramach pracy doktorskiej
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I. Wprowadzenie

Przejscie szkliste to jedno z najbardziej intrygujacych i wcigz nie do konca poznanych
zjawisk w fizyce materii skondensowanej. Od kilkudziesigciu lat, jego natura/pochodzenie jest
przedmiotem licznych debat ws$réd naukowcow. Pomimo wielu prac eksperymentalnych i
teoretycznych prowadzonych na roznych grupach substancji (niskoczasteczkowych zwigzkach
organicznych i nieorganicznych, polimerach, cieczach jonowych, itd. [1-5]), wiele kwestii, w
tym gwaltowny wzrost lepkosci w okolicy przejscia szklistego, czy dynamika molekularna w

bliskim otoczeniu i ponizej punktu zeszklenia, wcigz nie zostalty w pelni poznane 1 wyjasnione.

1.1.  Otrzymywanie szkiel

Rys. 1a obrazuje dwa mozliwe scenariusze otrzymywania postaci statej na drodze
schladzania cieklej substancji. Pierwszy z nich to przej$cie do fazy krystalicznej (przej$cie
fazowe pierwszego rodzaju wg Ehrenfesta) w temperaturze Tk, ktoremu towarzyszy nagta,
nieciagta zmiana objg¢tosci (V) i entropii (S). Z uwagi na to, iz powstawanie krysztatow i ich
pOzniejszy wzrost wymaga czasu, mozliwe jest jego omini¢cie poprzez zastosowanie
dostatecznie szybkiego tempa schtadzania (r6znego dla roznych substancji, zwykle jest to kilka
Kelwindbw na minutg). Woéwczas w temperaturze zeszklenia, Ty (ang. glass transition
temperature) przechtodzona ciecz przechodzi do fazy szklistej (Rys. 1a). Istotnym faktem jest,
iz w okolicy tej temperatury, parametry takie jak lepkos¢ () czy czas relaksacji strukturalnej
(t.) wzrastaja o kilkanascie rzedow wielkosci (w Ty #~10"3 P i 7,~100 s) [6,7]. Skutkuje to
silnym spowolnieniem ruchliwos$ci molekut [8]. Co wazne, przej$cie ciecz-szklo przypomina
termodynamiczne przej$cie fazowe drugiego rodzaju wg Ehrenfesta. Zachowany jest bowiem
pierwszy warunek dotyczacy cigglosci pierwszych pochodnych funkcji Gibbsa (G) wzglgdem
ci$nienia i temperatury (tj. objetosci V' i entropii S) w poblizu 7. Jednak drugi warunek,
zakladajacy skokowe/nieciagle zmiany drugich pochodnych G, np. ciepta wiasciwego (Cp)
pozostaje niespetniony — skok w zalezno$ci Cp(7) w punkcie zeszklenia nie tworzy pionowej
niecigglosci [9]. Ponadto, ze wzgledu na to, ze T bezposrednio zalezy od szybkosci chtodzenia
— im wolniejsze schladzanie, tym nizsza temperatura zeszklenia — oraz fakt, Zze wszystkie
wlasciwos$ci fizyczne zmieniaja si¢ z czasem, formowanie szkta nie jest rozpatrywane jako
klasyczne, termodynamiczne przejscie fazowe, a raczej kinetyczne ,,zamrozenie” ruchoéw
molekularnych w skali czasowej eksperymentu (przejscie z uktadu rownowagowego >T;, do
stanu nierownowagowego <Ty) [8]. W ostatnich latach opracowano liczne teorie probujace
wyjasni¢ zjawisko przejscia szklistego. Wsrod nich wyr6zni¢ mozna model TOP (ang. Tivo

Order Parameter) stworzony przez Hajime Tanake [10], modele oparte na koncepcji objetosci
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swobodnej, np. model Cohena-Gresta [11], czy tez wigzace przejscie szkliste z efektami

entropowymi (teoria Adama-Gibbsa [12]).

Warto doda¢, iz uzyskane na drodze szybkiego schtadzania, czyli witryfikacji, szkto
(zwane takze amorfikiem lub cialem bezpostaciowym) nie wykazuje na poziomie
molekularnym dalekozasiegowego (translacyjnego 1 orientacyjnego) uporzadkowania
charakterystycznego dla struktury krystalicznej, lecz cechuje si¢ chaotycznym rozktadem
czastek, zblizonym do tego spotykanego w cieczy [9]. Porzadek bliskozasiegowy, wystepujacy

takze w krysztale, jest jednak zachowany.

Z uwagi na to, iz witryfikacjg jest najprostszym sposobem otrzymania fazy amorficzne;j,
wiekszos$¢ badan majacych na celu uzyskanie wgladu w procesy relaksacyjne zachodzace w
fazie ciektej/ciektej przechtodzonej i szklistej substancji nisko- i wielkoczasteczkowych jest
prowadzona w funkcji temperatury, w warunkach ci$nienia atmosferycznego (0.1 MPa).
Chociaz dostarczajg one istotnych informacji, nie pozwalaja na pelne scharakteryzowanie
analizowanych uktadoéw (z uwagi na zmiany gestosci i energii kinetycznej czasteczek). Dlatego
kluczowe jest zastosowanie alternatywnej metody pozwalajacej na uzyskanie stanu szklistego,
tj. izotermicznej kompresji cieczy, gdzie poprzez doboér tempa przeci$nieniowania i
temperatury mozliwe jest ominigcie krystalizacji (zachodzacej w ci$nieniu px), 1 uzyskanie
szkta w ci$nieniu zeszklenia (pg) (Rys. 1b). Ze wzgledu na fakt, iz obniZenie temperatury, jak
réwniez kompresja prowadza do tego samego efektu - ,,zamrozenia” dynamiki molekularne;j -
moga by¢ uwazane za rownowazne parametry termodynamiczne. Niemniej jednak, oddziatujg
na materi¢ w rézny sposob. Obnizenie temperatury wptywa na rotacyjne i wibracyjne stany
energetyczne uktadu, zmieniajac energi¢ kinetyczng molekut, natomiast wywieranie ci$nienia
zmniejsza odlegtosci miedzy czasteczkami (oddziatuje na energie potencjalng), a tym samym
zwigksza upakowanie molekularne. Dlatego szklo uzyskane metodg izotermicznej kompresji
cieczy charakteryzuje si¢ wyraznie wigksza gestoscig w pordéwnaniu do tego otrzymanego na

drodze witryfikacji [13].

Warto tez wspomnie¢, iz technikami, ktore takze, cho¢ rzadziej wykorzystuje si¢ celem
uzyskania substancji w formie amorficznej, sa m.in. ekstruzja topliwa, suszenie rozpylowe,
liofilizacja czy mielenie w temperaturze pokojowej lub ciektego azotu, tj. 77 K. W tym miejscu
nalezy podkresli¢, iz pojecie szklo (uzywane zamiennie z okresleniem amorfik) jest
zarezerwowane wytacznie dla materiatow amorficznych produkowanych metodami szybkiego

przechtodzenia i izotermicznej kompresji cieczy.
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Rys. 1. Uzyskanie fazy szklistej na drodze witryfikacji (panel a) i izotermicznej kompresji cieczy (panel b). Ty i
Ty oznaczaja temperatury przejs¢ szklistych dla dwoch réznych szybkosci chtodzenia 71>T», Tk to temperatura

krystalizacji. Obszar pomiedzy Ti i T, oraz px i pg to tzw. faza cieczy przechtodzone;.

1.2. Badania dielektryczne na substancjach szklistych z wigzaniami wodorowymi,

w tym amorficznych APIs

Prowadzenie eksperymentow z wykorzystaniem metody szerokopasmowej
spektroskopii  dielektrycznej (ang. Broadband Dielectric  Spectroscopy, BDS) na
szktach/amorfikach z r6znym charakterem/typem oddziatywahn migdzymolekularnych (sity van
der Waalsa, wigzanie wodorowe, oddzialywania jonowe, itp.) otrzymanych na drodze
witryfikacji 1 izotermicznej kompresji, umozliwia wnikliwg oceng wrazliwo$ci na temperature
(7) 1 cisnienie (p) obserwowanych na widmach dielektrycznych proceséw relaksacyjnych.
Szczegdlnie istotne sg badania BDS uktadéw zasocjowanych, dla ktorych populacja wigzan
wodorowych, ich architektura, sa zalezne od obu tych zmiennych termodynamicznych.
Zasadniczo, obecnos$¢ tych wigzan (co pokazano m.in. na przyktadzie wody [6,14], alkoholi
[15], itp.) skutkuje wysokimi wartosciami temperatur przejs¢ fazowych. Co wigcej, kompresja
ma na nie, jak rowniez przejscie szkliste, istotny wplyw. Zostalo to dobrze udokumentowane
zwlaszcza na przykladzie wspotczynnika ci$nieniowego temperatury przej$cia szklistego
(dT¢/dp), ktory informuje, o ile zwigkszy si¢ Ty materiatu, na ktory wywierane jest ci$nienie o
wartosci 1 GPa. Stanowi wigc parametr umozliwiajagcy ocen¢ wrazliwosci dynamiki
globalnej/strukturalnej na kompresj¢ (zmiany gestosci). Okazuje si¢, Ze jest on znacznie nizszy
dla uktadéw zasocjowanych, np. glukozy czy glicerolu (d7,/dp~60 K/GPa) [16], w poréwnaniu
do systemow, w ktorych dominujg oddziatywania van der Waalsa (d7y/dp>200 K/GPa) [8,17].
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Warto jednak wspomnie¢, ze dla niektorych substancji, np. ibuprofenu [18] czy ketoprofenu
[19], majacych zdolno$¢ do formowania struktur dimerycznych lub trimerycznych,
stabilizowanych wigzaniami wodorowymi, warto$ci d7/dp sa zblizone do tych oszacowanych
dla zwigzkow van der Waalsowskich. Ponadto, systematyczne badania dynamiki strukturalnej
uktadow zasocjowanych wyraznie pokazuja, ze jest ona w gldwnej mierze determinowana
przez zmiany temperatury. Zalezno$¢ t¢ mozna okres$li¢ iloSciowo poprzez stosunek Ev/E,,
gdzie Ev i Ep, oznaczaja odpowiednio energie aktywacji przy stalej objetosci i cis$nieniu.
Przyjmuje si¢, ze jesli stosunek ten jest bliski jednosci, jak w przypadku np. glicerolu i sorbitolu
[8], dynamika molekularna uktadu jest kontrolowana przez temperatur¢ (dla odmiany dla
uktadow van der Waalsa oraz licznych polimeréow stosunek ten wynosi ~0.4-0.6 [8,20],
wskazujac, ze gesto$¢ 1 energia termiczna majg porownywalny wplyw na proces relaksacji
strukturalnej w poblizu przejsScia szklistego). Warto tez nadmieni¢, ze obowigzujaca dla
wiekszosci systemoéw van der Waalsowskich fundamentalna reguta superpozycji
temperaturowo-cisnieniowej (ang. temperature pressure superpositioning, TPS), mdéwigca o
niezmiennosci ksztattu/szerokos$ci procesu relaksacji strukturalnej (o) dla okreslonej wartosci
czasu relaksacji (7o), niezaleznie od kombinacji temperatury i ci$nienia [21], w przypadku
substancji zasocjowanych nie jest spetniona [8,22-24]. Przyczyna takiego zachowania sg
zmiany w rozkladzie czaséw relaksacji a na skutek modyfikacji w sile i populacji wigzan
wodorowych wywotanych kompresja, a takze fluktuacji gestosci w roznych warunkach
termodynamicznych. Nalezy jednak doda¢, ze najnowsze eksperymenty przeprowadzone na
wybranych uktadach formujacych struktury dimeryczne, trimeryczne, a nawet sieci z
wigzaniami wodorowymi [18,19,25], wskazaly odmienne zachowanie (obowigzywanie reguly
TPS podobnie jak w systemach van der Waalsa) co sugeruje, ze wplyw obecnosci tych wigzan
na ksztalt dyspersji a jest bardziej ztozonym, zaleznym od innych czynnikow zagadnieniem,

ktére wymaga dodatkowych badan.

Nalezy tez wspomnie¢, iz charakterystyka dynamiki molekularnej z wykorzystaniem
metody BDS, w szczeg6lnosci w ci$nieniu podwyzszonym, ma takze istotne znaczenie w
przypadku szklistych/amorficznych farmaceutycznych substancji aktywnych (ang. Active
Pharmaceutical Ingredients, APIs). Co istotne, uktady te cechuja si¢ wyzszg wartoscig energii
swobodnej Gibbsa wzgledem swoich krystalicznych odpowiednikow, co bezposrednio wptywa
na ich wieksza rozpuszczalnos¢ [26], szybkos$¢ wchlaniania/rozpuszczania [27-30], a tym
samym lepsza dostgpnos¢ biologiczng. Dotyczy to gtownie APIs z II 1 IV grupy systemu
klasyfikacji biofarmaceutycznej (ang. Biopharmaceutics Classification System, BCS). Niestety,
mimo licznych zalet amorficznych farmaceutykow, powaznym wyzwaniem pozostaje ich

wysoka niestabilno$¢ fizykochemiczna, ktora objawia si¢ silng tendencja do rekrystalizacji,
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chemicznej degradacji, czy przemian izomerycznych i polimorficznych zachodzacych w
r6znych warunkach termodynamicznych [27,31-34]. Warto zaznaczy¢, ze wigkszo$¢ badanh na
amorficznych APIs jest prowadzona w ci$nieniu atmosferycznym, bez uwzglednienia wptywu
wysokiej kompresji, ktora odgrywa wazng role w formulacjach farmaceutycznych (substancje
aktywne w procesie tabletkowania sa poddawane napr¢zeniom mechanicznym w zakresie
cisnien 50-400 MPa). Dlatego wykorzystanie techniki BDS umozliwiajacej generowanie
cisnien podobnego rzedu (tym samym odzwierciedlenie warunkéw podczas tabletkowania),
pozwala na kontrolowanie/przewidywanie przejs¢ fazowych czy przemian chemicznych
zwigzanych np. ze zmianami konformacyjnymi, izomeriga E-Z, zachodzacych w badanej
substancji, a takze jej stabilno$ci chemicznej, co w rezultacie moze znaczaco wptynaé¢ na
skuteczno$¢ terapeutyczng i bezpieczenstwo finalnego produktu/preparatu z amorficzng API w

tabletce.
1.3. Krysztaly orientacyjnie nieuporzadkowane. Badania na pochodnych
adamantanu

Co istotne, kluczem do zrozumienia natury ciecs

przejScia  szklistego  jest  doglgbne  poznanie }%
mechanizmoéw  prowadzacych do  spowolnienia f ‘ ﬂ
. . . iecz [ \\‘ krysztat
dynamiki molekularnej czasteczek podczas zeszklenia. pm;,c:dmm pmr;y:;ny
Tradycyjne materiaty szklotworcze, jak wspomniano ‘\%—"‘ P ;\f’ »
\ 7(_1 viVe%
wyzej, charakteryzuja si¢ nieporzadkiem ¢ %/¢.8 > &%)
- ‘ AR R 4
dalekozasiggowym: translacyjnym i orientacyjnym, w l l
. : : ' ! Xl
konsekwencji znaczng liczbg stopni swobody. Jednym z szklo \ ori:;ms_vjne
podejs¢ do lepszego poznania zjawiska zeszklenia 1 ; :"::. R N :j:i
dynamiki reorientacyjnej substancji tworzacych faze L krysztat CaR 4
DA . e
szklista, jest analiza ukladow o ograniczonej liczbie :::2
stopni swobody. Odpowiednim modelem do takich i’ : :2

badan sg krysztaly orientacyjnie nieuporzadkowane

(ang. orientationally disordered crystals, ODIC), Rys. 2. Schematyczne przedstawienie

. . . zliwych j$¢ ci do f tatej:
powszechnie okreslane jako plastyczne krysztaly (ang. Moo Yo PreeIse cleczy €0 fazy stk

szkta strukturalnego, szkla orientacyjnego

plastic crystals, PC, Rys. 2). Uklady te, ze wzgledu na (poprzez faze plastycznego krysztalu) oraz

unikalne wlasciwosci  fizykochemiczne, w tym krysztatu uporzadkowanego [35].
wyjatkowa plastycznos¢ oraz mozliwos¢ odwracalnego przejscia ze stanu nieuporzadkowanego
do uporzadkowanego/ nieuporzadkowanego staty si¢ w ostatnich latach atrakcyjne dla wielu

technologii, w tym przemystu farmaceutycznego [35—44]. Co istotne, wigkszos¢ PC jest
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tworzonych przez czasteczki o ksztalcie globularnym (prawie sferycznym) [35], ktére
charakteryzuja si¢ dynamicznym nieporzadkiem orientacyjnym (podobnym do tego, jaki
wystepuje w cieczy), przy jednoczesnym uporzadkowaniu translacyjnym (co odroznia je od
tradycyjnych materiatow szklistych, a upodabnia do krysztatow), z tendencja do tworzenia
wysoce symetrycznych sieci krystalicznych: sze$ciennych, quasi-sze$ciennych lub
romboedrycznych [45,46]. Warto podkresli¢, ze ze wzgledu na duze podobienstwo we
wlasciwo$ciach termodynamicznych czy dynamice molekularnej do klasycznych materiatow
amorficznych, PC majg kluczowe znaczenie dla wyjasnienia zachowania tych bardziej
ztozonych, nieuporzadkowanych uktadéw, zachodzacych w nich przejs¢ fazowych/przejscia

szklistego oraz ich mikroskopowego pochodzenia [35,45,47,48].

W szczegodlnosci, w wielu przypadkach zastosowanie odpowiedniego tempa chlodzenia
zwigzkow znajdujacych si¢ w fazie plastycznej prowadzi do przejscia do fazy szklistego
krysztalu (ang. glassy crystal), inaczej nazywanego szktem orientacyjnym (ang. orientational
glass, Rys. 2) [35,49]. Wowczas dynamika tych uktadéw spowalnia o wiele rzedéw wielkosci,
co przypomina zachowanie typowe dla materialow szklistych. Ponadto, zaré6wno PC 1
konwencjonalne szkta charakteryzuja si¢ wyraznym odchyleniem od Arrheniusowskiego
zachowania czasow relaksacji strukturalnej (z,) od temperatury, a rozktad 7z, (szerokosc
dyspersji ) jest czgsto opisywany funkcja Kohlrauscha-Williamsa-Wattsa (KWW) [50,51],
gdzie warto$ci parametru ksztaltu, fxww, sa znacznie mniejsze od jednosci (odpowiedz nie-
Debye’owska). Chociaz przejscia fazowe w ODIC/PC byly intensywnie badane dla wielu,
réznego typu zwigzkow, np. orto-, para- 1 meta-karboranéw [52,53], anhydrosacharydow
[42,54], cyklicznych alkoholi [35,55,56], etanolu [35], czy heksa-podstawionych benzenow
[57,58], towarzyszacy im charakter zmian w strukturze, oddzialywaniach miedzy- i
wewnatrzmolekularnych, czy wiasciwosciach termicznych, dynamicznych, wcigz budza

ciekawos¢ 1 zainteresowanie srodowiska naukowego.

W ostatnich 20-30 latach, adamantan (ADM) 1 jego pochodne, ze wzgledu na unikalne
wlasciwosci strukturalne, sztywno$¢ molekularna, czy tendencje¢ do formowania wielu form
polimorficznych, stanowig jedng z najintensywniej badanych grup zwigzkéw formujacych fazy
ODIC/PC [59-68]. W literaturze istnieje wiele doniesien naukowych pos§wigconych wpltywowi
podstawienia jednego/dwoch atomow wodoru w czasteczce ADM, atomami halogenu (np. -Cl,
-Br, -1, -F) [63,69-73], czy grupami funkcyjnymi (np. -OH, -NHa, -CN) [35,59,74-76], na
wlasciwosci fizykochemiczne tych uktadow. Wiele z nich wykazalo zwigkszenie polarnosci
systemu, znieksztalcenie symetrycznego ksztaltu czasteczki, czy zmiany w ukladzie wigzan

wodorowych na skutek podstawienia [74,76—79]. Warto réwniez doda¢, iz wspomniane
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modyfikacje w strukturze chemicznej zwigzku nie skutkuja tlumieniem przejscia z
uporzadkowanej fazy krystalicznej (ang. ordinary crystal, OC) do fazy PC, ale moga wplywac
na sie¢ krystaliczng, czy tez temperature, w ktorej to przejscie wystepuje [64,69,74]. Sa rowniez
doniesienia wskazujace na istnienie zaleznos$ci pomigdzy temperaturg przejscia OC-PC a liczbg
atomowg (Z) halogenu (-F, -Cl, -Br) przylaczonego do czgsteczki ADM — Toc-pc ros$nie ze
wzrostem Z [62]. Cze$¢ artykutdéw naukowych poswigcona jest stricte badaniom
spektroskopowym na zasocjowanych pochodnych ADM. Przykladowo, Harvey i wsp., na
przyktadzie wynikéw pomiaréw podczerwonych wykonanych dla 1-OH-ADM ujawnili, ze w
wysokotemperaturowej fazie ODIC wystepuja wolne grupy hydroksylowe, co wskazuje na
zmniejszony stopien asocjacji molekul w tej fazie wzgledem OC [80]. Natomiast badania
przeprowadzone dla innej pochodnej ADM — 2-metylo-2-adamantanolu — wykazaly istnienie w
fazie krystalicznej tego zwigzku silnych wigzan wodorowych (z przewaga struktur
dimerycznych) [81]. Jednak podczas przejscia fazowego OC-PC sifa tych wigzah malata, czego
efektem bylo wystepowanie zaré6wno potaczen dimerycznych, jak i niezasocjowanych
czasteczek 2-metylo-2-adamantanolu w fazie plastycznej. Dokonujac przegladu literaturowego
mozna zauwazyC, iz wiekszo$¢ badan wlasciwosci termodynamicznych czy pomiaréw
spektroskopowych (podczerwonych, Ramana, dielektrycznych) na pochodnych ADM jest
prowadzonych w cisnieniu otoczenia [35,68,75,82—84]. Znalez¢ mozna nieliczne prace, w
ktorych zaprezentowano wyniki eksperymentow przeprowadzonych w warunkach wysokiej
kompres;ji [60,62,63,85—-88]. Glownie koncentrowaty si¢ one na charakterze przej$¢ fazowych
w badanych zwiagzkach i ich wilasciwosciach mechanicznych. Dlatego kluczowe jest
wypehienie luki w tym obszarze badan, w celu uzyskania wgladu w strukture, dynamike
molekularng oraz mechanizmy przej$¢ fazowych w PC. Informacje w tym temacie pozwolg nie
tylko lepiej pozna¢ fundamentalne wlasciwosci uktadow tworzacych fazy PC, ale takze
umozliwig zrozumienie zachowania nieuporzagdkowanych dalekozasiggowo materiatlow

szklistych, ze szczegdlnym naciskiem na nature przejscia szklistego.
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1.4. Cel pracy

Glownym zalozeniem niniejszej rozprawy doktorskiej byto scharakteryzowanie
wlasnos$ci termicznych, struktury atomowej, oddziatywan migdzyczasteczkowych i dynamiki
molekularnej wybranych zasocjowanych amorficznych/tworzacych fazy plastyczne substancji
aktywnych oraz ich pochodnych (tj. tikagreloru, enancjomeréw flurbiprofenu i ich racemiczne;j
mieszaniny 1 trzech pochodnych adamantanu - 1-adamantylaminy (amantadyny),
l-adamantanolu oraz 3-amino-1-adamantanolu), w réznych warunkach termodynamicznych
(T,p). Waznym aspektem badan byly wysokocisnieniowe eksperymenty dielektryczne, ktére
umozliwity wglad w dynamike strukturalng i1 lokalng, charakter/nature¢ przejs¢ fazowych
wystepujacych w badanych uktadach (zwlaszcza tych formujacych fazy plastyczne), jak
rowniez, w oparciu o dodatkowg analize parametrow takich jak ksztalt dyspersji a czy AV,

posrednio w site i populacje wigzan wodorowych podczas kompresowania/zageszczania.

Struktury chemiczne oraz nazwy (pelne i1 skrocone) wszystkich badanych substancji

przedstawiono w Tabeli 1.

Rezultaty wszystkich przeprowadzonych eksperymentow zostatly opublikowane w
migdzynarodowych czasopismach naukowych z listy filadelfijskiej o tacznej punktacji Impact

Factor (IF)=16.2 oraz tacznej punktacji MNiSW=520:

P1. P. Jesionek, D. Heczko, B. Hachuta, K. Kaminski, E. Kaminska, High-pressure
studies in the supercooled and glassy state of the strongly associated active
pharmaceutical ingredient—ticagrelor, Sci. Rep. 13 (2023) 8890. IF=3.8,
MNiSW=140 pkt.

P2. P. Jesionek, B. Hachuta, K. Jurkiewicz, P. Wiodarczyk, M. Hreczka, K. Kaminski,
E. Kaminska, Variation of Activation Volume as an Indicator of the Difference in
Clusterization Phenomenon Induced by H-Bonding and F-II Stacking
Interactions in Enantiomers and a Racemate of Flurbiprofen, J. Phys. Chem. B.
128 (2024) 4021-4032. IF=2.8, MNiSW=140 pkt.

P3. P. Jesionek, B. Hachuta, D. Heczko, T. Lamrani, K. Jurkiewicz, M. Tarnacka, M.
Ksigzek, K. Kaminski, E. Kaminska, Studies on the nature and pressure evolution
of phase transitions in I-adamantylamine and 1-adamantanol, Spectrochim. Acta
Part A Mol. Biomol. Spectrosc. 299 (2023) 122794. 1F=4.3, MNiSW=140 pkt.

P4. P. Jesionek, B. Hachuta, M. Tarnacka, K. Jurkiewicz, K. Kaminski, E. Kaminska,
Comparative studies on the nature and kinetics of phase transitions in plastic
crystals: Hydrogen-bonded adamantane derivatives, J. Mol. Liq. 413 (2024)

125907. IF=5.3, MNiSW=100 pkt.
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Tresci powyzszych publikacji stanowigcych podstawe niniejszej pracy doktorskiej sg

zalagczone w Rozdziale III. Rezultaty przeprowadzonych eksperymentéw zostaty

zaprezentowane przeze mnie na wymienionych ponizej konferencjach naukowych:

1.

65. Zjazd Naukowy Polskiego Towarzystwa Chemicznego. ,,Badania
wysokocisnieniowe silnie zasocjowanej substancji aktywnej — tikagreloru”. Torun,
2023.

IV Seminarium Ogo6lnoakademickie. ,,Badania charakteru i cisnieniowej ewolucji
przejs¢ fazowych w 1-adamantyloaminie i 1-adamantanolu”. Sosnowiec, 2023.

V Seminarium Ogoélnoakademickie. “Calorimetric, structural and dielectric studies
on active substances forming plastic crystal phases”. Sosnowiec, 2024.

12th BDS Conference. “Variation of Activation Volume as an Indicator of the
Change in Clusterization Phenomenon in Flurbiprofen enantiomers and the
racemate”. Lizbona, 2024.

66. Zjazd Naukowy Polskiego Towarzystwa Chemicznego. ,,(Nie)rozroznialne
zwiqzki chiralne: porownanie wiasciwosci termicznych, strukturalnych oraz
dielektrycznych enancjomerow flurbiprofenu i ich mieszaniny racemicznej’.
Poznan, 2024.

VI Seminarium Ogo6lnoakademickie. “Indistinguishable or not? A comprehensive

studies of flurbiprofen enantiomers and their racemic mixture”. Sosnowiec, 2025.

Ponadto jestem wspoétautorka 4 artykutow naukowych, ktore nie zostaly wlaczone do

rozprawy doktorskiej:

1.

D. Heczko, P. Jesionek, B. Hachula, K. Jurkiewicz, J. Grelska, M. Tarnacka, K.
Kaminski, M. Paluch, E. Kaminska, Variation in the local ordering, H-bonding
pattern and molecular dynamics in the pressure densified ritonavir, J. Mol. Liq.
351 (2022) 118666,

P. Jesionek, B. Hachuta, D. Heczko, K. Jurkiewicz, M. Tarnacka, M. Zubko, M.
Paluch, K. Kaminski, E. Kaminska, The impact of H/D exchange on the thermal
and structural properties as well as high-pressure relaxation dynamics of
melatonin, Sci. Rep. 12 (2022) 14324,

T. Lamrani, P. Jesionek, M. Tarnacka, D. Zakowiecki, P. Wtodarczyk, M. Zubko,
E. Kaminska, K. Kaminski, K. Jurkiewicz, Generation of nematic order in

itraconazole by cryo-milling, J. Mol. Liq. 414 (2024) 126106,
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4. P. Jesionek-Ratka, B. Hachula, M. Tarnacka, T. Lamrani, K. Jurkiewicz,
K. Kaminski, E. Kaminska, Insights into the nature of phase transitions and
relaxation dynamics in memantine — An active substance forming orientationally
disordered crystals, Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 341 (2025)
126427,

jak rowniez 1 zgloszenia patentowego pt. ,,Sposob otrzymywania itrakonazolu w stabilnej
fazie nematycznej” (Numer: P.447909, data zgloszenia: 1 marzec 2024). Co wiecej, zostatam
Laureatkg XVII edycji Konkursu Wyrdéznien Jego Magnificencji Rektora Uniwersytetu
Slaskiego, co stanowi szczegodlne uhonorowanie moich osiggnig¢ naukowych oraz

zaangazowania podczas ksztalcenia w Szkole Doktorskiej.

Dodatkowo, wyniki badan nad melatoning i1 jej deuterowa pochodng zostaly

zaprezentowane na ponizszych konferencjach:

1. XV Kopernikanskie Seminarium Doktoranckie. ,,Badania nad melatoning i jej
deuterowanq pochodng pod kqtem ich farmaceutycznego zastosowania”. Torun,
2022.

2. 2nd Interdisciplinary Conference on Drug Science ACCORD. "The influence of H/D
exchange on the thermal and structural properties as well as molecular dynamics
(at ambient and high pressure) of the selected active pharmaceutical ingredient".

Warszawa, 2024.
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Tabela 1. Struktury chemiczne oraz nazwy substancji badanych w ramach pracy doktorskiej

Struktura chemiczna Nazwa Skrot
F
HN"
MN~"SN F
‘o ‘S PS .
~"0 NN S/\/CHS tikagrelor TICA
OH OH

flurbiprofen FLP

(R-FLP, S-FLP, RS-FLP)

NH-»
l-adamantylamina 1-NH>-ADM
(amantadyna)
OH
@ 1-adamantanol 1-OH-ADM
OH

3-amino-1-adamantanol = 3-NH-1-OH-ADM
NH5
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II. Omowienie i dyskusja otrzymanych wynikow

2.1. Badania wysokocisnieniowe silnie zasocjowanej substancji aktywnej -

tikagreloru w fazie cieczy przechlodzonej i szklistej

Jak  wspomniano w podr. 1.2, zrozumienie wplywu réznych warunkow
termodynamicznych (7 i p) na szeroko$¢ a-dyspersji w zwigzkach tworzacych wigzania
wodorowe stanowi wymagajace wyzwanie. Celem badan wykonanych w publikacji P1 bylo w
szczegblnosci znalezienie odpowiedzi na pytanie, czy istnieje bezposredni zwigzek migdzy
sita/populacja/schematem wigzan wodorowych a ksztaltem procesu strukturalnego? Aby
uzyska¢ wglad w to zagadnienie, wykonano eksperymenty na szkle zageszczonym (ang.
pressure densified glass, PDQG), jak rowniez witryfikowanym (ang. ordinary glass, OG) silnie
zasocjowanej API stosowanej w profilaktyce 1 leczeniu chordb sercowo-naczyniowych -
tikagreloru (TICA). Uzyskane wyniki zestawiono i dyskutowano z tymi otrzymanymi dla
rytonawiru (RTV).

W pierwszej kolejnosci TICA poddano badaniom z wykorzystaniem techniki
réznicowe] kalorymetrii skaningowej (ang. Differential Scanning Calorimetry, DSC) celem
uzyskania petnej charakterystyki termicznej badanej API. Na termogramie zmierzonym
podczas ogrzewania krystalicznej probki TICA (Fig. 1a w P1) uwidocznil si¢ pojedynczy
proces endotermiczny, odpowiadajacy zjawisku topnienia. Dalsze chtodzenie, a nastepnie
ogrzewanie zeszklonej substancji (OG) ujawnilo endotermiczny skok w temperaturowej
zalezno$ci przeptywu ciepta zwigzany z przejsciem do fazy szklistej, na podstawie ktorego
wyznaczono (jako punkt przegiecia) warto$¢ 7y rowng 325 K oraz obliczono zmiang ciepta
wlasciwego w T (AC,=0.464 J/g-K).

W kolejnym kroku przeprowadzono badania dynamiki molekularnej witryfikowanego
TICA w cis$nieniu atmosferycznym, w szerokim zakresie 7. Zarejestrowane w fazie cieczy
przechtodzonej (7>T,) widma strat dielektrycznych rozpatrywanej API wskazaty na obecno$¢
dwoch charakterystycznych procesow. Pierwszym z nich bylo przewodnictwo stalopradowe
(opc), stanowigce wypadkowa dwoch efektow: transportu jonow oraz przeskoku protondéw
(ang. proton hopping) wzdtuz sieci wigzah wodorowych — warunkowanego obecnoscia wielu
grup hydroksylowych w strukturze TICA (Tabela 1). Natomiast drugim procesem,
zlokalizowanym przy wyzszych czgstotliwosciach (f), byla relaksacja strukturalna (),
wywodzaca si¢ z kooperatywnych ruchow wszystkich czasteczek w probee (Fig. 1b w P1). Z
kolei w fazie szklistej (7<7y), na widmach &’ vs. f uwidocznily si¢ dwie relaksacje

drugorzedowe: S 1 y.
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Rys. 3. Superpozycja widm TICA (a) i RTV (b) zebranych w réznych warunkach 7'i p w poblizu i powyzej Ts.
Panele (c) i (d) przedstawiaja widma FTIR zmierzone w temperaturze pokojowej odpowiednio dla OG i PDG
TICA oraz RTV [89].

Nastepnie analizie poddano zachowanie badanej API w warunkach wysokiej kompresji.
Podobnie jak w przypadku danych uzyskanych w 7>T, w ci$nieniu otoczenia, na widmach
dielektrycznych TICA zmierzonych podczas wysokoci$nieniowych —eksperymentow
1zobarycznych 1 izotermicznych, widoczne byto opc oraz proces relaksacji a (Fig. 2 w P1).
Co ciekawe, pordwnanie wybranych widm BDS zebranych w réznych 7' 1 p w poblizu T
pokazato, iz szeroko$¢ a-dyspersji pozostaje stala niezaleznie od zastosowanych kombinacji
obu zmiennych termodynamicznych (spetniona jest reguta TPS), co potwierdzita jednakowa
warto$¢ wspotczynnika fxww (=0.51) uzyskana z dopasowania do danych funkcji Kohlrauscha-
Williamsa-Wattsa, KWW (Rys. 3a oraz Fig. 3a w P1, Eq. 1). Wynik ten byt bardzo zaskakujacy,
bioragc pod uwage prawdopodobienstwo tworzenia silnych wigzan wodorowych przez
czasteczki TICA. Tym samym oczekiwano, ze zastosowanie wysokich 7'1 p znaczgco wptynie
na populacje 1 sit¢ tych oddziatywan, co z kolei znajdzie odzwierciedlenie w ksztalcie a-
procesu. Aby lepiej zrozumie¢ powyzsze zachowanie, przeprowadzono badania na szkle
zageszczonym/przecisnieniowanym (PDG) badanej API z wykorzystaniem spektroskopii w
podczerwieni z transformacja Fouriera (ang. Fourier Transform Infrared Spectroscopy, FTIR).
Nalezy podkresli¢, iz takie podejscie pozwala ,,zamrozi¢” strukture skompresowanej substancji
1 uzyska¢ informacje na temat specyficznych oddziatywan w podwyzszonym cis$nieniu.
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Co istotne, uzyskany dla PDG profil widmowy w zakresie liczb falowych odpowiadajacych
drganiom rozciggajacym grup OH i NH nie r6znit si¢ od tego uzyskanego dla OG (Rys. 3¢ oraz
Fig. 3¢ w P1), co wskazywato na dalece podobne uporzadkowanie zwigzanych wodorowo
czasteczek w obu probkach. Moglo to rowniez sugerowac, ze w warunkach wysokiej kompresji,
wptyw T'i p na te oddziatywania wzajemnie si¢ kompensuje. W konsekwencji, ksztatt a-procesu
pozostaje niezmieniony w warunkach izochronicznych (z,=const.). Otrzymane wyniki
porownano do tych uzyskanych dla innej, stabiej zasocjowanej API — RTV, dla ktorej z kolei
obserwowano zwezenie a-dyspersji w podwyzszonym cisnieniu [89] (Rys. 3b oraz Fig. 3b w
P1). Co wazne, w przypadku tej substancji, profil widmowy pasm odpowiadajacych drganiom
rozciggajacym grup OH i NH zmienial si¢ znaczaco pod wptywem p (Rys. 3d oraz Fig. 3d w
P1), co utozsamiono z rosnacg populacja stabszych wigzan wodorowych w PDG. Na podstawie
omawianych przypadkow (TICA 1 RTV) stwierdzono, ze istnieje $cista zalezno$¢ migdzy
ksztattem procesu a a schematem wigzan wodorowych w warunkach wysokiej kompresji.

Dalsza doglebna analiza widm dielektrycznych zarejestrowanych dla TICA w 7>Ty w
réznych warunkach termodynamicznych z uzyciem funkcji Havriliaka-Negami, HN (Eq. 2 w
P1), umozliwita wyznaczenie czasow relaksacji strukturalnej (z.s), a nastepnie wykreslenie ich
w funkcji 71 p. Uzyskane trojwymiarowe zaleznosci zostaly zanalizowane z wykorzystaniem
zmodyfikowanego rownania Avramova (Fig. 4 w P1) [90]. Nastgpnie otrzymane ze wzoru (Eq.
3 w PI1) wartosci 7, wykreslono w funkcji ci$nienia, co pozwolito oszacowaé¢ wspodlczynnik
ci$nieniowy temperatury zeszklenia (d7y/dp) w granicy p=0.1 MPa, ktory wyniost 163 K/GPa.
Relatywnie wysoka warto$¢ tego parametru (nieco nizsza niz ta odnotowana dla RTV (~200
K/MPa) [89]) wskazywata na silny wplyw kompresji na relaksacje strukturalng w TICA.
Nalezy podkresli¢, 1z dTy/dp~160-200 MPa uzyskane dla obu APIs bylo wyraznie wyzsze niz
wartosci raportowane dla innych niskoczgsteczkowych zwigzkow z silnymi wigzaniami
wodorowymi, np. D-sorbitolu, glicerolu (d7/dp<80 K/GPa) [16].

Dodatkowo postanowiono sprawdzi¢, czy istnieje korelacja/sprzezenie (ang. coupling)
miedzy opc a 7o w réoznych warunkach termodynamicznych zgodnie z prawem Debye’a-
Stokes’a-Einstein’a (DSE) (Eq. 4 w P1). Okazato si¢, ze wykresow zaleznosci logioopc vs.
logiot, (dane izobaryczne 1 izotermiczne) nie mozna opisa¢ funkcja liniowa z nachyleniem
réwnym 1. Konieczne wigc do opisu danych jest uzycie utamkowego rownania DSE (0<s<1),
w ktorym wyktadnik s odpowiada nachyleniu ww. prostej (Eq. 5 w P1). Co wazne, parametr s
praktycznie nie zmieniat si¢ ze wzrostem 7 1 p (Fig. 4c w P1), co powigzano ze stabilnym
schematem wigzan wodorowych w warunkach wysokiej kompresji (takie zachowanie
potwierdzity badania FTIR wykonane na PDG TICA). Najprawdopodobniej zatem, zmienne

warunki termodynamiczne nie wplywaja na zjawisko proton hopping, ktére ma znaczacy wktad
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do opc. Nalezy podkresli¢ takze, iz wyraznie mniejsze od 1 warto$ci parametru s (~0.6—0.7)
oszacowane z analizy danych izotermicznych i izobarycznych (Fig. 4c w P1), wskazywaly na
wyrazne rozprze¢zenie mi¢dzy przewodnictwem statopradowym i dynamikg strukturalng.

W kolejnym etapie scharakteryzowano wptyw wysokiej kompresji na dynamike
molekularng TICA w stanie szklistym (7<T,). W przeciwienstwie do danych dielektrycznych
uzyskanych w ci$nieniu atmosferycznym (gdzie widoczne byly dwa procesy drugorzedowe:
f oraz y), w podwyzszonym p zaobserwowano tylko fS-relaksacje (Fig. 5 w P1). Wyznaczone
przy uzyciu funkcji HN czasy relaksacji 75 oraz 7, (p=0.1 MPa), wraz z uprzednio otrzymanymi
warto$ciami z,, wykreslono w funkcji 7¢/T (Fig. 6 w P1). Nastepnie zaleznos$ci logiozs 1 logioz,
vs. T/ T zanalizowano przy uzyciu rownania Arrheniusa celem okre$lenia bariery aktywacji (Ex,
gdzie x=f 1 y) tych proceséw (Eq. 6 w P1). Dla f-relaksacji zauwazono wzrost Eg wraz ze
wzrostem ci$nienia (Ez=66, 73 1 81 kJ/mol odpowiednio w 0.1, 170 i 340 MPa). Natomiast £,
uzyskana w p=0.1 MPa (=38 kJ/mol) byla wyraznie nizsza w poréwnaniu do Eg oszacowanej
w tym samym ci$nieniu. Istotnym faktem jest, iz 73 otrzymane w p=0.1, 170 i 340 MPa oraz
zaprezentowane wzgledem T/T idealnie si¢ naktadaty (Fig. 6 w P1), co wskazywalo na silng
wrazliwo$¢ procesu £ na kompresje. Dodatkowym argumentem potwierdzajacym ten wniosek
byta wyjatkowo wysoka warto$¢é objetosci aktywacji tego procesu (AVp=43 cm’/mol),
oszacowana na podstawie analizy danych izotermicznych (Eq. 7 w PIl). Na podstawie
uzyskanych wynikéw stwierdzono, ze relaksacja f w TICA jest typu Johari-Goldstein (JG)
1 pochodzi od niekooperatywnych, lokalnych ruchow catych czasteczek. Z kolei szybszy proces
y ma charakter wewnatrzczasteczkowy 1 jest zwigzany z reorientacja jedynie fragmentu
czasteczki TICA. Ponadto, staty stosunek 7./7564 dla danych otrzymanych w p=0.11 170 MPa
wskazywal na spetienie reguty izochronicznej superpozycji czaséw relaksacji a 1 JG-p.

Na koniec, uzywajac rownania Eyringa (Eq. 8 w P1), obliczono entropi¢ i entalpi¢
aktywacji dla procesu f-relaksacji (odpowiednio ASgi AHp) w ci$nieniu otoczenia 1 warunkach
wysokiej kompresji. Oba parametry rosty ze wzrostem p. Co istotne, ASs miata wartos¢
dodatnig (co sugerowato miedzyczasteczkowa kooperatywnos$¢ tego procesu) i nieznacznie
zwigkszala si¢ z kompresja, od 105 J/mol-K w 0.1 MPa do 108 J/mol-K w 340 MPa, co
powiazano z niewielkimi zmianami konformacyjnymi/ molekularnymi czgsteczek TICA w

wysokim p.
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2.2. Zmiana objetosci aktywacji jako wskaznik roznic w zjawisku klasteryzacji
indukowanym przez wiazania wodorowe i oddzialywania F-II stacking

w enancjomerach flurbiprofenu i ich mieszaninie racemicznej

Celem badan przeprowadzonych w publikacji P2 byto okreslenie roznic w organizacji
molekularnej, wynikajacych z obecnosci wigzan wodorowych, pomigdzy enancjomerami (R i
S) a racematem flurbiprofenu (FLP) — API nalezacej do grupy niesteroidowych lekow
przeciwzapalnych, zarowno w stanie krystalicznym, jak 1 w fazie cieczy przechtodzone;.
Istotnym aspektem byto takze zweryfikowanie, czy struktura atomowa, wtasciwos$ci termiczne
oraz dynamika molekularna czystych izomeréw R- i S-FLP sg podobne do tych obserwowanych
dla RS-FLP w ro6znych warunkach termodynamicznych. Warto podkresli¢, ze badania
wysokocisnieniowe odgrywaja kluczowa role w przypadku enancjomeréw substancji
aktywnych, ktére moga istotnie roézni¢ si¢ pod wzgledem aktywnosci biologicznej,
toksyczno$ci oraz wiasciwosci farmakokinetycznych [91-93]. Jak wskazano w podr. 1.2,
warunki wysokiej kompresji moga determinowac¢ konformacje czasteczek APIs, co moze mie¢
istotny wptyw na ich dziatanie farmakologiczne.

Komplementarne badania rozpoczeto od doktadnej charakterystyki struktury atomowej
R-FLP, S-FLP i RS-FLP z wykorzystaniem techniki dyfrakcji rentgenowskiej (ang. X-ray
diffraction, XRD). Analiza zarejestrowanych dyfraktogramow wykazata rdéznice migdzy
strukturg krystaliczng obu enancjomeréw i mieszaniny racemicznej (uktad trojskosny w
przypadku RS-FLP i ortorombowy dla R- i S-FLP), ktére moga wynika¢ z przestrzennej
organizacji molekul oraz ich oddzialywan poprzez wigzania wodorowe (Fig. la w P2).
Co istotne, po stopieniu, r6znice pomi¢dzy obydwoma enancjomerami a racematem nie byty
zauwazalne (Fig. 1b w P2).

Roéznice w przestrzennym utozeniu czasteczek w sieci krystalicznej R-, S- 1 RS-FLP
znajdowaly takze odzwierciedlenie w parametrach spektralnych (strukturze subtelnej) pasm
widm podczerwonych, szczegodlnie w obszarach liczb falowych odpowiadajacych drganiom
grup zaangazowanych w proces asocjacji, tj. drganiom rozciagajacym grupy hydroksylowej,
karbonylowej, karboksylowej, alifatycznej, jak réwniez pozaptaszczyznowym deformacjom
grupy OH (Fig. 1c w P2). Na podstawie doktadnej analizy widm FTIR form krystalicznych
badanych substancji stwierdzono, ze czasteczki racematu tworza typowe struktury dimeryczne,
natomiast molekuly czystych enancjomeréw FLP formuja dlugie, wodorowo zwigzane
fancuchy. Zauwazono, podobnie jak w przypadku badan XRD, ze wszystkie rdznice spektralne
zanikaja po stopieniu probek, czego efektem sg identyczne widma podczerwone trzech

badanych uktadow (Fig. 1d w P2).
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Analiza termogramow DSC zarejestrowanych dla R-, S- 1 RS-FLP wskazata, ze kazdy z
badanych uktadow ma zdolno$¢ do formowania fazy amorficznej, co potwierdzita obecnos¢
skoku endotermicznego odpowiadajacego przejsciu szklistemu, widocznemu podczas
ogrzewania uprzednio stopionych, a nastepnie przechtodzonych prébek. Warto zaznaczy¢, ze
wartosci Ty oraz AC, byty zblizone dla wszystkich analizowanych zwigzkow (Fig. 2 w P2).

W kolejnym kroku wnikliwie zbadano dynamike molekularng obu enancjomerdéw i
mieszaniny racemicznej FLP w ci$nieniu atmosferycznym, w szerokim zakresie 7. Zmierzone
w fazie cieczy przechtodzonej zaleznosci €”(f) dla wszystkich probek ujawnily dwa
charakterystyczne procesy: opc oraz relaksacje¢ a. W fazie szklistej (7<7,) stwierdzono
natomiast wystepowanie procesu drugorzedowego S (Fig. 3a-c w P2). Uzyskane z dopasowania
funkcji HN do widm dielektrycznych zarejestrowanych w 7>T, czasy relaksacji strukturalnej
(ts8) wykreslone w funkcji 1/T analizowano nastepnie z uzyciem funkcji Vogela-Fulchera-
Tammana (VFT, Fig. S2 w P2), co umozliwilo wyznaczenie dla kazdego z uktadow wartos$ci
T, (definiowanej jako 7' w ktorej 7,=100 s). Co istotne, nie roznity si¢ one znaczaco od siebie
(Tg=263.1, 263.4 oraz 261.9 K, odpowiednio dla R-, S-, i RS-FLP) i byly niewiele nizsze od
tych oszacowanych technikg DSC.

Nastepnym, waznym etapem badan byly wysokocisnieniowe (izobaryczne i
izotermiczne) pomiary BDS. Widma strat dielektrycznych zmierzone w stalym p 1 7>Ty, jak
réwniez w statej 7 1 p<pg (gdzie p, jest cisnieniem zeszklenia), ujawnity, podobnie jak w
przypadku badan w p=0.1 MPa, obecnos$¢ opc, a takze dwoch relaksacji: a i §. Istotnym faktem
jest, ze pordéwnanie znormalizowanych widm dielektrycznych R-, S- 1 RS-FLP,
zarejestrowanych w statym 1 podwyzszonym p oraz T~T,, przy ustalonej czgstotliwosci
maksymalnej a-procesu (~1 Hz), ujawnily spelnienie reguty izochronicznej superpozycji
czasow relaksacji a 1 . Co rowniez wazne, w przypadku enancjomerow FLP (w szczegdlnos$ci
dla R-FLP), zaobserwowano poszerzenie lewego zbocza a-dyspersji wraz ze wzrostem p, co
wskazywalo na ztamanie reguly superpozycji temperaturowo-cisnieniowej (TPS). Natomiast
dla RS-FLP, z uwagi na brak zmian w szeroko$ci procesu a w roznych warunkach 71 p
powyzsza regula byla spetniona. (Rys. 4a, Fig. 3d w P2).

W dalszej kolejnosci, czasy 7qs uzyskane z dopasowania do widm BDS zmierzonych w
warunkach izotermicznych i1 izobarycznych funkcji HN, wykreslono wzgledem 7'i p i poddano
analizie z uzyciem zmodyfikowanego réwnania Avramova (Eq. 4 w P2). Nastepnie, Tgs
obliczone na podstawie Eq. 7 w P2, zostaty przedstawione w funkcji p, a na podstawie
otrzymanych zaleznosci oszacowano wartosci d7s/dp (w granicy p=0.1 MPa). Wyniosly one
odpowiednio 240, 247 i1 248 K/GPa dla R-, S- 1 RS-FLP, a wigc byly zblizone (Rys. 4b, Fig. 6a
w P2). Wskazywaty jednak na silng wrazliwos$¢ relaksacji strukturalnej na ci$nienie w kazdym
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z uktadéw. Ponadto, wyznaczono jeszcze inny parametr wskazujacy jak wrazliwy na kompresje
jest procesu a, tj. objetos¢ aktywacji (AV,, Eq. 8 w P2). Co ciekawe, obliczone w T, wartosci
AV, dla czystych enancjomeréw byty zblizone - wyniosty 377 i 385 cm®/mol dla R- i S-FLP.
Z kolei, AV, uzyskana dla mieszaniny racemicznej byta wyraznie nizsza (AV,=337 cm’*/mol) w
porownaniu do AV, oszacowanych dla izomeréw (Rys. 4¢, Fig. 6b w P2). Ten zaskakujacy
wynik (zwazywszy na zblizone wartosci d7/dp dla trzech badanych uktadéw) sugerowat, ze

lokalny uktad molekut badanych substancji w stanie cieklym moze by¢ inny.
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Rys. 4. Porownanie znormalizowanych widm dielektrycznych zmierzonych w réznych warunkach 7'i p, blisko Ty
dla R-, S- i RS-FLP (a). Panel (b) przedstawia 7, wykreslone w funkcji pg, za$ (c) zaleznos$¢ objetosci aktywacji a-
procesu (AV,) od Ty/T (c). W panelu (d) pokazano histogram rozktadu klastrow potaczonych wiazaniami

wodorowymi w S- i RS-FLP.

Aby zweryfikowa¢ te hipoteze, przeprowadzono szczegdtowe symulacje dynamiki
molekularnej w przechtodzonym stanie ciektym S- 1 RS-FLP. Na podstawie analizy uzyskanych
wynikéw w pierwszej kolejnosci wykazano, ze klastry polaczone wigzaniami wodorowymi
wystepuja w wiekszej ilosci (0 0.5% jesli chodzi o ich ogolng liczbe) w enancjomerze niz w
racemacie FLP. Istotniejsze réznice uwidocznily si¢ natomiast w ich rozktadzie/dystrybucji.
W przypadku S-FLP stwierdzono wigksza (na poziomie 56%) populacje klastréw o niskiej
masie molowej (od dimerow do tetrameréw), w racemacie byto ich 44% (Rys. 4d, Fig. S3 w

P2). W obu uktadach wystepowata takze niewielka populacja cyklicznych dimerow i trimerow
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(Fig. 7 w P2). Na podstawie otrzymanych rezultatow symulacji wnioskowano, ze wyzsza w
poréwnaniu do RS-FLP warto$¢ AV, uzyskana z pomiarow BDS dla R- i S-FLP wynika
najprawdopodobniej z wigkszej populacji struktur di-, tri- i tetramerycznych w enancjomerach.
Aby odpowiedzie¢ na pytanie, co stanowi gldéwng sitl¢ napedowa do tworzenia wickszych
klastrow w czystym enancjomerze, obliczono energi¢ wigzania wodorowego OH---O (Eix)
mi¢dzy dwoma czasteczkami jednakowych (uktad S-S) oraz dwoch roéznych izomerow (R-S).
Uzyskane wartos$ci Ein;, rtowne odpowiednio 105 i 100 kJ/mol, byty wysokie biorac pod uwage
tworzenie wigzania OH---O tylko migdzy dwoma molekutami. Thumaczono to wystgpowaniem
dodatkowych oddziatywan typu Il-stacking (warunkowanych obecno$cig pierscieni
aromatycznych) w konformacji dwoch liniowo potaczonych czasteczek FLP. Ponadto, dzigki
obecnosci atomu fluoru (F) potaczonego z pierscieniem stwierdzono, ze oddziatywanie to moze
by¢ wzmocnione przez specyficzny przypadek Il-stackingu, tzw. F-I1. Co istotne, dalsze
symulacje pokazaty, ze istniejg dwie mozliwosci I1-stackingu — tworzenie uporzadkowanych
struktur rownoleglych i antyrownoleglych, w sytuacji, gdy odpowiednio oba pierscienie
aromatyczne z atomem F s3 utozone wzgledem siebie réwnolegle i1 antyrownolegle.
Zaobserwowano, ze w przypadku RS-FLP licznie wystepuja oba ustawienia, a z kolei w
czystym enancjomerze jedynie struktury rownolegte.

Dodatkowo, zoptymalizowane metoda funkcjonatu gestosci (ang. density functional
theory, DFT) struktury dimerow R-S 1 S-S, polaczone wylacznie sitami [l-stacking,
zobrazowano w postaci gestosci elektronowej z odwzorowanym potencjalem
elektrostatycznym (Fig. 8 w P2). Zauwazono, ze struktura potaczen R-S charakteryzuje si¢
idealng symetrig, co skutkuje zerowym momentem dipolowym (u=0 D), podczas gdy
konformacja S-S wykazuje znieksztatcenia w rozktadzie tadunku 1 symetrii, czego efektem jest
w rowny 1.33 D. Energia oddzialywan F-IT wyniosta 55 kJ/mol w uktadzie R-S 1 50 kJ/mol w
systemie S-S. W przypadku S-FLP, stwierdzono, iz brak mozliwosci tworzenia symetrycznych
struktur F-II sprawia, ze uktad jest bardziej zdominowany przez wigzania wodorowe, co
prowadzi do odmiennej struktury krystalicznej (ortorombowej dla tego enancjomeru). Ponadto,
poniewaz energia oddziatywan F-II jest poréwnywalna z energig wigzan wodorowych OH---
O, energia wigzania dimeru liniowego, w ktérych wystepuja oba typy oddzialywan, jest
zblizona do energii dimeru cyklicznego. To stanowito wyjasnienie, dlaczego w obu
przechtodzonych uktadach (R-S i §-S) dominujg liniowe klastry, a nie pozornie stabilniejsze

cykliczne dimery.
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2.3. Badania nad natura, ewolucja ciSnieniowa i kinetyka przejS¢ fazowych

w pochodnych ADM

Jak zaznaczono w podr. 1.3., uklady tworzace fazy PC (ODIC), ze wzgledu na ich
ograniczong liczbg stopni swobody, stanowig modele w badaniach nad naturg przej$cia
szklistego 1 mechanizmami prowadzacymi do ,,zamrozenia” dynamiki molekularnej czgsteczek
podczas zeszklenia. Celem dwoch kolejnych prac wechodzacych do cyklu artykutéow (P3 1 P4)
bylo poznanie natury przejs¢ fazowych w trzech zasocjowanych pochodnych ADM
— l-adamantylaminie (1-NH2-ADM), inaczej amantadynie (API stosowanej w leczeniu choroby
Parkinsona), 1-adamantanolu (1-OH-ADM) i 3-amino-1-adamantanolu (3-NH>-1-OH-ADM) -
substancji  bedacej substratem do produkcji  wildagliptyny, API o dziataniu
przeciwcukrzycowym. W tym celu wykonano pomiary z wykorzystaniem metod DSC, XRD
oraz spektroskopii: w podczerwieni, Ramana i dielektrycznej. Dodatkowo, w przypadku
1-NH;-ADM i1 1-OH-ADM analizie poddano réwniez ci$nieniowg ewolucj¢ tych przejsc.

Badania kalorymetryczne przeprowadzone dla 1-NH>-ADM ujawnily podczas
pierwszego cyklu grzania dwa wyrazne procesy endotermiczne (w 7=324 i 7=458 K), z ktérych
ten ujawniajacy si¢ w wyzszej T byt zwigzany ze zjawiskiem sublimacji (Rys. Sa, Fig. la w
P3). Na termogramach zarejestrowanych podczas chtodzenia (do 160 K) nowej probki, tym
razem po uprzednim jej ogrzaniu od 293 do 353 K (celem uniknigcia sublimacji) uwidocznity
si¢ dwa przejscia fazowe, w 7=282 i 7=245 K, dla ktorych zmiana entropii (AS) wyniosta
odpowiednio 16.61 i 8.65 J/mol-K (sumaryczna AS=25.3 J/mol-K byta bardzo zblizona do
warto$ci oszacowanej przez Bazyleve i wsp. [76], ), AS=25.8 J/mol-K, ktorzy zasugerowali,
uwzgledniajac takze plastyczno$¢ tej substancji, iz moga to by¢ przejscia miedzy fazami PC).
Co istotne, podczas ponownego ogrzewania od 160 do 353 K, na krzywych DSC takze
uwidocznily si¢ dwa procesy endotermiczne, cho¢ w nieco wyzszych temperaturach (7=248 1
7=288 K). Jednakze nie zaobserwowano przej$cia fazowego w 7=324 K, co sugerowalo, ze
poczatkowa faza I nie zostata odtworzona po wszystkich wykonanych cyklach termicznych.
Termogramy uzyskane podczas pierwszego ogrzewania 1-OH-ADM wykazaly, analogicznie
jak w przypadku 1-NH2-ADM, obecno$¢ dwodch procesow endotermicznych w 7=362 K 1
7=493 K (Rys. 5b, Fig. 1b w P3), z ktérych drugi powigzano ze zjawiskiem sublimacji. Podczas
schtadzania nowej probki substancji (uprzednio ogrzanej od 293 do 393 K) wykryto jedno
przejscie fazowe w 7=343 K, z AS rowna 34.96 J/mol-K, a wigc znacznie przewyzszajaca
warto$ci uzyskane dla dwoch przejs¢ w 1-NH2-ADM. Co wazne, byto ono roéwniez widoczne
podczas ponownego ogrzewania 1-OH-ADM, jednak w znacznie wyzszej T (=362 K). Z kolei
krzywe DSC zarejestrowane w czasie ogrzewania wyjsciowej probki 3-NH»-1-OH-ADM

ujawnily obecno$¢ szerokiego procesu endotermicznego w 7=352 K, ktora byta odpowiednio
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wyzsza 1 nizsza w stosunku do temperatury przejscia w 7=324 K (w 1-NH2-ADM) oraz 7=362
K (w 1-OH-ADM), Rys. S¢, Fig. 1a w P4. W przeciwienstwie do tych dwéch zwigzkow, dla
ktorych, jak pokazano na Rys. 5a,b widoczne byly przejscia fazowe zwigzane z sublimacja, dla
3-NH»-1-OH-ADM nie wykryto tego zjawiska, co wynikato z temperatury zaptonu probki
(7T=383 K), a tym samym uniemozliwito wykonanie pomiarow w wyzszych 7. Podczas cyklu
chlodzenia zaobserwowano natomiast dwa efekty egzotermiczne w 7=309 K i 7=293 K
(analogicznie do przypadku 1-NH>-ADM, Rys. 5a, Fig. 1b w P4), za§ podczas ponownego
ogrzewania uwidocznito si¢ tylko jedno przejscie fazowe w 7=341 K (Rys. Sc, Fig. 1a w P4).
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Rys. 5. Termogramy DSC uzyskane podczas ogrzewania i chtodzenia trzech pochodnych ADM: 1-NH,-ADM (a),

1-OH-ADM (b) i 3-NH,-1-OH-ADM (c). W panelach (d), (¢) i (f) przedstawiono zaleznosci & (f= 105 Hz) vs. T
w ci$nieniu atmosferycznym.

Aby okresli¢ natur¢ obserwowanych na termogramach przejs¢ fazowych,
przeprowadzono badania technika XRD. Wykazaly one, ze 1-OH-ADM przechodzi z
wyjsciowej, krystalicznej fazy I (uktad tetragonalny) do fazy II, wykazujacej wyzsza symetrie
(ukfad szescienny) w 7=362 K. Takie zachowanie, zgodnie z doniesieniami Charapennikau 1
wsp [74], jest charakterystyczne dla przemiany OC-PC. Po ochtodzeniu prébki z 7>362 K do
343 K, widoczne byto odwrotne przejscie z fazy Il (PC) do fazy I (OC). Co wazne, zmiany
zarejestrowane na dyfraktogramach w obu cyklach termicznych nastgpowaty w T zblizonych
do temperatur przej$s¢ obserwowanych w pomiarach DSC. Z kolei 1-NH>-ADM wykazywat
bardziej ztozone zachowanie — w czasie ogrzewania, w 7=324 K, a wigc podobnej do T

wystepowania efektu endotermicznego w badaniach kalorymetrycznych, zaobserwowano
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przejscie z fazy I (dyfraktogram tej fazy byt typowy dla sferycznych czasteczek tworzacych
fazy PC) do fazy wykazujacej wyzsza symetri¢. Stwierdzono zatem, iz powyzej 324 K, 1-NH»-
ADM tworzy inng fazg PC (fazg II). W czasie schtadzania probki od 7>324 K do 7=282 K,
widoczne bylo kolejne przejscie fazowe, ale w odroznieniu do 1-OH-ADM, nie bylo to
przejscie do wyjsciowej fazy I, ale do innej fazy (oznaczonej jako III) rdznigcej si¢ pozycja i
intensywnoscig pikow braggowskich. Dalsze ochtadzanie ujawnito jeszcze jedno przejscie,
widoczne jako niewielka zmiana strukturalna, w 7=245 K, a wigc w T bliskiej wystgpowania
procesu na termogramie DSC. Komorka elementarna tej fazy (oznaczonej jako IV) byta
zblizona do fazy III. Co istotne, ponizej 7=245 K, dyfraktogramy wskazywaly na zachowang
ruchliwos¢ molekularng uktadu, co sugerowato, ze pozostaje on w fazie plastycznej. Badania
XRD wykonane natomiast na 3-NH>-1-OH-ADM wykazaty, iz w 7~353 K, z uwagi na wzrost
symetrii ukladu 1 oslabienie maksiméw pikoéw dyfrakcyjnych przy wyzszych katach
rozpraszania, nastepuje, tak jak miato to miejsce dla 1-OH-ADM, przejScie badanej substancji
z fazy 1 (OC) do fazy II (PC). Po ochtodzeniu fazy II, w 7=313 K widoczne byto kolejne
przejécie fazowe, lecz w przeciwienstwie do 1-OH-ADM, nie nastepowal powrdt do fazy I.
Nowo powstata faza Il wykazywata nizsza symetrig, jednak podobnie jak w przypadku 1-NH»-
ADM zachowane w niej zostato ostabienie maksimow pikéw dyfrakcyjnych w szerokim
zakresie katow rozpraszania, co sugerowalo, ze jest to faza PC (byla ona stabilna zaréwno
podczas dalszego chilodzenia do 7=173 K, jak i po ponownym ogrzaniu do 7=293 K). Co
wiecej, zaobserwowano nietypowe zachowanie amplitudy najbardziej intensywnego
maksimum piku dyfrakcyjnego w poblizu 5.7°, ktéra systematycznie malata wraz ze spadkiem
T w zakresie temperatur, w ktorym na termogramie mierzonym podczas chtodzenia w 7=293
K widoczny byt niewielki efekt egzotermiczny (Rys. Sc, Fig. 2a w P4).

Aby zweryfikowaé rezultaty pomiaréw XRD, przeprowadzono badania z
wykorzystaniem spektroskopii FTIR 1 Ramana. Widma podobnie jak w pomiarach XRD
rejestrowano w cyklach grzania i chtodzenia. W przypadku 1-OH-ADM, dane FTIR, w
szczegolnosci znaczne poszerzenie pasm odpowiadajacych drganiom rozciggajacym grup OH
oraz zanik rozszczepienia pasm zwigzanych z drganiami rozciagajacymi grup CH
(charakterystycznego dla fazy krystalicznej) na widmach, wskazywaty na przejscie z fazy OC
do fazy PC w 7~362 K. Odwrotne zachowanie obserwowano w czasie schtadzania probki do
349 K (przejscie PC-OC). W przypadku 1-NH>-ADM, analiza widm FTIR zarejestrowanych
podczas ogrzewania z 293 do 343 K, a nastepnie schtadzania z 343 do 203 K, ujawnita, iz
wyrazne zmiany w pozycji analizowanych pasm (zwigzanych m.in. z drganiami grup NH
zaangazowanych w tworzenie wigzan wodorowych, czy drganiami rozciggajacymi grup CH),

a takze ich intensywno$ci oraz szerokosci poldwkowej, wskazujace na fluktuacje w
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reorganizacji molekut tej substancji, zachodza w okolicy temperatur 331 K 1 277 K,
odpowiadajacym przejsciom miedzy fazami I i I oraz II i III wykrytymi na termogramach. Co
szczegoblnie istotne, pasma zwigzane z drganiami grup NH i CH nie wykazywaty rozszczepienia
w 7=293 K i 7T=343 K, co w $wietle danych literaturowych [86,94] moglo wskazywac na
przejscie miedzy dwoma fazami PC (fazg I 1 II) w 7~331 K. Jednoczes$nie, pozwolito
stwierdzié, iz 1-NH2-ADM faktycznie tworzy faze PC(I) w 7=293 K. Wyraznych réznic w
widmach FTIR nie zaobserwowano w 7~245 K, co oznaczato, ze przejscie z fazy Il do IV
moze wigzac si¢ z niewielkimi zmianami w strukturze sieci krystalicznej i organizacji molekut.
Dodatkowe badania z uzyciem spektroskopii Ramana wykonane wylgcznie na aminowej
pochodnej ADM wykazaty jedynie niewielkie fluktuacje parametréw spektralnych (pozycja
pasma, intensywno$¢ integralna) z temperatura, wystepujace w zakresie niskich liczb falowych.
Sugerowato to, ze przejsciom miedzy réznymi fazami PC w 1-NH>-ADM towarzyszy gtownie
subtelna reorganizacja strukturalna, a nie duze zmiany w dynamice molekularnej. Z kolei
eksperymenty z wykorzystaniem obu technik spektroskopowych wykonane na 3-NH»-1-OH-
ADM ujawnity liczne rozszczepienia pasm na widmach zarejestrowanych w 7=293 K (faza I),
charakterystyczne dla uporzadkowanej fazy OC. Wraz ze wzrostem 7, pasma te stawaty si¢
szersze 1 mniej wyrazne, a ich rozszczepienie zanikalo, co wskazywato na przejécie do
orientacyjnie nieuporzadkowanej fazy II (PC) w 7=353 K. Podczas chlodzenia z fazy 11 do 313
K, widoczne byly tylko niewielkie zmiany na widmach FTIR i Ramana, w tym modyfikacje
ksztattu pasma OH/NH oraz dodatkowe rozszczepienia pasm wystepujacych w zakresie drgan
CH 1 NH, co sugerowalo reorganizacj¢ orientacyjng czasteczek (faza III). W dalszym etapie
chlodzenia do 288 K, obserwowane zmiany byty subtelne, a widma nie réznity si¢ od tych
zmierzonych w fazie III w 313 K (Fig. 3 w P4). Dodatkowe cykle chtodzenia i ogrzewania w
zakresie T 253-293 K nie spowodowaly istotnych zmian na widmach, co potwierdzito
stabilnos¢ fazy III. Ogdlny przebieg przejs¢ fazowych 3-NH-1-OH-ADM wykazywat
podobienstwo do 1-OH-ADM, ktory takze ulegal przemianie OC-PC. Jednak w
przeciwienstwie do tej pochodnej, widma zmierzone w fazie III 3-NH»-1-OH-ADM byty
bardziej zblizone do tych zarejestrowanych w fazie II (PC) niz w poczatkowej fazie I (OC) 1-
OH-ADM. Zasadniczo, brak wyraznych zmian na widmach mierzonych w cyklu chtodzenia
sugerowat plastyczny charakter faz I1 1 III w 3-NH»-1-OH-ADM, co przypominato zachowanie
obserwowane w przypadku czterech faz PC w 1-NH>-ADM.

Podsumowujac, w oparciu o uzyskane wyniki badan strukturalnych i spektroskopowych
(FTIR 1 Raman), a w przypadku 1-NH2-ADM 1 1-OH-ADM, takze otrzymane z pomiarow
kalorymetrycznych warto$ci zmian entropii AS (dla dwoch przejs¢ w aminowej i jednego

przejscia w hydroksylowej pochodnej ADM) termiczne efekty obserwowane na krzywych DSC
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1-NH>-ADM, 1-OH-ADM 1 3-NH>-1-OH-ADM zostaty przypisane odpowiednio przejsciom
fazowym miedzy czterema fazami PC: PC(I)-PC(II), PC(II)-PC(III), PC(II)-PC(IV), przejsciu
OC-PC i przejsciom OC-PC oraz PC(I)-PC(II).

Dalsze badania dynamiki molekularnej w cisnieniu otoczenia przeprowadzone dla
wszystkich badanych pochodnych ADM wykazaty ewolucj¢ odpowiedzi dielektrycznej wraz z
temperaturg, zarOwno w czasie ogrzewania, jak i chltodzenia probek. W przypadku 1-NHo-
ADM, w zaleznos$ciach &’ vs. fuwidocznit si¢ pojedynczy proces relaksacyjny podczas cyklu
grzania, majacy prawdopodobnie swe zrodto we fluktuacjach w obrebie grupy NH» (Fig. 7a w
P3). Co istotne, powyzej 7=323 K (odpowiadajacej maksimum efektu endotermicznego na
krzywej DSC 1 przejsciu z fazy I do fazy II) wspomniany proces byl systematycznie
przykrywany przez wklad opc. Natomiast podczas chtodzenia, stawal si¢ on ponownie
widoczny w okolicy 280 K. W 7=249 K, odpowiadajacej drugiemu efektowi egzotermicznemu
na termogramie, zmiany na widmie strat dielektrycznych byly zbyt mate, by mozna je bylo
odpowiednio zinterpretowac. W przypadku 1-OH-ADM odpowiedz dielektryczna byta nieco
inna niz dla 1-NH>-ADM, bowiem nie zaobserwowano procesu relaksacyjnego na widmach
podczas cyklu grzania (wyrazna dominacja opc), Fig. 7b w P3. Natomiast w czasie schtadzania
nastgpowata wyrazna zmiana w zaleznosci &”(f) ponizej 347 K, co sugerowalo przejscie do
fazy OC. Z kolei widma strat dielektrycznych zmierzone dla 3-NH»-1-OH-ADM podczas
ogrzewania, ujawnily subtelny proces relaksacyjny, zwigzany najprawdopodobniej z lokalnymi
fluktuacjami termicznymi grup OH (Fig. 4a w P4). W 7=352 K, odpowiadajacej maksimum
szerokiego zjawiska endotermicznego na krzywej DSC 1 przejsciu fazowemu OC-PC(I),
odpowiedz dielektryczna byta niemal calkowicie zdominowana przez opc, ktorego zrodlem byt
transport tadunkow jonowych oraz proton hopping wzdhluz sieci wigzan wodorowych,
warunkowany obecnoscia grup OH 1 NHz w czasteczce 3-NHz-1-OH-ADM. Podczas
chlodzenia, proces relaksacyjny ponownie stawat si¢ widoczny, szczegdlnie w okolicach 7=316
K (bliskiej T przejscia z fazy 1l do fazy III na krzywej DSC). Natomiast w 7=294 K, zmiany w
zalezno$ci & vs f byly niewielkie (Fig. 4b w P4).

Co istotne, zauwazalne rdznice w okolicach T pojawiania si¢ charakterystycznych
efektow egzotermicznych w pomiarach DSC, byly takze widoczne na wykresach dyspersji
dielektrycznej (&) w funkcji f zarejestrowanych dla trzech badanych pochodnych ADM (Figs.
8a,b w P3, Fig. 5a w P4). Aby zweryfikowa¢ te obserwacje, dodatkowo przeanalizowano
zaleznosci & (przy statej f=10° Hz) oraz de'/dT od T (Rys. 5d,e,f oraz Figs. 8c,d w P3, Fig. 5b,c
w P4), a takze wykres opc vs. T (3-NH2-1-OH-ADM, Fig. S9 w P4), potwierdzajac wyrazne
fluktuacje dyspersji dielektrycznej 1 opc (3-NH2-1-OH-ADM), zwiazane z przejsciami

fazowymi. Warto podkresli¢, ze widoczne zmiany w &' stanowig odzwierciedlenie zmian w
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ruchliwo$ci molekut. Mozna tym samym uznac¢ je, po uwzglednieniu rezultatow uzyskanych z
innych technik eksperymentalnych, za wiarygodny wskaznik charakteru faz w badanym
uktadzie. Pomiary BDS wykonane w p=0.1 MPa uwidocznity przej$cia mi¢dzy réznymi fazami
PC w 1-NH2-ADM, oraz przejscia PC-OC 1 PC-PC (podczas chtodzenia) odpowiednio w 1-
OH-ADM i 3-NH»-1-OH-ADM. Warto jeszcze doda¢, iz w przypadku 3-NH»>-1-OH-ADM, w
7~294 K (odpowiadajacej T wystepowania procesu egzotermicznego na termogramie DSC)
wykryto subtelne fluktuacje w zalezno$ciach £’[10° Hz] i opc vs. T, odzwierciedlajace zmienng
ruchliwo$¢ molekularng w probce/zmiany w nieporzadku orientacyjnym badanej substancji.

Waznym etapem badan bylo okreslenie wptywu wysokiej kompresji na przejscia fazowe
w rozpatrywanych pochodnych ADM. Wysokoci$nieniowe eksperymenty dielektryczne
wykonano dla 1-NH>-ADM 1 1-OH-ADM (P3). Wszystkie pomiary izotermiczne
przeprowadzono w szerokim zakresie p, rozpoczynajac od 7>323 K dla 1-NH2-ADM i 7>363
K dla 1-OH-ADM. Analogicznie do wynikoéw uzyskanych w ci$nieniu otoczenia, widma strat
dielektrycznych obu zwiazkéw byly zdominowane przez wktad od opc i ewoluowaly z
kompresjg. Ponownie, w przypadku aminowej pochodnej, proces relaksacyjny stawat sie
bardziej wyrazny przy pewnej wartosci ci$nienia. Ponadto w poblizu p=60 MPa i p=220 MPa
(dane izotermiczne, 7=291 K) zaobserwowano zmiany w ksztatcie widm absorpcyjnych, ktore
przypisano dwom przej$ciom fazowym: PC(II)-PC(IIl) oraz PC(II)-PC(IV) (Fig. 9a w P3).
Natomiast dla 1-OH-ADM, w zaleznoSciach &’ vs. f, podobnie jak w p=0.1 MPa, nie
zarejestrowano procesu relaksacyjnego, a jedynie wyrazny wklad od opc (Fig. 9b w P3).
Niemniej jednak, w odpowiedzi dielektrycznej byly widoczne zmiany wskazujace na przejscie
PC-OC w p=160 MPa i 7=371 K. Analiza ¢’ vs. f wykazata gwaltowny spadek &’ w p=160 MPa
dla tej pochodnej ADM, jak roéwniez w p=220 MPa dla pochodnej aminowej, co przypominato
zmiany obserwowane w 7~347 K i 7~249 K (Rys. Se¢,d, Fig. 9c,d w P3). Warto zauwazy¢, ze
zaleznosci ¢ (przy statej f=10° Hz) oraz pochodnej de /dp od p ujawnily podobne zmiany do
tych widocznych w p=0.1 MPa w funkcji 7 dla obu uktadow (Rys. Se.f, Fig. 9¢,f w P3).
Dodatkowo, uzyskane wyniki umozliwity okre$lenie warto$ci ci$nienia, w ktorych wystepuja
przejscia fazowe. Tym samym, przeprowadzone eksperymenty wysokocisnieniowe rowniez
wskazaly na obecnos¢ dwoch przejs¢ fazowych (PC(II)-PC(III) 1 PC(IIT)-PC(IV)) oraz jednego
przejscia PC-OC odpowiednio w 1-NH2-ADM oraz 1-OH-ADM.

Analizujac nastgpnie zalezno$ci temperatur przej$¢ fazowych od ci$nienia dla obu uktadow,
okreslono ich wrazliwo$¢ na kompresje (Fig. 10 w P3). Wykres Tpcan-pcaimy od p dla aminowe;j
pochodnej miat charakter liniowy, stad do jego analizy zastosowano funkcje liniowa. Natomiast
wykresy Trcqam)-pcavy (1-NH2-ADM) oraz Trc.oc (1-OH-ADM) vs. p, z uwagi na przebieg
logarytmiczny, analizowano z uzyciem funkcji Anderssona-Anderssona (Eq. 1 w P3). W
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oparciu o warto$¢ nachylenia funkcji liniowej, a takze stosunku parametréw ki1/k3 oszacowano
dTx/dpx dla kazdego z przej$¢ fazowych. W przypadku 1-NH>-ADM, uzyskane wartosci
(tj. dTvecan-pcam/dprcan-pcam=0.236 K/MPa i dTecam-pcavy/dprcamy-pcavy=0.219 K/MPa)
wskazywaly, ze przejscie PC(I1)-PC(III) jest nieco bardziej wrazliwe na ci§nienie niz przejscie
PC(II)-PC(IV). Natomiast dla 1-OH-ADM, wartos¢ d7pc-oc/dprc-oc wyniosta 0.193 K/MPa.
Dodatkowo dla obu zwiazkéw poréwnano zmiany objetosci w temperaturach przej$¢ fazowych
(AV) wyznaczone z rownania Clausiusa-Clapeyrona (Eq. 2 w P3). Uzyskano nastepujace
wartosci AV: 0.0259 cm?/g 1 0.0125 cm?/g dla przejs¢ PC(II)-PC(III) oraz PC(III)-PC(IV) w 1-
NH>-ADM, oraz 0.0443 cm?/g dla przejscia PC-OC w 1-OH-ADM, stwierdzajac, ze przejscie
PC(II)-PC(IV) w 1-NH2-ADM powoduje zmian¢ objetosci, ktdra jest dwa razy mniejsza niz
w przypadku przejscia fazowego PC(I1)-PC(III). Z kolei dla 1-OH-ADM, AV podczas przejscia
fazowego PC-OC byta znacznie wigksza, nawet w pordwnaniu do AV towarzyszacej przejsciu

PC(I)-PC(III) w 1-NH,-ADM.
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Rys. 6. Ewolucje czasowe znormalizowanego przewodnictwa statopradowego dla pomiaréw przeprowadzonych
w wybranych T oraz zaleznosci logarytmu statej szybkosci od 1/T (wstawki) dla 3-NH,-1-OH-ADM (a) i 1-NHa-
ADM (b).

Co wigcej, aby lepiej zrozumie¢ charakter przejscia fazowego OC-PC(I) w 3-NH»-1-
OH-ADM, jak réwniez przej$cia PC(I)-PC(II) w 1-NH>-ADM, widocznego na termogramach
DSC w postaci bardzo szerokiego procesu endotermicznego odpowiednio w okolicy 352 K i
324 K (Rys. 5a,c, Fig. 1a,b w P4), przeprowadzono izotermiczne pomiary BDS w 7<352 K i
7<324. K. Co ciekawe, zauwazono, ze odpowiedz dielektryczna 3-NH>-1-OH-ADM 1 1-NH>-
ADM zmienia si¢ w czasie. W przypadku 3-NH»z-1-OH-ADM, efekt ten byt bardziej wyrazny,
a widma dielektryczne ewoluowaly z czasem w stron¢ wyzszych f (Fig. 6 w P4), w

przeciwienstwie do 1-NH>-ADM, dla ktorej obserwowano zmienno$¢ czasowg widm ku
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nizszym f (Fig. S10 w P4). Dodatkowo, subtelny proces relaksacyjny widoczny dla 3-NH»-1-
OH-ADM na poczatku pomiardw, byl stopniowo zakrywany przez opc.

Warto zaznaczy¢, ze podobny efekt, tj. wystepowanie szerokiego procesu termicznego
(zwigzanego z przej$ciem z metastabilnej fazy I (PC) do fazy II (OC)) zaobserwowano takze
dla kofeiny [95]. Na podstawie izotermicznych badan XRD i BDS wykazano, ze przejscie to
(PC-OC) zachodzi w czasie, czyli jest zjawiskiem fizycznym o charakterze procesu
kinetycznego. Analogicznie, ksztalt procesu termicznego w okolicach 352 K i 324 K
odpowiednio dla 3-NH-1-OH-ADM oraz 1-NH>-ADM sugerowat, ze przejscia fazowe OC-
PC() oraz PC()-PC(I) w tych zwigzkach moga mie¢ podobny charakter do tego
wystepujacego w kofeinie.

Celem zbadania kinetyki tych przemian, dokonano analizy czasowej ewolucji
znormalizowanych wartosci opc dla przejs¢ fazowych OC-PC(I) w 3-NH»2-1-OH-ADM oraz
PC()-PC(I) w 1-NH>-ADM. Wykazata ona, ze oba procesy ulegaja spowolnieniu wraz z
obnizaniem temperatury (Rys. 6a,b, Fig. 7a,b w P4). Aby ilosciowo okresli¢ ten efekt oraz
wyznaczy¢ state szybkosci (k), zaleznosci logioopc” vs. ¢t w przypadku 3-NH»-1-OH-ADM
analizowano z wykorzystaniem funkcji wykladniczej (dobre dopasowanie do danych
wskazywalo na kinetyke pierwszego rzedu dla przejscia OC-PC(I)), a w przypadku 1-NH»-
ADM uzyto rownania Avramiego (Eq. 4 w P4). Dopasowujac nastepnie funkcje¢ Arrheniusa do
zaleznosci logiok vs. 1/T (Eq. 5 w P4) oszacowano barier¢ aktywacji (E,) dla obu przemian
fazowych. Okazalo sig, ze przejscie OC-PC(I) w 3-NH»-1-OH-ADM charakteryzuje si¢ wyzsza
E. (=88 kJ/mol) niz przejscie PC(I)-PC(II) w 1-NH>-ADM (E,=62 kJ/mol), wstawki na Rys.
6a,b i Fig. 7a,b w P4. Dodatkowo, aby potwierdzi¢ wyniki badan BDS, przeprowadzono takze
dla 3-NH2-1-OH-ADM zalezne od czasu pomiary FTIR (w 7=348 K) oraz analizg
synchronicznych i asynchronicznych widm korelacyjnych 2D-IR. Ujawnily one istotne zmiany
w zakresie pasm odpowiadajacych drganiom rozciggajacym CH (sygnat przy 2883 cm!
zanikat, a ten w okolicach 2903 cm ™! ulegat wzmocnieniu), ktore $wiadczyty o wystepowaniu
przejscia OC-PC(I). Ponadto, intensywnos$¢ szerokiego pasma zwigzanego z drganiami
rozciggajacymi grup OH/NH zmniejszata si¢ w czasie, i pasmo to stawato si¢ bardziej rozmyte.
Warto tez dodaé, ze analiza asynchronicznych widm 2D-IR jednoznacznie wykazala, ze w
trakcie przejscia fazowego OC-PC(I), oprocz zmian opc (obserwowanych w badaniach BDS),
dochodzi rowniez do modyfikacji dynamiki wewnatrzczasteczkowej grup CH, NH 1 OH. Co
istotne, najszybsze fluktuacje zachodzity w obrebie grup CH, ktére wyprzedzaly reorientacje

polarnych ugrupowan OH oraz NH> w momencie rozpoczgcia przejscia fazowego.
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III. Tresci artykulow stanowiacych podstawe pracy doktorskiej wraz
z osSwiadczeniami wspotautorow

3.1.  Publikacja 1 (P1): High-pressure studies in the supercooled and glassy state of the
strongly associated active pharmaceutical ingredient—ticagrelor, Sci. Rep. 13
(2023) 8890.

Autorzy: P. Jesionek, D. Heczko, B. Hachuta, K. Kaminski, E. Kaminska.
DOI: 10.1038/s41598-023-35772-7
Impact Factor czasopisma z roku opublikowania pracy: 3.8

Liczba punktow ministerialnych MNiSW czasopisma z roku opublikowania pracy: 140

Mo¢j udziat w pracy polegatl na zebraniu danych literaturowych, wspottworzeniu hipotezy
badawczej, przygotowaniu probek, wykonaniu pomiarow dielektrycznych tikagreloru w
ci$nieniu otoczenia oraz w warunkach wysokiej kompresji, analizie otrzymanych danych,
dyskusji uzyskanych wynikow, przygotowaniu rysunkéw do pracy, udziale w redagowaniu
tekstu manuskryptu, jak takze przygotowaniu odpowiedzi dla recenzentéw i1 wykonaniu

koniecznych poprawek w manuskrypcie.
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High-pressure studies

in the supercooled and glassy
state of the strongly associated
active pharmaceutical
ingredient—ticagrelor

Paulina Jesionek’?*, Dawid Heczko?, Barbara Hachuta?, Kamil Kaminski* &
Ewa Kamiriska?*

In this paper, the molecular dynamics at different thermodynamic conditions of hydrogen-bonded
(H-bonded) active pharmaceutical ingredient—ticagrelor (TICA) have been investigated. Extensive
high-pressure (HP) dielectric studies revealed surprising high sensitivity of the structural («)-relaxation
to compression. They also showed that unexpectedly the shape of the a-peak remains invariable at
various temperature (T) and pressure (p) conditions at constant a-relaxation time. Further infrared
measurements on the ordinary and pressure densified glasses of the examined compound indicated
that the hydrogen-bonding pattern in TICA is unchanged by the applied experimental conditions.
Such behavior was in contrast to that observed recently for ritonavir (where the organization of
hydrogen bonds varied at high p) and explained the lack of changes in the width of a-dispersion with
compression. Moreover, HP dielectric measurements performed in the glassy state of TICA revealed
the high sensitivity of the slow secondary (8)-relaxation (Johari-Goldstein type) to pressure and
fulfillment of the isochronal superpositioning of a- and JG-8-relaxation times. Additionally, it was
found that the activation entropy for the 8-process, estimated from the Eyring equation (a high
positive value at 0.1 MPa) slightly increases with compression. We suggested that the reason for that
are probably small conformational variations of TICA molecules at elevated p.

Glass-forming materials have been the subject of intensive research in recent decades'~!. A special attention is
paid to the molecular understanding of the vitrification process and phenomena occurring in the vicinity of the
glass transition. It is worth mentioning that intensive studies carried out on various types of glass-formers, i.e.,
polymers, low-molecular-weight (LMW) organic and inorganic compounds, ionic liquids, etc.”*, have revealed
two characteristic features of these systems. The first one is the continuous and rapid increase of the structural
relaxation time (7,) from values of the order of picoseconds (typical for liquids) up to hundreds of seconds
near the glass transition temperature (T,), while the second one is a non-exponential (in a time-domain) or
non-Debye (in a frequency domain) character of the relaxation function. It should be mentioned that according
to the literature data, the width of the a-dispersion close to the T, (reflected in the stretched exponent of the
Kohlrausch-Williams-Watts (KWW) function, fiy) is considered as either an inherent feature of supercooled
liquids or the measure of the heterogeneity in the investigated systems®. Thus, with regard to this claim, the
response relaxation function of the materials in the vicinity of the T, consists of the series of Debye relaxations
characterized by different relaxation rates. Recently, an important step forward in understanding the asym-
metric shape of the structural («)-process in supercooled liquids has been made. In ref."’, it was shown that
the polarity of the molecules is a key parameter that may have a strong impact on the breadth of the a-mode.
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The authors analyzed over 180 van der Waals materials and concluded that along with the increasing dipole
moment/ dielectric relaxation strength, the narrowing of the a-loss peak is noted. What is more, the observed
phenomenon was correlated with the anharmonicity of the potential well describing intermolecular interactions
in examined systems. Having that in mind, it would be valuable to confront this supposition with high-pressure
investigations that induce strong densification of the sample and consequently change the shape as well as the
depth of the potential well. Interestingly, the vast majority of the data collected for the purely van der Waals sys-
tems indicated that the width of a-dispersion is solely governed by the relaxation times and remains unchanged
regardless of different thermodynamic conditions*''~*®. This means the fulfillment of the very important rule
called temperature—pressure superpositioning (TPS)''. However, there are some substances having silyl/acetyl
units in their chemical structures, for which the above rule is not satisfied. Herein, one can briefly mention
LMW non-associated compounds, such as tris(dimethylsiloxy)phenylsilane (TDMSPS)"7, octa(trimethyl)silyl
and octaacetyl trehalose (silTRE and acTRE)'%, where the narrowing of the a-loss peak under elevated pressure is
observed. Another family of compounds where the TPS law is not obeyed are strongly associating liquids forming
extensive H-bonded networks, i.e., m-fluoroaniline'?, polyalcohols (glycerol, xylitol, threitol)*’, di-, tri-propylene
glycols?. Importantly, in these materials, the broadening of the a-dispersion with compression is noted. Such a
finding was explained by the researchers as resulting from the variations in the strength and population of hydro-
gen bonds (H-bonds) as well as density fluctuations at extreme thermodynamic conditions, thereby causing the
changes in the physical structures''. However, it turns out that there are a few H-bonded compounds where the
influence of T and p on the width of the structural relaxation peak is not observed?*-**. Thus, the question arises,
why in some compounds forming H-bonds, there is a pronounced impact of thermodynamic conditions on the
shape of the a-dispersion, while in others—it is not. To gain some insight into this problem, we decided to study
the behavior of pressure densified glasses made of two active pharmaceutical ingredients (APIs): ticagrelor and
ritonavir (for comparison). As can be shown in this paper, the change in the population of H-bonds has, in fact,
an impact on the variation in the shape of the structural process at various T and p conditions.

Results and discussion

Differential scanning calorimetry (DSC) data. At first, we have carried out calorimetric measurements
to entirely characterize the thermal properties of TICA. In panel (a) of Fig. 1, DSC curves recorded on heating
(10 K/min) the crystalline and glassy TICA are presented. As can be seen, there is one endothermic event in
the thermogram of the crystalline sample at T,, =413 K, corresponding to the melting process. Further cooling,
followed by heating of the vitrified TICA, reveals the presence of a well-visible heat capacity jump at T, =325 K
(ACp=0.464 Jg' K™'), associated with the glass transition phenomenon. It should be mentioned that similar
values of A C,, parameter (i.e., change in heat capacity at T,) have been reported for other H-bonded APIs, such
as bisoprolol (AC,=0.510 Ig" K™')*, posaconazole (AC,=0.480 Jg* K™')?, ezetimibe (AC,=0.470 Jg™' K1),
indapamide (A Cp=0.490Jg™' K™')*, indomethacin (AC,=0.466 Jg™' K™')* or valsartan (A C,=0.420 Jg™ K')*.
Note that they exceeded those determined for, e.g., terconazole, ketoconazole, and itraconazole (AC,=0.391,
0.366, 0.260 Jg~' K, respectively)”’, as well as for griseofulvin (AC,=0.272 Jg™* K™)*!, which are typical van
der Waals systems.

Broadband dielectric spectroscopy (BDS) data. In the next step, we have performed molecular
dynamics BDS studies on the supercooled/vitrified (ordinary glass, OG) of TICA at ambient pressure, in a wide
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Figure 1. DSC thermogram obtained during heating of the crystalline and vitrified TICA at the rate of 10 K/
min (a). In the inset, the chemical structure of the examined API is presented. Panel (b) presents dielectric loss
spectra measured for TICA at ambient pressure in the indicated temperature (T) ranges.
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range of T, both above and below the glass transition temperature (T,). Dielectric loss spectra obtained from
these investigations are illustrated in panel (b) of Fig. 1. In the supercooled liquid phase (T> T,) of the examined
compound, one can distinguish two characteristic processes in the spectra. The first one is the dc-conductivity,
connected to the charge transport of ionic impurities and also, due to the presence of many hydroxyl groups in
the TICA structure, to the proton hopping. Consequently, the measured conductivity is a result of both types of
effects. In turn, the second one, located at higher frequencies (f), is the structural (a)-relaxation associated with
the cooperative motions of all molecules and responsible for the glass transition. As illustrated, both processes
shift towards lower fwith decreasing T. In turn, in the glassy state (T'< T,), two secondary relaxations with small
amplitude (labeled as 8 and y) are observed in dielectric loss spectra.

Having ambient pressure dielectric spectra of TICA described qualitatively, we shift our attention to the
behavior of this API at varying thermodynamic conditions. The results of isobaric and isothermal experiments
performed at indicated thermodynamic conditions are presented in Fig. 2. Panels (a) and (c) of this figure dem-
onstrate representative dielectric loss spectra measured at constant p and various 7> T, while panels (b) and
(d) present the analogical data obtained at constant T and different p < p, (where p, means the glass transition
pressure). As in the case of ambient pressure data, besides the dc-conductivity, a single structural (a)-relaxation
peak is apparent in the loss spectra of the studied API at elevated compression. Its maximum shifts toward lower
fwith decreasing T or increasing p. The subsequent stage of our investigations was to compare the normalized
dielectric spectra collected for TICA at various thermodynamic conditions in the vicinity of the T, see panel (a)
of Fig. 3. It should be mentioned that the dc-conductivity part was subtracted from the spectra to better visualize
the shape of the a-relaxation peak.

Asillustrated, the width of the a-dispersion remains unchanged regardless of combinations of T and p, which
indicates the fulfillment of the TPS rule'". This is confirmed by the outcomes of fitting the normalized spectra
to the one-sided Fourier transform of the KWW function (dashed lines)***%

Dww () = exp[— (/7o) ]. (1)
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Figure 2. Representative dielectric loss spectra measured for TICA at isobaric (panels (a) and (c)) and
isothermal (panels (b) and (d)) conditions.
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Figure 3. A superpositioning of TICA (a) and RTV* (b) spectra collected at three (two) different
thermodynamic conditions close and far above the T,. The spectra were normalized with respect to the
maximum of dielectric loss (¢”,,,,). The dashed lines represent KWW fits. Panels (c) and (d) present FTTR
spectra measured at 298 K for the OG as well as PDG of TICA and RTV™, respectively.

The obtained value of the stretched exponent (Sxww ) was the same, equal to 0.51. This result is very surpris-
ing considering the presence of three O-H and one N-H groups in the TICA molecule (and hence the probability
of formation of strong H-bonds/extensive H-bonded networks). In such a situation, it is highly expected that
the application of high T and p should affect the population and strength of these specific interactions, which
further should be reflected in the variation in the dielectric response function, as it was previously reported for
many H-bonded systems!®-2":3, Therefore, a question arises, is there a direct connection between the H-bonding
pattern and the shape of the structural process, or maybe alternatively, pressure and temperature effects com-
pensate (consequently, there is a marginal impact of thermodynamic conditions applied in our experiments on
the strength of H-bonds)? To verify which of these theses is the true one, complementary Fourier-transform
infrared spectroscopy (FTIR) investigations at high p must be done. Unfortunately, at the moment, we do not
have access to such equipment. To overcome these limitations, we decided to carry out FTIR studies on the
pressure densified glass (PDG) of TICA. Herein, one can mention that the above approach allows us to freeze
the higher density and structure of the compressed sample and potentially obtain a valuable insight into specific
interactions at high pressure®. In order to produce the PDG, as a first, the sample of TICA was compressed up
to p=400 MPa at T=385 K. Next, it was cooled to T=283 K (much below the T,), and then the pressure was
released. Just after decompression, the PDG of API was measured by means of FTIR spectroscopy to avoid any
significant effect of equilibration/ physical aging.

In panel (c) of Fig. 3, the infrared spectra measured at room temperature for the PDG, as well as the OG of
TICA are presented. As illustrated, the spectral profile corresponding to the stretching vibrations of the O-H
and N-H groups in the densified glass (PDG) remains unchanged with respect to the OG. This indicates a stable
distribution of H-bonds in both samples and thus confirms that, most likely, there is a compensating effect of
densification and higher thermal energy on the strength of this kind of interactions at high p. As a consequence, at
isochronal conditions (7, = const.), the shape of the structural process remains unchanged. Herein, one can refer
to our recent paper, where a similar methodology has been applied to understand a peculiar narrowing of the
width of the structural process in ritonavir (RTV) at high compression®2. In panel (d) in Fig. 3, infrared spectra
of OG and PDG of this active substance are shown. As can be seen, the spectral profile of the O-H and N-H
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stretching vibration bands varies significantly due to compression. The observed changes indicate the increasing
population of the weaker H-bonds in the PDG. This phenomenon was reflected in the variation of the shape of the
structural process (its narrowing) at constant structural relaxation time (see Fig. 3b). Both mentioned examples
(TICA and RTV) suggest that, in fact, there is a relationship between the shape of the structural process and the
H-bonding pattern at high pressure.

Subsequently, we performed a comprehensive analysis of dielectric spectra determined for TICA from iso-
baric to isothermal measurements. First of all, the loss spectra collected at various thermodynamic conditions
in the liquid/supercooled liquid state were fitted to the Havriliak-Negami (HN) function with the conductivity
term (Eq. 2)*":

Ae

T G T i

f@) =~ 4
e
where oy is the dc-conductivity, ¢, is the vacuum permittivity, @ is an angular frequency (@ = 2nf), £ is the
high-frequency limit permittivity, A is the dielectric relaxation strength, p7y is the HN relaxation time, a and y
are the shape parameters representing the breadth and asymmetry of given relaxation peaks. Then, in panel (a)
of Fig. 4, we plotted the obtained a-relaxation times, 7, (firstly recalculated from zz;y using the formula given in
ref. %) versus temperature and pressure. Next, these z,, (T, p) dependencies, which created two-dimensional sur-
faces within the considered T'and p range, were analyzed using the modified Avramov expression* given in the
Supplementary Information, SI (equation S1). Note that the accuracy of the Avramov fits is illustrated in Fig. S1
presenting the separate isobars and isotherms determined for TICA together with the fits using equation S1.
Afterwards, the values of T, obtained from the following formula proposed by Avramov*:

Tg(p) =Tg(po)(l+%)ﬂ/a0(]_t'%(m(!+ﬁ)))’ (3)

with the same parameters (I1, 8, «g, and C;,) as those in equation S1 were plotted versus pressure (see Fig. 4b).
From this dependence, we estimated the pressure coefficient of the glass transition temperature (dT,/dp)—a
parameter reflecting the sensitivity of the structural dynamics to compression. Its value in the limit of ambient
pressure (= 163 K/GPa) indicates a relatively strong influence of pressure on the a-relaxation in TICA. Note
that a similar but quite higher value of dT,/dp has been reported for RTV (~200 K/GPa)*? and some weakly
associated pharmaceuticals, such as droperidol, ibuprofen*, or curcumin*?. Importantly, the values in the
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Figure 4. Structural (a)-relaxation times plotted as a function of T'and p for TICA (a). The green area
represents surface fits to equation S1. T, versus p plot (b) and the dependence of the parameter s from Eq. (5) as
a function of T'and p (c).
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range 160-220 K/GPa significantly exceed those determined for the other LMW compounds (dT,/dp <70 K/
GPa)**?, which, similarly to TICA, are strongly H-bonded systems.

Additionally, we have decided to check whether for TICA there isa correlation between the dc-conductivity,
o4 (associated with the charge transport and proton hopping) and a-relaxation times, 7, (reorientation dynam-
ics) according to the Debye-Stokes-Einstein (DSE) law:

Odc Ty = CONSE, (4)

Due to the fact that the above relation is very often not fulfilled, another form of Eq. (4), which is called the
fractional DSE law (FDSE), has been applied**:

03 Ta = const(0 < s < 1), (5)

where s is the fractional exponent describing the slope of dependency o, versus z; see Fig. $2a,b in the SI). It
should be mentioned that when s ~1, there is a coupling between o4 and 7, while its lowering (to values closer
to 0) suggests the increase of decoupling between both quantities. In panel (c) of Fig. 4, we plotted the values of
s (determined from the linear fitting of the isobaric and isothermal data shown in Fig. S2 in the SI) versus pres-
sure and temperature. As can be seen, the fractional exponent practically does not vary with increasing p and
T. This experimental observation might be related to the unchanged H-bonding pattern at higher compression
as deduced from FTIR investigations on the PDG of TICA. As a consequence, proton hopping—an important
factor contributing to the overall dc-conductivity of the sample, is most likely not affected by the thermodynamic
conditions applied in our experiments. Nevertheless, it should be stressed that there is a clear decoupling between
o4c and structural dynamics in the examined sample at each investigated isotherm and isobar (s =~ 0,6 — 0,7).
It is an expected result since we deal with the H-bonded liquid, where proton hopping strongly contributes to
the measured dc-conductivity. It is worth noting that a pronounced decoupling between o4 and 7, has been also
reported in the case of another associated AP, curcumin (s =0.87 at p=0.1 MPa)*2. However, for this substance,
the fractional exponent, s, changed in a slightly wider range, from 0.87 to 0.73 and from 0.7 to 0.63 with increas-
ing p and T, respectively. A similar scenario has been also found for the anhydrosaccharide—1,6-anhydro-D-
glucose®. Herein, the value of s varied from 0.95 (p=0.1 MPa) to 0.68 at p= 255 MPa.
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298 K| 2 ~333K
y-relaxation

=178 K| . 10" 4 ——273 K|
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Figure 5. Dielectric spectra measured for TICA at 0.1 MPa (a), 170 MPa (b) and 340 MPa (c) and indicated
T <T,. Panel (d) represents isothermal data (T=273 K) collected in the p range 60-340 MPa.
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In the subsequent stage, we focused on characterizing the influence of high compression on the molecular
dynamics of TICA in the glassy state. Representative dielectric loss spectra collected at isobaric conditions (i.e., at
p=0.1,170and 340 MPa), and indicated temperatures below T, as well as isothermal conditions (T'=273 K) and
p>pgare illustrated in Fig. 5. As can be seen, in contrast to ambient p dielectric data (panel a), which revealed the
presence of two secondary modes labeled as 8 and y, at elevated p, only one well-resolved S-relaxation peak can
be observed in the presented spectra. The maximum of y-process is out of the experimental frequency window,
which suggests its insensitivity to density changes.

In order to obtain relaxation times of secondary (f8)-process at various thermodynamic conditions (as well as
7, at p=0.1 MPa), the loss spectra presented in Fig. 5 were fitted to the HN formula, Eq. (2) (actually, we applied
the superposition of two HN functions to describe the experimental data). The obtained 73and 7, (p=0.1 MPa)
together with 7, from the previous analysis (Fig. 4a) have been plotted versus T,/ T; see Fig. 6. Next, these depend-
ences (i.e., zand 7, vs. T,/T) were analyzed using the Arrhenius equation to determine the activation barrier
(E,) for the £ and y-modes:

T = ToolXP =, x=py (6)
RT

where 7, is a pre-exponential factor, and R is a gas constant. In Fig. 6, the values of Egand E, estimated with +5%
uncertainty are presented. As can be observed, E increases with increasing compression (Ez= 66, 73, and 81 kJ/
mol at 0.1 MPa, 170 MPa and 340 MPa, respectively). Moreover, the E, obtained at ambient p (=38 k]/mol) is
clearly lower compared to E; determined under the same conditions.

From Fig. 6, it is also well seen that 7; obtained at p=0.1, 170, 340 MPa and rescaled with respect to the T,
nearly perfectly collapsed onto each other, forming one curve. Such behavior indicates a great sensitivity of the
B-process to compression. Further confirmation of that is an enormously high value of the activation volume for
this relaxation (A V=43 cm*/mol), estimated from the analysis of isothermal data (dependences of 7; obtained
at 273 K versus p; see the upper inset to Fig. 6) using the following formula:

dlog 7,
AVp = 2.303RT(—£‘°—"j %)
dp T
3 N T T S—
3,0
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Figure 6. Dependences of relaxation times 7,, 7, 7, versus T,/T for TICA. The solid lines are Arrhenius
fits (Eq. 6). In the insets, log, 7, plotted versus p, as well as ASg and AHp calculated at ambient and elevated
pressure conditions from the Eyring equation (Eq. 8) are presented.
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Note that a slightly lower AV for this kind of secondary process has been reported for some other LMW
compounds (e.g., posaconazole and itraconazole (23 and 35 cm®/mol)*, or phenolphthalein dimethyl ether
(20-24 cm*/mol)*), as well as polymers (e.g., polyethylene terephthalate (28-32 cm’/mol)**, and poly-[(phenyl
glycidyl ether)-co-formaldehyde, PPGE (15-19 cm*/mol)*).

Based on the above facts, including the high value of E, one can state that the f-process in the examined API
is a true Johari-Goldstein (JG) relaxation (originating from the local motions of the whole API molecules)*. In
turn, the faster y-process with clearly lower E, has rather an intramolecular character—its source are reorienta-
tions of a small part of the molecule.

It is also worth adding that in the case of TICA, the constant ratio 7, /7 (data at 0.1 and 170 MPa) for the
same T, indicates the fulfillment of the isochronal superpositioning of structural («)- and secondary (JG-)-
relaxation times—a rule, whose validity has been shown in the literature for many glass-forming systems (includ-
ing APIs) with different kinds of interactions***¢-*,

Finally, we have used the Eyring formula*’:

_ [AHp 1 h ASg
n(om) = |55+ () - (%) ©
where kj and h, are, respectively, the Boltzmann and Planck constants to calculate the entropy and enthalpy of
activation for the S-relaxation erocess in TICA (ASgand AHp, respectively), at ambient and elevated p. For this

purpose, dependences In(zs T ) versus 1/T (see Fig. S3 in the SI) were fitted to the linear function. Further, we
determined ASg (a measure of the local molecular reorganization induced by the relaxation) from the point of

interception with the y axis [Lln ( ,:—’8 ) = ( A—,f"—) | while AHpg, which is identified with £ in the Arrhenius equation
(Eq. 6), from the slope of the line 9—?— . The obtained values of both parameters are presented versus pressure

in the right insets in Fig. 6. As illustrated, both ASg and AHp (values comparable to Eg determined at the same
thermodynamic conditions) increase with increasing compression. In the context of ASg, the positive value of
this parameter means the intermolecular cooperativity of the secondary ()-relaxation in TICA, i.e., the correla-
tion of molecular motions responsible for this process. Importantly, the increase of ASg with p in the case of the
examined pharmaceutical is not significant (from 105 J/mol-K at 0.1 MPa to 108 J/mol'K at 340 MPa). Similar
behavior has been observed for some polymers, i.e., PPGE, and poly(vinyl acetate) (PVAc), however, the obtained
values of activation entropy were clearly lower (21.3-21.6 J/mol'K and 6.2-14.6 J/mol K for the former and latter
systems, respectively)*’. In turn, slightly greater changes of ASg (from 94 J/mol-K at 0.1 MPa to 120 J/mol-K at
230 MPa)* have been reported by some of us for the f-mode in itraconazole and explained as resulting from
some changes in the molecular special arrangement in the compressed sample. Moreover, we have also demon-
strated a clear variation in ASg (from 0.6 J/mol-K at 0.1 MPa to 78.1 J/mol-K at 115 MPa and 27.8 J/mol K at
160 MPa) for probucol—an API forming weak O-H:*-S bonds at elevated p (which are absent at ambient p)°'.
In the case of TICA, the slight increase of A Sg with p is not associated with the changes in the H-bonding pattern
due to compression, as can be deduced from the complementary FTIR studies on the pressure densified glass.
One should suppose that it might be related to the solvation of ions (ionic impurities in the sample) around the
TICA molecule. Herein, it is worth adding that this problem was well studied in the case of water, where the
reorientation dynamics is strongly affected by ions even in strongly diluted solutions™. Furthermore, depending
on the interaction strength, ions alter or slow down the water dynamics. However, it should be noted that in our
system ion concentration was marginal as measured conductivity (o) changed with the examined T'and p in
the range of 107'°-107"* S/cm, while in the vicinity of the T, it was of the order of 107'* S/cm; see Fig. S2 in the
SI. Moreover, importantly, throughout dielectric measurements, the sample was enclosed in the capacitor, sur-
rounded by an inert media (oil), so the concentration of impurities remained constant. In our experiments, the
variation of the dc-conductivity was related only to the mobility changes induced by the viscosity alterations.
Based on the above information, it seems that the solvation of ionic impurities has no effect on the value of
activation entropy for the -process in TICA. Hence, one can propose that the observed variation of this param-
eter might result from some small conformational/molecular variations of API molecules at high p.

Conclusions

In this paper, DSC, FTIR, and BDS techniques have been applied to investigate thermal properties, variation in
the population of H-bonds, as well as molecular dynamics (in the liquid, supercooled liquid, and glassy states)
at ambient and elevated pressure in ticagrelor. Interestingly, our comprehensive HP dielectric investigations
demonstrated a strong sensitivity of the structural («)-relaxation to compression (reflected in a high value of dT,/
dp =163 K/GPa parameter) as well as the fulfillment of the TPS rule (a constant shape of the a-peak at various
combinations of T'and p, for the same 7,). Further FTIR measurements on the ordinary and pressure densified
glasses of TICA, as well as a comparison of the obtained data with those determined for another H-bonded APTI—
RTV indicated that the lack of changes in the H-bonding pattern with compression is responsible for that. What
is more, additional BDS measurements carried out on the examined substance at T< T,/p > p, revealed that (1)
atisochronal conditions, there is a constant ratio of structural and secondary ([HG—typeg) relaxation time; (2) the
activation entropy for the 8-mode, ASg, has a positive value (which suggests the intermolecular cooperativity of
this process) and slightly increases witﬁ compression probably due to small conformational/molecular variations
of API molecules at high p. Our studies open an interesting discussion on the issue concerning the connection
between the changes in the H-bonding pattern and the shape of the structural relaxation process at various ther-
modynamic conditions, which can be probed indirectly by studying the properties of the pressure densified glass.
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Methods

Materials. Ticagrelor (TICA) [the [UPAC name: (15,25,3R,5S)-3-[7-[[(1R,2S)-2-(3,4-difluorophenyl)cyclo-
propylJamino]-5-propylsulfanyltriazolo[4,5-d]pyrimidin-3-yl]-5-(2-hydroxyethoxy)cyclopentane-1,2-diol]
with molecular weight M, =522.57 g-mol ™" and purity > 98% was supplied by Sigma Aldrich and used without
further purification.

Preparation of the ordinary and pressure densified glasses of TICA. The ordinary glass (OG) of
TICA was obtained by melting the crystalline sample at T=413 K and rapid cooling the obtained liquid (vit-
rification method). The preparation of the pressure densified glass (PDG) of TICA included, respectively, (1)
compressing the sample up to p=400 MPa at T=385 K; (2) cooling it down to T=283 K, and (3) releasing the
pressure. Infrared measurements on the OG and PDG (and dielectric studies on the OG) were performed imme-
diately after their preparation.

DSC. Thermal properties of TICA were examined with the use of a Mettler-Toledo DSC apparatus equipped
with a HSS8 ceramic sensor with 120 thermocouples as well as a liquid nitrogen cooling accessory. The instru-
ment was calibrated for temperature and enthalpy using indium and zinc standards while for heat capacity
(C;)—using a sapphire disc. The crystalline sample of TICA was placed in an aluminum crucible (40 pL) and
sealed. Next, it was heated above its melting temperature, quenched (with a rate of 20 K/min), and scanned
over a T range of 170-430 K. A heating rate was equal to 10 K/min. The melting point was determined as the
maximum of the peak, whereas the glass transition temperature as the midpoint of the heat capacity increment.

BDS. Dielectric measurements of TICA were performed using a dielectric spectrometer (Novo-Control
Alpha, Hundsangen, Germany) in the frequency range from 10~ to 10° Hz at atmospheric pressure. The sample
was placed between two stainless steel flat electrodes of the capacitor (diameter: 20 mm) with a 0.1 mm gap with
a Teflon spacer and mounted on a cryostat. The temperatures were controlled by a Quatro System using a dry
nitrogen gas cryostat with stability better than 0.1 K.

For BDS experiments at elevated p, a high-pressure Unipress setup (Warszawa, Poland) with a special home-
made flat parallel capacitor (diameter: 20 mm; gap: 0.081 mm) was additionally employed. We applied a thin
Teflon spacer to maintain a fixed distance between the plates. During the measurement, the sample capacitor was
sealed and covered carefully by Teflon tape to separate it from the silicon oil. The pressure was measured using a
Nova Swiss tensometric meter with a resolution of 1 MPa, while the temperature was adjusted with a precision
of 0.1 K by a refrigerated and heating circulator (HUBER GmbH, Germany).

Comprehensive isothermal and isobaric measurements for the investigated API were performed in the
following thermodynamic conditions: in the supercooled liquid state: isothermal measurements: T'=347 K
(p=0.1-120 MPa), T=381 K (p=120-300 MPa), isobaric measurements: p=0.1 MPa (T=333-363 K),
p=120 MPa (T=350-383 K), p=170 MPa (T =357-381 K); in the glassy state: isothermal measurements:
T=273 K (p=60-340 MPa), isobaric measurements: p=0.1 MPa (T=173-298 K), p =170 MPa (T'=273-333 K),
p =340 MPa (T=273-353 K).

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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SUPPLEMENTAERY INFORMATION

BDS DATA

The data shown in Fig. 4a in the manuscript were analyzed using the Avramov equation’:

T,y Fo _'lc—;ln(l-i%j
yrelrmneen)

Tq = Twexp [In(rg/7=) (T 1+%)3 , (S1)

where 1. is a relaxation time at extremely high T 7,= 7(T). T; is a reference temperature lying
close to the Ty, &y is a specific heat capacity. C is an additional adjustable parameter, I11s a
constant with the dimension of pressure, oy and # are exponential parameters, which are linked

to the thermodynamic quantities via the following relations:

@ =% (52)
2 Vi
f=—" 1L (S3)

where Z represents the degeneracy of the system, ap is a volume expansion coefficient at
ambient p, and 1, is a melar volume. The parameters of equation 51 determined from the global

mumencal fithng (Fig. 4a) are presented m Table 51.
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The separate isobars and isotherms together with the Avramov fitting curves are shown in Fig.

51
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Figure 51. Temperature (a) and pressure (b) dependence of structural relaxation times obtained
for TICA from isobaric and isothermal dielectric measurements. Black lines represent fits using
the modified Avramov function.

Table S1. Parameters of the modified Avramov equation (equation 51) obtained from the

analysis of 1 (T.p) dependencies for TICA.

TICA
log1o(Tee[5]) 8.19=0.17
T [K] 319.020.20
a 10232037
C/iCm 0.27=0.009

II [MPa] 217.96=13.05

B 1.189=0.068

Adj. R-Square 0.999
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Figure 52, The logarithm of dc conductivity plotted versus the logarithm of structural
relaxation times determined from the analysis of 1scbaric (a) and isothermal (b) dielectric data.
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Figure S3. The dependences In(7zT) vs. /T obtained for TICA at p=0.1. 170 and 340 MPa.
Solid lines represent linear fits.
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3.2.  Publikacja 2 (P2): Variation of Activation Volume as an Indicator of the Difference
in Clusterization Phenomenon Induced by H-Bonding and F—II Stacking

Interactions in Enantiomers and a Racemate of Flurbiprofen, J. Phys. Chem. B. 128
(2024) 4021-4032.

Autorzy: P. Jesionek, B. Hachuta, K. Jurkiewicz, P. Wlodarczyk, M. Hreczka, K. Kaminski, E.

Kaminska.
DOI: 10.1021/acs.jpcb.4c00582
Impact Factor czasopisma z roku opublikowania pracy: 2.8

Liczba punktow ministerialnych MNiSW czasopisma z roku opublikowania pracy: 140

Moj udziat w pracy polegat na przegladzie literaturowym, wspottworzeniu hipotezy badawczej,
przygotowaniu probek enancjomeréw flurbiprofenu i ich mieszaniny racemicznej do badan,
wykonaniu pomiaréw dielektrycznych w cis$nieniu atmosferycznym i1 warunkach wysokiej
kompresji, analizie otrzymanych danych, opracowaniu rysunkow do pracy, uczestnictwie w
dyskusji wynikéw. Ponadto bratam udziat w redagowaniu tekstu manuskryptu, a takze
przygotowatam odpowiedzi do recenzentow 1 dokonatam niezbednych poprawek w

manuskrypcie.
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ABSTRACT: In this IE“PEG X-may diffraction (XRD), differential (UM ST UG U S ABLE i ]
scanning calorimetry (DSC), broadband dielectric (BDS), and F L
Fourier transform infrared (FTIR) spectroscopy supported by T %:]:Jr L
molecular dynamics {MD) simulations and quantum chemical - ¥
computations were applied to investigate the structural and thermal # Rertiere it hagh-pressun: = Sflubiproien

properties, molecular dynamics, and H-bonding pattem of B-, §-,
and RS-furbiprofen (FLP). Experimental data indicated various
spatial molecular arrangements in crystalline forms of examined
systems, which seemed to disappear in the liquid state. Surprisingly,
deeper analysis of high-pressure dielectric data revealed unexpected
varigtion in the activation volume of pure enantiomers and a
racemate. MD simulations showed that it is an effect of the
clusterization phenomenon and a higher population of small
associates in the former samples. Moreover, theoretical consideration exposed the particular role of unspecific E—IT interactions as a
driving force underlying local melecular arrangements of molecules in the liquid and the crystal lattice of R-, §-, and RS-ELP.

1. INTRODUCTION like organization of the molecules was found, while in the latter,
dimeric structures were preferred.”” Interestingly, the case
seems bo be much different in the supercoocled liquid state.
Molecular dynamic (MD) simulations carried out by Ottou Abe
et al™ on ibuprofen (IEP) showed that the population of H-
bonded (HB) aggregates, as well as the proportion of cyclic vs
linear dimers, are comparable for pure 5-enantiomer and the RS-
racemate, Moreover, itis worth mentioning the investigations

Adrjanowicz et al, which revealed that structural {a)-relaxation

Inrecent years, enantiomers, also called opticalisomers or chiral
maolecules, have been the subject of intensive research in biology,
chemistry, physics, and pharmaceutical sciences."”'" These
systems are indistinguishable from each other regarding most
physicochemical properties, such as chemical formula, melting
peints, or glass-transition temperature (Ty), except for the
direction olfltll:.lei.r refraction of plane—paﬁﬁi]jghrs or uzlcmm:
rolst. S5, ARy PApers | monstrate times, as well as diffusion of pure 5-enantiomer and RS-racemate
ot s seng sy of o, ey 07 L T v s o e T e
pharmacodynamic, and pharmacokinetic properties. % *—** E::J:au d?;.ife ¥ reer to EN_ y clcur cﬂ: " FOmpeu
One of the groups of active pharmaceutical ingredients r rent group, Le, Aacelya-methy euaylme
{APIs), where chirality seems to be an important aspect that is (meﬂ.? RH} and S(_(} WE’ cu]:.lglul:.u.eramE arm.?]ujs
eystematically and thoroughly studied from physical, chemical enantiomeric excesses (e the racemic mixture (e = .
and pharmaceutical perspectives, are 2-arylpropionic acids, the It was presented that st.u the time BCS]E.E of a-relamation {and
m{sflled profens *~* The pmereu::e of 3 carboxylic méliery otherprocesses detected in BDS spectra, i.e,, Debye, , and y), as
capable of forming hydrogen (H)-bonds in the close vicinity of - T—
the chiral carbon atom makes the situation very interesting since Received: January 27, 2024
chirality can influence spatial molecular organization, self- Revised:  March 23, 2024
assembly phenomenon, etc. This supposition was positively Accepted: March 25, 2024
verified by studying, e.g, the H-bond pattern in the crystalline Published: April 12, 2024
pure B and S-enantiomers of flurbiprofen (FLP) and the
racernic (RS) mizture. Namely, in the former systems, the chain-

@ 2024 The Authors. Publshed by
Amarcan Chemicl Sockby hritps ool ong 10,102 1305 |pob 4000532

5 ACS Publications 4021 . Py, Chem. 8 2004, 128, 40214032
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well as their temperature dependences, are insensitive to
chirality. However, factors such as glass-forming ability and
the recrystallization of heterochiral arrangements turned out to
be chirality-dependent.””

The behavior of the enantiomers and racemates was also
studied at high pressure. It was shown that it is possible o
separate pure enantiomers from the racemic mixture after
crystallization of the latter systems in the liquid phase at high
compression. However, such an approach can be effective
only when both chiral molecules are denser than the racemate. !
The other interesting high-pressure studies on racemates
(profens) were performed by Adranowicz et al*** They
indicated that there is only a small difference in the structural
dynamics of the S-enantiomer of KTP and the racemic (RS)
mixture under various temperature and pressure conditions. As a
consequence, the pressure coefficient of the glass-transition
temperature (dT,/dp = 0.193 and 0.200 K/MPa, respectively),
as well as the activation volume of both systems, were almost the
same.* Furthermaore, isochronal crystallization (7, = const) at
high pressure revealed that the S-enantiomer of KTP forms
crystals much faster with respect to the racemic mixture. ™ A
different scenario was noted in the case of IBP. Koperwas et al.**
assigned the observed discrepancy (i, a greater slowing down
of crystallization in the case of pure S-isomer compared to the
racemate) to a distinct impact of compression on the solid—
liguid interfacial free energy of both systems.

This review presents the results of structural, spectroscopic,
thermal, and dielectric studies carried out at ambient and
elevated pressure on R- and S-enantiomers of FLF and their
racemic mixture. The purpose of these studies, supported by
molecular dynamics (MD) simulations and density functional
theory (DFT) computations, was to answer the question of
whether there are differences in molecular organization via H-
bonds in pure enantiomers and the racemate in the crystalline
and supercooled liquid states. If so, what do they result for?
Moreover, the intention was to verify if the atomic structure,
thermal properties, and ambient and high-pressure molecular
dynamics of neat R- and 5-FLP are similar to those of RS-FLP.

2. EXPERIMENTAL SECTION

2.1. Materials. R- and 5-FLP, as well as their racemic mixture
(R5-FLP) with a purity higher than 98%, were supplied by
MedChemExpress and Acros Organics Chemicals, respectively,
and used without further purification.

2.2. Methods. 2.2.1. X-ray Diffraction (XRD). XRD patterns
of crystalline and molten FLP samples were collected on a
Rigzku Denki ID/Max Rapid I1 diffractometer equipped with a
1D image plate detector and a rotating Ag anode. Incident
radiation was monochromatized, and the wavelength of the
beam was g = 0.5608 A The temperature was controlled by
an Oxford Cryostrem system. Samples were measured in
borosilicate glass capillaries, and the background from the
empty capillary was subtracted.

2.2.2 Fourier Transform Infrared (FTIR} Spectroscopy.
FTIR spectra of crystalline samples of racemic and chiral forms
of FLP were recorded with a Nicolet iS50 spectrometer
{Thermo Scientific) equipped with an attenuvated total
reflectance (ATR) accessory in the 4000—400 cm ™" region at
293 K. They were obtained with 16 scans and a resolution of 4
em~!. The spectra were also collected on a Nicolet iS50
spectrometer coupled with a Pike GladiATR module at 403 K.
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The measurements were taken with 16 scans and a resolution of
2 cm™! in the wavenumber range of 4000—400 cm ™.

2.2.3. Differential Scanning Calorimetry (D5C). Calorimet-
ric experiments were performed wsing a Mettler-Toledo DSC
apparatus equipped with a liquid nitrogen cooling accessory and
an HS58 ceramic sensor with 120 thermocouples. The
instrument was calibrated for temperature and enthalpy using
indium and zinc standards. The samples were placed in sealed
aluminum crucibles (40 uL), then heated above their melting
temperatures, quenched, and scanned at the rate of 100 K/min
well above the respective melting points.

2.2.4. Broadband Dielectric Spectroscopy (BD5). Isobaric
measurements of the complex dielectric permittivity £*(w) =
£'(w) — ie”(w) (frequency range from 102 to 10" Hz) were
performed using a MNovocontrol e dielectric spectrometer
equipped with @ impedance analyzer with an active sample
cell. The samples were placed in a parallel-plate cell made of
stzinless steel (diameter: 15 mm; gap: 0.1 mm with Teflon
spacer), mounted inside a cryostat, and kept under dry nitrogen
gas flow during measurements. The temperature control was
provided by a Cluatro cryosystem with temperature stability
better than 0.1 K. Measurements were carried out after fast
cooling the liquid to the glassy state and were done in the
temperature range from 298 to 203 K.

For dielectric studies at elevated pressure, a high-p chamber
with a special homemade flat parallel capacitor was used. Thin
Teflon spacers were employed to maintain a fived distance
between the plates. Fach sample capacitor was sealed and
mounted inside a Teflon capsule to separate it from the silicon
ligquid (a pressure-transmitting medium). Pressure was meas-
ured using a Nova Swiss tensometric meter with a resolution of 1
MPa. In turn, the temperature was adjusted with a predsion of
0.1 K by means of a refrigerated and heated Huber circulator.
Measurements of complex dielectric permittivity were per-
formed in the same frequency range as in the case of
measurements carried out at p = 0.1 MPa. It should be noted
that each dielectric experiment (including sample preparation)
was repeated three times. For more detailed information about
the BDS technigue (both ambient and high-pressure studies),
see refs 43—45

2.2.5. Molecular Dynamics (MD) Simulations. Molecular
dynamics simulations were performed in the Gromacs 2023
package'ﬁ_"o using a Gromaos 54a7* force field. The topology
for both FLP molecules was created by an online astomated
topology builder I{ﬁTE}_u_ = Starting geometry was generated
by Packmol.?* In the case of the S-enantiomer, it was 500 5-FLP
molecules, while in the case of the racemate, it was 250 of 5- and
250 of R-molecules. After the initial geometry optimization, two
subsequent equilibrating simulations were performed. They
were carried out in the NPT (constant temperature, constant
pressure) ensemble, where the v-rescale and c-rescale were used
as thermostat and barostat, respectively. The pressure was set in
both simulations to 1 bar, while the temperature was set to 400 K
in the first simulation and 293 K in the second simulation. The
final production run was done as a 10 ns simulation in the NFT
ensemble with p = 1 bar and T = 293 K using the same type of
thermal and pressure control. The analysis of the production
runs was performed using the Travis package, 5 which
enabled the prowision of all needed RDFs, ADFs, and HB
topologies. The histogram of the cluster sizes was obtained by
the use of the (zromacs "clustsize” routine.

2.2.6. Density Functional Theory (DFT) Calculations. DFT
computations were carried out in the ORCA 5.0.4 pan:kage.w"?'
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Figure 1. XA patterns of racemic FLP and both (& and 5) enantiomers in the (a) crystalline (7= 293 K) and (b) molten (T=403 K) states. Panals (c,
) show the cnmspnndjng FTIR_specln of the same plusa in the wavenimber rEg:iunﬂf,’iﬂDD—-!-Dﬂ cm". In the insets uipanel{c]-, the structires of

B- and 5-FLP are presented.

The starting geometry for calculating the R-5 [T-stacking
interaction was obtained from a cif file for the racemate. Then,
the chirality of one molecule was changed by switching the H
and OH group positions to form 55 [M-stacking interacting
malecules. The geometry optimization was performed at the
Bo7M-D4/6-31G(2d,2p) level of theory. The starting geometry
of the dimers with linear HBs was created in a few steps. In the
first step, the molecular dynamics algorithm in orca was
employed to obtain 100 random dimeric structures by
performing simulation 2t T = 293 K and saving xyz file after
each 0.1 ps of simulation (where total time was 10 ps). All saved
geometries were optimized in the xtb semiempirical method,
and then, the 20 most energetically stable forms were optimized
in the DFT method on the E’??’M-m;’ﬁ-ilﬂ{ld,lp} level of
theory. The interaction energies were calculated as a difference
between the energy of the optimized dimer and the sum of the
energy of isolated molecules, according to the equation

B~ 3E

=1 1)
where E. is the interaction energy, Ey is the total energy of the
entire complex, and E is the energy of every isolated molecule
forming the complex.

All of the energies were calculated at the B97/6-3110G-
{2df;2pd) level of theory using additional D4 corrections.

3. RESULTS AND DISCUSSION

The first stage of research was to characterize the atomic
structure of the examined systems. According to previous
studies, three polymorphic forms (I, I1, z2nd I1T) of RS-FLP have
been reported. However, clnl}r tJ'.le crystal structures of forms |
and 011 have been solved.” ™" In both polymorphs, the
dimerization of enantiomers through the carboxylic acid group
and a similar molecular conformation were recognized, except
that in form I1I, the position of the F atom is disordered over two

4023

56

positions related by a 1807 rotation of the F-substituted ring.
Based on the diffraction pattern presented in Figure 1a, it was
possible to identify the polymorphic form of crystalline racemic
FLP as form L It is characterized by triclinic Pl space group and
unit cell parameters: 5.8164(2), 9.3136(4), 12.748005)4
73.13604), 83.117(3), 72.982(4)" and is the thermodynamically
stable form under ambient condition, and hence used in the
dlinic. In turn, the crystal structure of B- and 5- enantiomers at
the same conditions was identical but different from that of
racemnic FLF, which can be deduced from the following XRD
patterns in Figure la. This crystal structure has also been
reported for the R-isomer—as orthorhombic P212121 space
group and unit cell lengths: 5.6535(3), 13.2097, 16.0709 (5)A.%
It was shown that in such crystal lattice, FLP molecules
interacting via H-bonding create chains along the g-axis. ™
Oine can assume that an analogous structural motif occurs for the
crystalline sample of the S-isomer based on a similar diffraction
pattern. Thus, the main difference between the crystal structures
of racemic mixture and R-, 5-FLP may be related to the spatial
organization of molecules and their interaction throegh H-
bonds with neighboring molecules. In the case of the liguid
structure upon melting, the diffraction patterns presented in
Figure 1b did not exhibit apparent variations between the chiral
and racemic forms.

The different spatial arrangement of the molecules in the
crystalline lattice of racemate and pure enantiomers is also well
captured in infrared spectra measured in a wide wavenumber
range of 3800—400 cm ™" [p]zm see Figure 1c). As can be seen,
the spectra show the most significant differences in their band
contours in the regions corresponding to the vibrations of the
groups involved in the association process, ie, stretching
wbratu:ln of the H-bonded (HB) hydroxyl (o y 3500—3000

~!), carbonyl (v_ 1800—1640 cmi!), carboxylic (v o
u.su—Lm em~Y), and aliphatic (v, 3000-2400 cm ')
moieties as well as out-of-plane deformation of O—H group

https:dnLoeg 0. 1/t Jprb ACNGER
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(Fop 980—930 cm 'L It should also be noted that the TR
spectrum of racemic FLP exhibits a typical dimeric stracture of
the vg_y band consisting of the shorter-wave branch {3500—
2750 cm ') of higher intensity and the longer-wave component
(2750-2200 cm™) of lower intensity. In contrast, the ¥g_y
band of R-FLP is essentially characterized by a single broad
signal, shifted toward higher frequencies relative to RS-FLP.
Moreover, in a lower wavenumber range of the RS-FLP
spectrum, an intense and sharp peak at 1694 cm™' due to the
stretching vibration of the carbonyl group (re_g) is observed.
On the other hand, the v g band of R- and 5-FLP has a doublet
structure consisting of two components (1728 and 1691 em ')
The peak at 1258 cm™* in the infrared spectrum of the racemic
FLP is assignable to the C—0O stretching and C-0-H
deformation vibrations, while for R- and 5-FLF, no signal at
this frequency occurs. Instead of that, a peak at 1270 cm™' is
detected. A broad, medium-intensity band due to out-of-plane
O—H deformation in the RS-FLP spectrum can be observed at
957 cm~ ", In the case of both enantiomers, this peak has a very
weak intensity.

As can be seen in Figure 1d, all of these spectral differences
related to various spatial arrangements of the molecules in pure
enantiomers and the racemate disappear after the sample's
melting, and the spectra of the three examined systems are
identical. Moreover, one can postulate that melting of R- or 3-
FLP destroys the chain-like arrangement of the molecules as the
spectrum of liquid samples closely resembles that of the
crystalline racemic FLP (Figure S1 in the Supporting
Information). Thus, the broad structure and shape of the
gz band after melting are maintained, and the positions of the
peaks are similar to those in the racemic FLP crystals. Only the
Fg—g band is slightly shifted to the higher wavenumbers (1708
cm~') for molten samples relative to that in the crystalline RS-
FLP (1694 cm"). This fact may suggest that the HR dimers,
with a relatively similar geometry to those in the orystal lattice,
exist in the liquid forms of studied R-, §-, and R5-FLP.

To verify the eventual differences or similarities in the phase
transitions and thermal properties of the crystal and liquid
samples, calorimetric measurements were performed. In Figure
2, DSC curves recorded on heating the crystalline (inset) and
glassy (main panel) samples at the rate of 10 K/min are
presented. As can be seen in the inset, there is one strong
endothermic process at T = 384.6 K and T = 385.3 K for R- and
S-enantiomer, respectively, as well as at T = 388.1 K for a
racemate, related to the melting of the crystalline samples. It
should be mentioned that the obtained values of the melting
temperature (T) stay in good agreement with those published
in the literature (T = 385 K for 5-FLP* and T, = 388 K for RS-
FLP™). Further cooling without any sign of crystallization,
followed by heating of the vitrified samples, reveals the presence
of one visible glass transition as well as an exothermic peak at
around 320 K (a racemate) or 325 K (both enantiomers),
corresponding to the cold crystallization. Importantly, the glass-
transition temperatures (T} of all examined samples are very
similar (T, = 267.9 + 1.0, 268.1 + 1.0, and 2674 + 10K, for R-,
8-, and RS-FLP, respectively). Moreover, the heat capacity
jumps at the Tia.re close to each other {ﬁCP =0.373,0.357, and
0375] g"' K, for B-, 5, and R5-FLP, respectively).

Subsequently, having the results of previous investigations in
mind, the molecular dynamics of B-, 5-, and RS-FLP at ambient
and elevated pressure (p) conditions were followed using the
BDS technique. Figure 3a—c presents dielectric loss spectra of all
samples collected at p = 0.1 MPa and in a wide range of
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Figure L. D5C thermograms cbtained during heating of the aystaliine
(insat) and glassy (main panel) B-, %, and R5-FLP at a rate of 10 B/min.
T, values were determined as the midpoint of the heat capacity
increment, while T, values were obtained from the matimum of the
endothermic peaks.

temperatures (T), both above and below the Tr In the
supercooled liquid phase (T > T), two characteristic processes
can be identified in the spectra udgpure FLP enantiomers and the
racernic mixture. The first one, whose source is charge transport
of ionic impurities, is the de-conductivity (s, ), while the second
one, located at higher frequencies (f), is a structural (a)-
relaxation related to cooperative motions of all molecules in the
examined samples. As illustrated, both processes shift toward
lower values of fwith a decreasing T. In turn, in the glassy state
(T < T.), one well-visible secondary relaxation, labeled §, is
nbsenﬂea in dielectric loss spectra for all investigated systems.
To determine relaxation times of the strectural (a) process,
dielectric data collected at p = 0.1 MPa and T > T, were fitted

using the Hawriliak—Negami (HN) function™
J 2}

= A,
7 {EW " [1 + (imn)™]t

i=1
where & is the de-conductivity, £, is the vacuum permittivity,
is an angular frequency (@ = 2af), £,_ is the high-frequency limit
permittivity, Ae is the dielectric relaxation strength, 1 is the HN
relaxation times, and @ and  are the shape parameters that
represent the symmetric and asymmetric broadening of given
relaxation peaks. Then, using the expression given in a book by
Kremer and Schinhals,**
“{=5)

T = ri:;in[2 " 21[3}( ®

1, have been recalculated from 1. To describe the T-
dependencies of 1, (see Figure 52 in the Supporting
Information) at 0.1 MPa, the Vogel-Fulcher—Tammann
(VFT) m:[uaﬂnnn' ™ was applied. Subsequently, based on the
VET fits, the T, (defined as a T at which ¢, = 100 s) for pure
enantiomers and the racemic mixture was estimated. It should be
noted that the obtained values (T, = 263.1 + 1.0, 263.4 + 1.0,
and 2619 + 1.0 K for R-, 8-, and i‘.S-FLP, respectively) do not
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the T A comparison of dielectric spactra obtained at different thermodynamic conditions (T, p), closs to Ty, is shown for B, 5, and RS-FLP (d). They
were normalized with respact to the maximum of dielectric loss (&7, ).

differ significantly from each other and are only a few Kelvins
lower when compared to those estimated from the DSC
technique (see Figure 2). At first sight, one can get the
impression that the relaxation time at the vitrification point is
different when we analyze dielectric and calorimetric data.
However, it is a common observation reported in the literature
for many systems that is predominantly related to a difference in
the heating rates applied during both experiments.

Additionally, extensive high-pressure BDS investigations
under isobaric and isothermal conditions were carried out. In
Figure 4, representative dielectric loss spectra collected for pure
enantiomers and a racemnic FLP at constant p and various T> T,
( panels a,c.e}, as well as at constant T and indicated p = p, where
Py is a glass-transition pressure (panels b,d,f), are shown, Similar
to the ambient pressure studies, except for the de-conductivity, a
structural (a)-relaxation peak (whose maximum moves toward
lower f with decreasing T or increasing p), as well as one
secondary (f)-relaxation, are observed in the spectra of all
examined substances.

In Figure 3d, the normalized dielectric spectra measured for
R-, 5-FLP, and RS-FLP at ambient and high p, and T close to Ty
(the maxima of «r-peaks near 1| Hz) were compared. As can be
seen, for all investigated samples, the position of a- and
secondary (f)-relaxation peaks is the same at various
combinations of T and p, which means the fulfillment of the
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isochronal @- and f-superpositioning (the rule, whose
confirmation has been reported for many HB systerms ).
However, it can also be observed that for both FLP enantiomers,
the left-hand side of a-dispersion broadens with compression,
indicating the violation of the so-called temperature pressure
superpositioning (TPS).™ This effect is more pronounced for
the R-isomer. Surprisingly, in the case of the racemic FLP, the
TPS is satisfied (the width of the structural relaxation remains
unchanged under various T and p conditions).

As the further part of the in-depth analysis of the molecular
dynamics of R-, 5-FLP, and R5-FLF, BD5 data shown in Figure 4
were analyzed using the superposition of two HN functions (eq
2). Then, the obtained ¢, (also those determined from ambient-
p experiments) were plotted as a function of T and p in Figure 5
and then analyred with the use of the modified Avramov

equation

T, = T, exp ha[*ru.*'rw)[%]w{

)
where 7, is arelaxation time at extremely high T, 5, =¢({T;), T, is
a reference temperature bying close to the T, €, is a specific heat
capacity, C is an additional adjustable parameter, and IT is a

ol oag 1 01021 /acs prh.AcDosEs
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Figure 8. Visualization of the F—IT interactions in RS- and S-FLP systems. In the left panel, the geometry and electrostatic potential of R-S and S-S
non-HB dimers are presented. In the right panel, RDF vs ADF 2D maps are illustratad to show the abundance of parallel and antiparallel I1-stacking

formations.

constant with the dimension of pressure, while @, and § are

exponential parameters defined as
gy
T ZR )
§o My
ZR (6)

where Z is the degeneracy of the system, a, is a volume
expansion coefficient at 0.1 MPa, and Vj; is a molar volume. In
Table S1 in the Supporting Information, the parameters of eq 4
determined from the global numerical fitting procedures (Figure
5) are presented.

Subsequently, two quantities, which define the sensitivity of
the a-process to compression, i.e., the pressure coefficient of the
glass-transition temperature (dT'J'dp) and the activation
volume (AV,), were estimated. To determine the former one,
T!s obtained for both and the racemic FLP by

applying the following expression proposed by Avramov®'

)ﬁ/a{l-&(h(l +-lff)))

T(p) = T,(p,,)[n vi

(7

with the same values of the parameters C, I, §, and a; as those
appearing in eq 4, were presented as a function of pressure
(Figure 6a). Interestingly, dT,/dps obtained from this plot are
almost the same for all examined systems (dT,/dp"m =240+
12 K/GPa, dT/dp™*'* = 247 + 12, K/GPa, and dT/dp™ ¥ =
248 = 12 K/GPa) and signify a high sensitivity of the structural
relaxation to pressure. Note that somewhat lower values of this
parameter have been previously reported for the two other APIs
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i

from the profens’ gr prof (dTgldp =195 K/GPa)®

and ketoprofen (dT/dp = 200 K/GPa).
On the other hand, AV, for all examined systems (FLP

enantiomers and the racemate), usually defined as®

AV, = RT[%)
& J; (8)

was determined at different T directly from the surface fit of the
modified Avramov approach. The plot presenting AV, versus
T,/Tis shown in Figure 6b. Notably, the values of this parameter
calculated for pure enantiomers at Tl (T,/T=1) were very close
and equal to 377 + 23 and 385 £ 23 cm’/mol for R- and S-FLP.
In turn, surprisingly, AV, obtained for the racemic mixture is
dearly lower (AV, = 337 £ 20 cm’/mol) in comparison to the
values obtained for both i This unexpected variation in
AV, between pure FLP enantiomers and racemate indicates that
the local spatial arrangement of the molecules in the liquid state
of these systems may not be the same. Hence, some memory of
the crystalline molecular arrangement, although not detectable
with the experimental techniques applied in our studies, survived
upon melting and in the vicinity of the T,. To confirm this
hypothesis, in-depth molecular dynamics (BXD) simulations in
the supercooled liquid state of S- and RS-FLP were performed.

The final simulations (after the initial equilibration) of FLP
systems were taken at ambient pressure and a temperature of
293 K. The first analysis was related to the clusterization effect
by H-bonds. It was found that hydrogen-bond-based clusters are
more abundant in the enantiomeric system than in the racemate.
Moreover, the difference in the total dlusters, although
noticeable, is relatively small. As presented in the histogram in
Figure §3 in the Supporting Information, there is only a 0.5%

MT&'M 10.1021/3cs Jpch Ac005E2
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difference in the overall amount of HB clusters. Nevertheless, a
maore significant difference can be found in their distribution. In
the case of the S-isomer, there is 2 higher population of low-
maolecular-weight clusters (dimer to tetramer). The percentage
of low-molecular HB clusters {2—4 molecules) equals 56% in
the enantiomer and 44% in the racemate.

In both systems, there is also a small population of cyclic
dimers and trimers. As illustrated in Figure 7, showing the
detailed topology of H-bonds, cyclic dimers constitute 13 and
9% of all dimers in the S-isomer and R5-racemate, respectively.
In the case of trimers, more abundant cyclic structures occur in
the racemic mixture {18% of all trimers in RS versus 9% of all
trimers in the S-enantiomer).

Based on the data obtained from MDD simulations, one can
suppose that the higher activation volume obtained from
dielectric investigations for the pure enantiomers with regard to
the racemate is 2 manifestation of the difference in clusterization
pattern and a higher population of the di-, tri-, and tetramers in
the former systems. As a consequence of that, there is a larger
average cluster size in the enantiomer. Having that in mind, one
can ask the question, what is a driving force underlying the
formation of extensive clusters in a pure isomer? To address this
question, the OH---0 hydrogen bond energy between 55 and
R—-5 molecules was calculated. It was found that the interaction
energies [E_) between 5—5 and R—8 molecules are similar. The
obtained value was equal to 105 and 100 kJ/mol for the former
and latter systems, respectively. The calculated E; is unusually
high if only a single OH---0 hydrogen bond is considered. It
became clear that the conformation of linearly H-bonded two
FLP molecules has additional [M-stacking aromatic rings.
Moreover, due to the fluorine (F) atom connected with the
ring, the strength of such interaction can be higher because of
the particular case of [T-stacking, i.e., F—I1 interaction. As this
was found to be a concurrent interaction with the H-bonds, MD
simulations were analyzed to show possible differences in [1-
stacking conformations. [t was achieved by plotting 2I) maps of
the radial distribution function (RDF) of ring atoms versus the
angular distribution function (ADF) of ring plane vectors. In the
right panel of Figure 8, the 21} map of intermolecalar RDF
between F and Crpp (where Crisg s the ring atom connected with
the F atom) versus the ADF between F—Cp,, and F—C,
vectors, indicating significant differences in ti'u: ﬂ-stal:kg
structures, are presented. As can be observed, there are two
possible [T-stacking formations. The first one is when aromatic
rings with fluorine atoms are parallel to each other. In this
scenario, the angle on the map is close to 1807, and the distance
between the F and (i atoms is approximately equal to 4 A. The
second possible arrangement is when both rings are antiparallel
to each other. The angle on the map is then close to 07, and the
distance between F and C___ is approximately equal to 6 A. Itis
visible that in the case of the RS-racemate, both arrangements,
ie., ordered parallel and antiparallel structures, are abundant.
For the S-enantiomer, only parallel structures are detected, but
in this case, there is a broader angle distribution, which means
that in these structures, rings are not so well parallel aligned. This
finding corresponds very well with the crystalline patterns of the
-5 and 55 structures. The antiparallel alignment found in the
racemate is the precursor of the F—IT interacting conformation,
which can be easily found in the unit cell of triclinic R-S crystals
(see Figure 54 in the Supporting Information for details). In the
left: panel of Figure 8, two structures of R-S and S-5 dimers
bonded exclusively by Il-stacking forces are shown. These
structures were optimized by the density functional theory
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{DFT) method and presented as electron density with mapped
electrostatic potential on their surface. The R-5 unit is the same
as that found in the crystal cell. The 5-8 unit was optimized from
the initial R-5 strecture after switching the chirality of the
asymmetric carbon in one molecule. As one can see, the R-8
structure is perfectly symmetric, which is manifested in the zero
dipole moment (@ = 0 D). In the case of the 5-§ conformation,
there are visible distortions in the charge distribution and its
symmetry. The dipole moment of 5-5 molecules is equal to 1.33
. The F stacking energy is equal to 55 and 50 k]/mol in -5
and 5-5 systems, respectively. Therefore, in the case of 5-FLF, as
the enantiomeric molecules are unable to form symmetric F=TT
structures, the system is dominated more by H-bonds, which
further leads to the different crystalline structure (an
orthorhombic structure in the case of the S-enantiomer).
Moreover, as it was found that the energy of 1 interaction is
comparable to OH---O hydrogen bond, the bonding energy of
linear dimer, where there are contributions of both types of
interactions, is comparable to the bonding energy of cyclic
dimer. This is the reason why both supercooled systems are
dominated by the linear HB clusters and not seemingly more
stable cyclic dimers.

4. CONCLUSIONS

To summarize, the studies indicated much different molecular
orgznization via H-bonds in pure enantiomers (long chains) and
racemate [cyclic dimers) in the crystalline samples of
flurbiprofen. However, once the crystalline lattice is destroyed,
these differences wvanish, as can be deduced from the
experimental data. According to the collected diffractograms,
thermograms, infrared, and dielectric spectra, enantiomers have
properties identical with those of the racemate. However, a
deeper analysis of dielectric data revealed an unexpected
variation in the activation volume, which may be related to
changes in the local molecular arrangement of these compounds.
In fact, MDD simulations confirmed this supposition, indicating a
higher population of smaller supramolecular clusters in 5-FLP
with regard to the RS-FLP. Finally, it was also found that there
are very specific and enormously strong F—[T interactions in the
studied systems that may control local molecular arrangement in
the crystalline and supercooled samples. The presented data
contribute to 2 better understanding of the correlation among
the structure, intermolecular interactions, and basic physical
properties of the enantiomers and racemates.
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SUPPORTING INFORMATION
Eesults:
FTIE Spectroscopy data
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Figure 51. Comparison of FTIR spectra of crystalline and melted racemic FLP in the
wavennmber regions of (a) 3600-2250 cm'! and (b) 1800400 em™L

51

66



EDS data
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Figure 52. Temperature dependence of stroctural relaxation times determined from ambient

pressure BDS measurements for -, 5-. and RS-FLP. The solid lines represent fits nsing the
DyT

Vogel-Fulcher-Tammann (VFT) equation: Ty = Tyrrexp (Ti_;p] where Tppr 15 the time scale

of vibrational movements, Dy is the strength parameter, and Ty represents the temperature at

which relaxation times tend to infinity). The values of T comrespond to the structural relaxation
time of 100 5.

Table 51. Parameters of the modified Avramov equation (eq. 4) obtained from the analysis of
7z (T, p) dependencies for R-FLP, 5-FLP, and RS-FLP.

RFLP SFLP RS-FLP

logo(r.[=]) -14.02+1.16 1356127 -1584+2.03
T.[K] 263.20=0.23 263.50+0.23 26149 =047

a, 527620535 5.379+0.602 43720562

CiCn 0.082+£0.007 0.001 £ 0.0001 0.062 = 0.002

I1 [MPa] 212 47+39.60 410,74 £ 8622 35497 = 88 53
g 0.991+0.154 1.060 + 0202 13180329

Ady. B-Souare 0.008 0.999 0.099
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Results of MD simulations and DFT computations
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Figure 53. Histogram of HB clusters distribution in RS- and 5-FLP systems.

Flurbiprofen racemate (RS)
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Figure 54. Comparison of flurbiprofen mer repeating units in the crystal structures. In the
racemate, the (¢cHB - IT - cHB) pattern. while in the enantiomer, the (HE--HB--HB) pattern
can be found in their crystalline states.
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ARTICLE INFO ABSTRACT
Ky In this paper, several experimental techniques, i, differential scannimg calorimetry, Xoray diffraction, Fourier
1-Adamantylasio: transform infrared, Raman, and broadband dielectric spectroscapy were applisd to shudy the nature of the phase
1-Adememinncd tramsitions in 1-adamantylamine (1-MHa-ADM, CygHhsM) and 1-adamantanal (1-0H-ADM, Ciotlie0). Calari-
:r:;mmrum meiric measurements showed one and three endothermic peaks in thermograms for the latier and the former
Hig - substance, respectively. Indeed, results of spectroscopic investigations indicated that the observed thermal events

B P — in 1-NH-ADM corrsspond to transitions befween various plastic crystal (PC) phases (1, 1, 0L IV}, while the
endothermic process in 1-0H-ADM can be assigned to a phase transition bebween the PC and the crdinary crystal
(D). Especially interesting were the cutcomes of dielectric sudies carried out both at ambient and high-pressure
conditions, during beating and coaling cycles. They showed: ) noticeable changes in the frequency dependencies
of the imaginary (£ ) and real (') parts of the complex dieleciric permittivity that cooerred around temperatures
of the characteristic endothermic events detected by the calorimetry, and i) significant fuctuations of £ and &
ai pressures attributed o the respective phase ransitions. Mareover, the pressure coefficients of the phase
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transition temperatures were estimated to be approximately squal to 0.2 K/MPa for both compmumds. In tum,
volume variation (AV) at the PC (IT)-PC {11} and PC (II[-PC (IV) transition temperatores for 1-MHzADM was
eszentially different than AV for the PC-OC transition in 1-O8H-ADM.

1. Introeduetion

In recent yeam Orientationally Disordered Cryamals (ODICs), sharing
properties of liquids and regular cryetals, commonly referred to az
plastic crystals (PCs), have been the subject of intensive regearch [1-111.
Previouws smdies have indicated that thiz state of matter can be formed
by globular molecules with nearly spherical chape [1], where the
average pozition of the molecular centers of man: han tranclaticmal
order, forming regular lattices. Howewer, in contrast to ardinary coyetals
(0Cz), molecules in PCo have orientational degrees of freedom [12,13].

One of the best-known examples of materials forming the ODIC
phaze in adamantane (ADM) [14-1Z]. In the literature there are
numergur rezearch papers on derivatives of this compound, where one
or two hydrogen atoms were substituted by, e.g., chlodne [13-21], or
bromine [22-24] atoma, az well as hydroxcyl [25,26], amine [2 ]
cyano [1,2%-31] groups. It tarne out that much chemical modifications of
the ADM structure do not suppress the ramition from the OC to the
ODIC. At moat, it changes the cryntal lattice, the oymmetry of the unit
cell, 2z well az temperature (T) at which the tranzition takes place. It was
reported that for ADM, 1-bromoad amantans (1-Br-ADM) and 1-adaman-
tanol {1-OH-ADM], the OC-0DIC trancition ecoure at T= 209, 510, and
357 K, regpectively, with comesponding entropy changes AZ = 16.2,
23.9, and 31.62 J/mol-K [14,24 25]. Other investigations hawe revealsd
the dependence of the OC-0DIC transition temperature on the atomic
number (Z) of the halogen atom (X artached to the ADM molecule, ie.,
the increaze of this temperanare with the increazing Z of X (such an F, CL,
Br) in 1-X-ADM [32]. Purthermore, it chould be mentioned about the
papers concentrating on the H-bonding pattern in the OCz and PGz In
thiz context, one can refer to the infrared ([R) spectroscopic studiez on 1-
OH-ADM indicaring that the degree of amociation in the ODIC phace iz
amaller with respect to the OC [33]. The other intereating feanires of PGz
revealed broadband dielectric apectroscopy (BDS) investigations. [t was
shown that, generally, thece matarials exhibit fearures, which are orpical
for disordered mupercocled liguids, 7., 2 non-exponential dislectric
responge function az well a0 non-Arthenine behaviour of structural
ralaxation timea [1].

Az far az there iz an abundance of research on either the thermody-
namic or specroncopic properties of ADM derivadives at ambient pres-
zure (pl, only a few studies were carried owt under high compremion
[32,34-33]. These investigationz were mainly focured on the namre of
the phaze transitions in the examined compounds, 2z well ap their alastic
propertiez. For example, Gromnitzckaya et al. [34] report=d apparent
diffarences in alagtic moduli for ADM and 1-Cl-ADM. In particular, for
the halogen derivative, both elagtic moduli {bulk and shear) turned cut
to be substantially lower compared to ADM. Additonally, the Poimon
coefficient for 1-Cl-ADM sxcesded that determined faor ADM, which
indicated a much softer plactic phase in the former compound. More-
over, very recent investigations on the elagtic properties of 1-X-ADM
zeriez (X = H, F, CL, Br) have revealed a monotonic dependence of the
bulk moduluz 2t low pressures as a function of Z of the halogen sub-
stitnant The bulk modulon was the highest for ADM and decreazed with
:n'mu:ﬂzing.z-nfdm}( [32]. One can also mention the resultz nfl:igh—
precmure (HP) Fourier tranzform infrared (FTIR) omodies carried our by
Fraczyk er al [37] on 1-Cl-ADM, which demonstrated significant
changes in the vibrational spectrum, where the gplitting of several bands
{in the CH deformation and stretching, and CHy deformation regionz)
waz detected az a rezult of compreszion, indicating a dizorderad-order=d
phaze wansition at p = 5 kbar. Notably, the same oplitting phenomenon
waz oboerved in low temperatores at the tranoition from phaze [ to phage
IL. Based on the above, it was suggested that the HP phage transition in

71

thiz ADM derivative in identical to that detected during temperature
reduction to 244.2 E at ambient presgure. A zimilar obeeration was aloo
reported for ADM [39] and 2-adamantanone [40]. Finally, it in worth
mentioning the paper by Hedoux et al [38], where HP Raman in-
wectigationz on 1-CM-ADM have dhown noticeable differences bamwesn
the rpectra meamured for the ordered HP and low-temperature (LT}
phun:LTh: authors concluded that the cccurrence of these two different
ordered phases in 1-CN-ADM may be responaible for the glars formation
in the examinad symtem.

In thiz paper, we combined the regults of diffsrential scanning
calorimetry (DSC), X-ray diffraction (XRI¥), FTIR, Raman and BDE
measurements, p:lformﬁl at ambient and elevaged pressurne, oo the two
ADM derivativer: 1-adamantylamine (1-8H3-ADM, molecular formnla:
CioHisN}  and  1-adamantsnel {1-OH-ADM, molecular  formula:
CioHis0). Owr main aim waz to determine the natre of the phase
trangitions ac well ag their presoure evolutions in both compounds. These
data, azide from the scientific walue contributing to the whole discuszion
on the ODICz, may have aloo zignificant implicationz on the formmla-
tionz of 1-NHz-ADM — the drog known under the name ‘amantadine’,
commonly uced to weat Parkinzon's disease and itz symptomez, =g,
ctiffners, chaking, and repetitive, uncontrolled muccle movements
cauzed by certain medicines. The HP dislectric experiments allowed wz
to conctruct 2 oimple phase diagram of this compound, which can be
waluable for the prediction of the pozaible tranzitions between variousz
ODIC phazes during the tableting process. Hence, thiz knowledge might
be uzeful in controlling both thermodynamic variables {ie., temperature
and presoure) to obtain formulations of thiz active substance with well-
defined phyrico-chemical and pharmacokinetic properties.

2. Materials and methods

Neat 1-NH;-ADM {molecular weight M,, = 151.25 g/mol) and 1-0H-
ADM (M, = 152.23 g/mol), with purity = 97% and = 99%, respectively,
were supplied from Sigma Aldrich and veed az received. The chemical
mtructures of the mvestigared compounds are presented in the ingets in
panels (2} and (k) of Fig. 1, respactively.

2.]. Differential scamning colorimesy (DEC)

Thearmal propertiez of both ADM derivatives were examined by using
a Metter-Toledo D5SC apparatus (Mettler-Toledo Intemational, Inc.,
Oreifenzes, Switzerland) aguipped with a liguid nitrogen cooling
accessory az well as an H556 ceramic heat flux senzor with 120 ther-
mocouples. The instrument was calibrated for temperanire and enthalpsy
uzing indivm and zinc standards. The nvestigated compounds were
placed in aluminum crucibles {40 mL) and sealed. The samples of 1-NH5-
ADM and 1-0H-ADM were heated from room temperatire up to 493 and
503 K, respectively. Due to the fact that thers were no substances in the
crucibles after the completion of measwrements, we prepared new
zamples of both subatances, which initially were heated from 283 o 553
E{1-MH;-ADM) or 593 K (1-0H-ADM), then cooled down, to 160 0 123
E, and heated again up to 353 or 595 K, respectivaly. All meamirements
were recorded with 2 heating/cooling rate of 10 E/min.

22 K-ray diffraction (XRD)

X-ray diffraction studi=: of commercial powder zamples were per-
formed using a D/MAX RAPID [I-R diffractometer (Rigabu Denki Co.,
Tokyo, Japan) in the Debye — Scherser geometry, equipped with a
rotating Ag anode, a graphite (002) monochromator, and an image
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plate detector. The wavelength of the incident beam wag 0.5603 A The
powidern were mearured in glazs capillaries with a diameter of 1.5 mm
and a wall thicknesz of 0.01 mm, in the temperature range of 173-373 K
The 800 Seriez Cryoatream Cooler (Oxford Cryosyetema Led., Oxford,
United Fingdom) waz uzed to control the temperature.

X-ray quality gingle cryatals of ethanol solvate of 1-MWHz-ADM were
formed during alow evaporation of the substance, where ethanal was
uzed for crypatallization. The crystal structure of 1-MH:-ADM ethanol
solvate wan solved. Por details, gee the Supplementary Material (53
Howrever, attempin to grow pure 1-NHz-ADM gingle crystals with thiz
method failed.

2.8. Fowrier transform infrored (FTIR) spectroscopy

FTIR opectra were mearured on the Micolet iS50 spectrometer
{Thermo Picher Scientific, Massachuperm, USA], at a speciral resolution
of 4 cm ™! taking 16 scanc. The spectra of commescial 1-OH-ADM and 1-
NHz-ADM were fmt recorded in the ATR mode, in the range of
4000-400 cm™' ar 293 K. Moreover, FTIR data of 1-OH-ADM 2z a
function of temperamure were measured uzing a OladiATR accessory
(Fike Technologies), in the 4000400 cn™ region and 2t 2 cm™ apec-
tral resolution. The tempersture-dependen: FTIR dams of 1-NHz-ADM
were collected in the tranomizcion mode. The limited cpactral range
(4000-1000 cm™ ") of theae experiments was due to the absorption of
CaPy, window dizses, which were uzed for the preparation of thin films
(3,5 pm) of 1-NH4-ADM. For thiz ADM derivative, the temperature was
maonitored with a Linkam heating/cooling stage (Linkam Scientific In-
struments Lid., Surrey, UK, model THMS600] with a stability of + 0.01
E. The temperamre investigations were performed in bwo sequences: (i)
upon hearing from 295 to 343 K for 1-NH;-ADM and from 293 to 403 K
for 1-0H-ADM, and (ii) upon cooling from 543 to 203 K for 1-NHg-ADM
and from 403 to 293 K for 1-0H-ADM, with a rase of 4 K min~'. During
the meamrements, the cpectrometer war purged with liquid nitrogen.

2.4. Raman spectroscopy

Raman specza of 1-NHs-ADM were recorded with a DXRxi Raman
spectrometer (Thermo Fisher Scientific) sguipped with an Olympus
microocope at the following conditions: 785 nm lacer source with a
power of 24 mW at the sample: 3300-65 cm™ ' range: full range grating;
10 = objl:cuv\-_' 50 uym alit, & cm™ " .:p-b:lr:] resolution (FWHM, the
exposure time 1 z, 20 scans. Since at sxcitation wavelength of 7565 nm
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the stretching vibrationzs of the NH groups were beyond the long
wavelength recponce limit of the detector, an alphaS00 B Raman mi-
croacope (WITec Wissenschaftliche Instrumente und Technologie
CmbH, Ulm, Cermany) with a lazer of 532 nm (10 mW power at the
mample) wan additionally used to measure the spectra in thic region. Data
were collected with 2 1.5-2 em™! gpectral resolution (the diffraction
grating of 600 lines,/mm), and 32 expositions of 2 o each were averaged.
The THMS600 heating/cooling stage (Linkam Scientific Istraments
Led., Burrey, UKD was used to monitor the temperature changes in the
rpecira upon heating from 293 to 343 K and cooling from 343 to 203 K,

with a constant rate of 4 K min~ .

2.5 Broadband dieleceric specoroscopy (BDSH

Ambient and elevated-pressure measurementz of the complex
dielectric parmittivity, £ (i) = (@) — i £ [i) over a frequency (f) range
of 107" - 10" Hz, were taken using a Nevo-Control Alpha dielectric
specrometer (Novocontrol Technologies GmbH & Co. KO, Hundzangen,
Oermany). The temperature contrel during the sxperiment at p = 0.1
MPa waz provided by Quatro System uring a nitrogen gas aryoetat, with
ctahility better than @.1 K. The samples (powder formsz) of investigated
:nmpound.ﬂ wWere plm:l:d between two stainlecz-gteel d.c:h'ﬁ-dh:, sepa-
rated by a thin Teflon spacer (diameter of 20 mm, gap of 0.13 mm).
Mearurements (upon heating and cooling procedures) were performed
in the following temperature ranges: 225-333 K (for 1-MH3-ADM) and
325-3653 K (for 1-OH-ADM) Por dielectric experiments under
compreszion, a HP chamber waz uaed. The zample capacitor waz zealed,
az well an covered thoroughly by Teflon tape to separate it from the
zilicon oil The pressure was measured wming a Nova Swins tencometric
meter with a resolution of 1 MPa. Moreower, the temperatire was
regulated within 0.1 K by means of a Huber circulator (HUBER GmbH,
Cermany). lsothermal measurements for both investigated ADM de-
rivatives were performed in the presgure ranges given in Table 51 in the
SML It should be noted that in the case of 1-NHz-ADM, two (or ons)
phace transitions were detected in the ¢ ve. Fand »° va. f dependence:
obtained at given thermodynamic conditionz (T, pl.

3. Regults and disensmon
3.1. DSC datx

At first, we carried out calorimetric meanremenm to characterize
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Fig. 1. DSC thermograms obtained during heating and cocling of the two ADM derivatives L-NH-ADM (a) and 1-08H-ADM (B}, with the rate of 10 K/min. In the

insets, the chemical structures of the examined compounds are presented.
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the thermal properties of two ADM derivativer: 1-WHz-ADM and 1-0H-
ADM. In Fig. 1{a,b), D5SC thermograms of both systems, recorded on
heating and cocling, with a rate of 10 E/min, are thown For 1-NHz-
ADM, two strong endothermic eventa, at T= 324 and T = 458 K, were
obeerved during the firet heating run (black line). Importantly, after the
meazurements were fniched, there waz no substance in the alumina
crucible. Bared on the above, we conduded that the thermal event at
458 K in related to the sublimasion ph Therefore, 2 second 1-
NHz-ADM sample was prepared and, after initial heating from room
temperamire to 353 E, it was meazured on cooling (down to 160 K, blue
line), and subsequently on heating {up to 353 K, navy blue line). The
thermograms obtained on cooling revealsd the presence of owo endo-
thermic processes corresponding to two phaze tranzitions, at T = 245
and T= 282 K, with the entropy change A5 of 5.65 and 16.61 J/mol K,
respectively. A cimilar scenario of the appearance of two endothermic
events waz oboerved during the subsequent heating. However, they
ocenrred ar olightly higher temperatures, e, 2485 and 2338 B Addi-
tionally, no thermal event at 324 K was detected, indicating that the
initial phaze han not been restored after heating /conling cyclea. It chould
be mentioned that the presence of the two phase tranzitionz in 1-NHy-
ADM at temperamures cloge to those obmined from the DSC smadies
(otrictly at 241.4 and 264.6 E) wao reported aloo by Bazyleva et al. [27].
Mote thar the sum of entropies (57 AZ5) determined by the authom for
both trangitions (3 AS = 25.8 J/mol-K) wan very zimilar to that ob-
tained from our experimentz (} A5 = 25.3 J/molH). Importantly,
conzidering the extimated value of %7 AS and pronounced plasticity of 1-
NH:-ADM at mechanical load (pressing), Bazyleva et al. ouggested the
formation of the ODIC phace in this compound.

In the caze of 1-0H-ADM, the DSC curve collected on first heating
(fuchsia line) chowed two well-vizible endothermic processes at T= 362
and T = 493 K By analogy with 1-MH,-ADM, the latter one can be
anzigned to the sample sublimation. In the thermogram collected upon
cooling of a frech 1-OH-ADM gample (previouzly heated from 293 to
393 K, only one phage trancition at 343 I, with entropy change squal to
3496 J/mol K, waz detected. Notably, thiz thermal event wap alo
observed during further heating (dark grey line), however, at much
higher temperature. T = 362 K (identical to that determined during the
initial heating run). It should be mentioned that DSC data obtained
herein for 1-0H-ADM are in good agreement with thoose reported pre-
vioualy by Charapennikau et al. [25]. It iz aloo worth emphazizing that,
acconding o Raf. [25], the thermal event at around 360 E (during the
zample heating) iz due to a tranzition from the OC to the ODIC phaze.
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Hence at first night, it io wizible that the entropy changes associated with
the phaze tranzitionz in 1-MH2-ADM are much lower than in 1-0H-ADM,
ruggesting that they originate from the changes between different PC
phmz. in agreement with Ha::;lcw etal [27].

In order o follow the srucmural transformation in 1-OH-ADM, =
well az to gain a desper incight into the namre of the tranoitions
recorded in thermograms of 1-NHz-ADM, further XBD ctudies were
pesformed.

3.2 XRD date

From the powder XRD} data presented in Fip. 2(b), one can cee that
the room-temperature phase | of 1-0H-ADM wamforms into another
structure — phaze 11 at 362 K that agrees with the temperamre of the
endothermic process obeerved in thermograms measured on heating.
The structure of form | was resolved by Amoursux et al. 2z a tetragonal
P42/n ayutem with & molecules per unit cell of volume around 1726 Ais
[41]. The structure of phase 11 axhibit a higher symmetry of the unit cell
than phage |, with the pattern of Bragg peaka typical for the cubic lattice
myatem. Such a trancformation to a higher oymmetry iz typical when
dealing with a tranzition from a cryotalline to a plagtic state and haz been
recognized in 1-OH-ADM by Charapennikau et al. [25]. They alm
extablivshed that the plastic phaze II of 1-OH-ADM belongn to the F43c
space group with 4 molecules per cubic unit cell of volume around 973
A" After eooling the 1-DH-ADM sample from the temperamore above
362 K down to 343 K, the reverze tranzition from phaze Il to phage [ was
regitersd on the XRD patterns, which waz stable upon further cooling.
Thiz scenario iz in line with the presented above DSC data It iz worth
mentioning thar the phase behaviour of 1-0H-ADM mimico that re-
ported for prictine ADM, which forma low-temperature ordered tetrag-
omal gystem and orientationally divordered cubic cryetals ar higher
temperamire. Howewver, it differs from 1-0H-ADM in the temperature of
thiz trangition - it iz much lower, around 208 K [42].

The phase behaviour of 1-NH:-ADM in more complex than that of
ADM and 1-0H-ADM. The room temperature form of 1-MH;-ADM was
labeled ap phaze [, in accordance with the caption on DSC thermograma.
Although attemptz to obtain X-ray quality cingle coyotalz of 1-MNH-ADM
from diffarent solvents (water, meathanol, ethanol, acetone, carbon tet-
rachloride, chloroform) have been made, they failed and the crystal
structure of thiz compound hac not yet been zolved. It wan dus w0 the
poor solubility of thiz compound in the majority of the mentionad sol-
wentm. The sample was successfully dissolved only in methanol and
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Fig. 2. XRD pattems of the two ADM derivatives: 1-MHx-ADM (a) and 1-0H-ADM (b)), measured at different temperatures, in the sequence indicated by numbers 14

in the fgure.
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ethanol. However, only single coystals of ethanol zolvate of 1-NHz-ADM
were grown. Their cryatal structurs was detsrmined 2z the trigonal P 3
¢l zpace group (please see the M.

Az chown in Pig. 2(a), the XRD pamern of 1-MH-ADM phaze | i
typical for opherical molecules forming ODIC (PC) phases, with only
some strong Bragg reflections at amall ccattering angles and much
antenuated high-angle peaks. Prom the diffractogram, it can be deduced
that the unit cell symmetry iz lower than tetragonal for 1-0H-ADM phage
L. However, after heating, 1-NH-ADM undergoes a transition to a cubic
unit cell at around 324 K that corresponds to the endothermic process on
the DSC curve at thiz temperamire. One may expect, therefore, that
abowve 324 K, 1-NH-ADM forma ODIC state, raferred here to 22 phage [L
Then, after cooling the sample from the temperanire above 324 E dowm
to 282 K, another phase tranzition iz observed. However, unlike 1-0H-
ADM, it iz not a reverge change to phaze | but to a syotem with other
Bragg peak pocitions and intenzities, having a lattice with another gpace
group, marked as phage 1. Upon further cooling down, at 245 K (where
an additional tranzition waz revealed by the thermogram), we uncov-
ered another very subtle structural change manifested by, =g, splitting
of the peak around 6.6 and a zlight decreaze in the intensity of the two
firet peaks. Thiz new form, with the umit cell very similar to that for
phaze [, was marked 2z phase V. The changes in the diffraction pas-
ternz for 1-MHx-ADM at different temperatures can be also clearly seen
in Fig. 51 in the 5M, where they have been superimposed. Interestingly,
below 245 K, the diffraction patterno of 1-NHx-ADM ztill evolve with
temperature, down to the measurement limit of 173 F, as can be geen in
Fig- S1ic) in the SM. These changes are vicible an variations in peak
intengities and their broadening, =.g., the most pronounced diffraction
peak ar around 5.9° drope and broadens with the decrease of tempera-
ture that cannot be associated with the freezing of the thermal vibrations
of atoma. Thiz finding indicates that the 1-¥H:-ADM molecules retain
conzidarable molecular mobility, even at temperatures below 200 E. In
other words, it suggestm that 1-NH;-ADM in in a plastic phase, where
maolecules have ztill zome degres of ocrientational freedom. However,
thiz hypothesiz will be further verified by other experimental methods.

3.3 FTIR and Boman dom

In the next atep, we performed complementary FTIR and Raman
smddies, which are widely applied to investigate the structure and related
phaze ansitions in diverme types of materials [4346], in order o
obtain mare information about the molecular resrganization proceszes
related to the phase transitions in ADM derivatives. Firt, we collected
FTIR spectra of 1-0H-ADM and 1-MHz-ADM ac 283 K (Figs 52 and £5)
and made assignments of the vizible bandz to the given kind of molecular
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wibrationz {for further information, pleaze cee the SM). Then, to verify
the nature of the phace trancition eccurring in 1-H-ADM, FTIR spectra
az a function of temperamure, upon heating and cocling rume, were
recorded. The reprezentative dat are presented in Pig. 3. Purthermore,
it should be mentionad that the temperature depandences of the spectral
parameters { peak pogition, integrated intenzity (area), and the foll width
at half mavimum (FWHM])) of zelected bands are depicted in Pigz 54 and
S5 in the SM. One can gee that the IR spectrum of room-temperature
phaze I, characterized by the band splitting typical for the OC phase
(highlighted in Fig. 3], ransforms around 362 K into pattern typical for
the ODIC, where the bands become broader and blurred. The effect of
the phage wansition between the OC and the ODIC iz especially well
wizible for the band: obeerved in the higher wavenumber range (Fig. 3
(2]k. Mamely, a conciderable broadening of the chape of the OH
stretching band (3700-3000 cm™') ocours and splitting of the CH
stretching band (30002750 cm ™) iz lost. After following cooling down
the sample to 349 K, the reverse scenario (the manzsition from the PC o
the OC phage) iz observed and the obtmined spectrum clearly resemblez
the one measured for the phase [ at room temperature.

Subsequently, we tried to elucidate the changes accompanying the
phaze trancitions im 1-WH;-ADM on the microacopic/molecular Level It
thould be emphazized that the stuctural variations occurring under
temperamire dismrbance affect the vibrational dynamics and, conpe-
quently, the spectral parameters of the absorption banda (ie., their
wavenumbers, PWHM:, and areas). Por this resson, we analyped
temperature-dependent FTIR spectra of 1-MH-ADM, measured during
heating from 293 to 343 E, and then cooling from 343 to 203 E, in the
wavenumber range of 3600-1050 e} {pee Pige. 56 and 57 in the SM).
The representative data recorded at T = 293, 343, 263 and 203 K are
thown in Fig. 4. Moreover, to better wvirmalize the temperapore-
dependent evolution of the vibrational spectra, the plot of selected
peak pogitions, integrated intenzities, and FWHM valwes vz tempera-
ture, chowing the most zignificant variations of thege parameters during
heating and conling were presented in Fige. 50 and 59 in the SM.

The comparizon of the PTIR data in Figs. 4, 53 and 59 revealed that
the moat prominent change: appear in fouwr wavenumber rangsa:
3500-3100, 1463-1413, 1160-1118, and 1118-1075 cm ™!, The first
region iz amociated with the vibrationz of H-bonded NH groupa. The
peaks in thiz region are red-chifted and narrower at lower temperatures
that indicates the strengthening of H-bonds (HBz) and the increase of
homogeneity of the HE strength. Next, the peak ocourring in the range of
14631413 cn™' shows the noticeable vasiations of the profile with
temparaire, connected with the dizorder of CHy unim. The bands
detected in other spectral regionsz, related to the stretching and bending
wibrations of G, CH, and CC growps, are aloo sensitive to the orienta-
tional order of ADM cheleton.
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Az illustrated in Fig. 55, vpon heating of 1-NHxr-ADM sample to
around 330 E, some anomalies in the IR spectra arice that manifes:
themaelves in the dm:n@e: of the temperature dcpmd:m::l of the p-uk
pocition, integrated intencity, and PWHM for the analyzed bands. This
clearly indicates the intramolscular reorganization of 1-NHz-ADM
molecules, which iz in agreement with DSC data. The values of the phage
trangition temperaturss were egtimated az the firct derivatives of the
temperature-functions of the given spectral parameters (Fig. 510). It can
be also noticed that IR bands located at 1450 em™' (CH, scizooring]),
1516 con~ (CN stretching: NHa. CHy and CH bending), 1146 cm™' (CN
stretching, MH; wagging, CH; wagging, CH bending, CC otretching],
1096 cm™' (CH, wagging, CHa twisting, CH bending), are chifted o
higher (1450 cm™', 1316 ex™ ') and lower (1146 cm™!, 1006 com ™)
wavenumberz, respectively. Thus, some bonds chorten, and others get
longer during heating. The chiftz in the positions of the analysed peaks
are also accompanied by a significant change in their integral intenzity
and width (Fig. 25). The broadening of the band: correrponding to the
stretching vibrations of CH (3100-2750 cm™') and CN (1160-1118
em™!) groups suggests the increaze in hydrocarbon chain conforma-
tional dizorder and mebility that occurs upon heating. Impostantly, the
peslz located 2t 3100-2750 cm~! and 14631413 e~ regions exhibit
no gplitting at 293 and 343 K, which, according to literature [37 4771,
may indicate the disorder-disorder phaze tranzition (phage [ to phase (1)
in 1-MH-ADM at arcund 331 K (Fig. 530 It can therefore be assumed
that 1-MH3-ADM forma an ODIC (PC) phase at room temperamure (phage
I1. Thiz iz in accordance with the suggestions of Bazyleva et al. [27].

A detailed analyzic of the temperature-dependencez of the spectral
parametere for the selected IR bands during cooling of 1-NHi-ADM
revealed their diccontinuous character aloo at around 277 K (Fige. 50
and Z11). In more detail, the pozition, area, and PWHM valueg of the
smisd bands showed wizible changes at T — 277 K, muggecting the
formation of another plastic phase — phage 111 It chould be noted tha:
thiz temperature io cloge to that estimated from DEC measurements for
the [l to 111 phage ranzition in 1-NH;-ADM. Moreover, 2 gradual increage
of the wavenumber for the bands ocourring in the rangs of 1115-1075,
1160-11138, and 1325-1295 cm™! was obeerved, which means the
shortening of the comremponding bond diztances at lower temperatures.
Interestingly, below 277 I, the gubde splitting of the mode located at
1450 cm™', comesponding to the CH: sciscoring, was choerved on
further cooling dowmn to 203 K. Such a feature may fingerprint the for-
mation of spatially different CHz units in the lovw-temperature phaze.
Thuaz, the changes in the CH vibrationz provide information about the
conformational mobility of the alkyl zkeleton at low tamp en. It iz
alzo oboerved that there iz a reduction in the intensity of the analyzed
bandz, az well 2z a broadening of absorption bands at 1450 and 1086
cm! on cooling, which might be due to a rearangement of the
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malecular cores, leading to a trancformation of conformational izomers.
It chould be noted that no additional anomalies in the FTIR cpecra were
cbeerved, scpecially near T = 245 K, where DEC and XRD outcomes
revealsd the additional phase trancivion - from phace [11 to phase [V. The
lack of senzitivity of FTIR band: on thiz low-temperature phaze tranci-
tion can be due to very amall differences in the oyotal lattices and
general structural srganization of molecules betvezen the phazez [11 and
IV, 2z well az disorder of CHj umits in these two phazes. Overall thereiza
mignificant similarity between the [R spactra recorded for the four phazes
of 1-WH;-ADM. In particular, the abrupt changes in the spectra during
the tamperature evolution, such as thooe vidble in 1-0H-ADM, are not
obeerved. Thiz leads uz once again to asoume that in the amine deriva-
tive of ADM we are dealing only with phase ranzitions betwesn ODICz
having different symmetry, unit cell parametern, etc. lmportantdy, a
mpectrum of the room-temperature phaze [ of 1-NH-ADM otrongly re-
sembles that of a plagtic phace 11 of 1-0H-ADM. It iz egentially vizible in
the region of stretching and bending wibrationo of CH groups of ADM
cheleton (Fig. 5). Thiz fact may additionally confirm a placticity of 1-
MH,-ADM.

The complementary Baman spectroscopy experiment was carried out
only for 1-8H;-ADM compound, at the same temperature conditions az
FTIR meagurements. The reprecentative spectra collecesd at 343, 293,
273, and 203 K, in the 3000-200 cm™ ' region, are presented in Fig. 212
in the SM. Moreover, the opecira meamured in a higher wavenumber
region, up to 3500 cm™’, for analogical temperature conditions, are
shown in Pig. 6. The data ilhwtrated in Pig 512, similarly to the FTIR
imrectigations, revealed only omall spectral variations with the tem-
perature, occurring in the lower wavenumber regiona (the highlighted
arean). Therefore, in Pig. 5135, we presented the temperature de-
pendences of the selected peals, located at around 422, 716, 957, and
1200 em™!, meamered vpon heating (from 293 to 343 ) and cocling
(from 343 to 205 K. The analysiz of thiz data enabled vz to determine
the phace tranzition temperatures, gee Fige. 513, 514 and 515 in the SM.
Eapecially, we found vizible changes in the wavenumber at around 303 K
on heating. Thic temperamre does not agree well with that observed for
the endothermic process in thermograme — 324 K. Mevertheless, it co-
incides with the oncet of calorimetric phace trancition between ODIC
phazes [ and I1, which extends over 2 wide temperatire range (please cee
Fig. 1{a]l In the case of the spactra mearured on cooling, 2 variance in
the pogition of the selected peaks waz detected at T = 281 K, very cloge
to T = 282 K of the phage [l - phace [l transition determined from the
calorimetry. Such a reqult was aloo congiztent with the outcome of FTIR
analyzia for 1-MH:-ADM. Moreover, after further cooling of the zample
from 261 to 203 E no significant variations in the Baman opectra were
noted that would suggeat the trancition between phazes Il and [V. The
mbﬂg;hiftnnfﬂ:ckamnbmﬂzathwtﬂnmtmumyhmﬂlnly
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Fig. 6. Raman spectra of 1-NHADM measured at four consecutive temperatures: 293, 343, 273, and 203 K, in the sequence indicated by numbers 1-4 in the figure,
in the F500- 2800 cm ™" region.

related to the temperature effect making the assumption of the exiztence of four various plastic phases of
Analyping the Baman spectra presented in Fig 6, one can otate that 1-MHy-ADM more relishle
there iz a zhift of the NH band to lower wavenumbers with decreazing Summarizing the FTIR and Raman spectroscopy recults, one can

temperamire, which indicates a lengthening of the NH diztance and claim that, except for the spectral region: connected to the vibrations of
weakening of the NH bond in the amine group cauzed by chortening of NH (zwetching) and CH (stretching and bending) groups, there were
the M--H and N--N intermolecolar H-bonds. Importantly, the chape of only minor wariations in the spectra ar temperatures of phase tranoitions
the NH band clightly varies with temperature. In the spectrum meagured between the different ODIC forma. In thiz context, it iz worth strescing
in the phase 11 at 273 E, the peaks at 3344 and 3301 oo™ split into two that in the case of various materials forming the ODIC smte, only wery
components (3363 and 3336 cm™ ', 2z well 2z 3299 and 3263 cm™!, emall differences between the vibrational spectra of their ODIC and
respectively). Thiz suggests a reorganization of HBa accompanying the Liquid phasez are obeerved [43,42.50]. Moreover, a zimilar scenario
tranpition from phaze [ to phaze [II Intersctingly, below 273 K, the cccure aloo for the transitions between two platic phases 2z demon-
Baman gpecira atill change upon cooling, up to the meamurement limit of strated in the cage of 1,1 2-dicarbaclosododecaboran, where isotropic or
203 E. The peaka chift to lower wavenumbers that can be azsociated with aninotropic molecular recrientation iz detected in both phazes [51].
the standard temperature effect (the strengthening of HBa). Howrewer, These findings are related to the orientational disorder of molecules in
anather finding iz more interesting. Namely, the gplitting in the NH wvi- PC phaoen which in responnible for the peak-broadening and bharring in
brations dizappears, which can be due to the formation of a new, low FTIR and Raman cpectra. Therefors, it iz not surprizing that the spectra
temperapire ODIC phase. Thiz inference coincides with the XBD dara, collacted from both experimental techniques a: diffarent PC states of 1-
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NHz-ADM thow very gimilar profilea.

5.4, Ambient and high-pressure BOE dom

After FTIR and Raman investigations, we performed ambisnt pres-
zure (p= 0.1 MPa) BDS mearurements for 1-NH;-ADM and 1-0H-ADM.
In Fig. 7{ab), dielactric losa spectra collected for the examined com-
pounds in a wide temperature range are illuztrated. Az can be seen, the
dislactric response svolves with temperamore, on both hearing and
cooling cycles. In the cazse of 1-NH;-ADM, the logz cpectra meazured on
heating from 295 o 333 K revealsd the precence of a gingle relaxation
procens, maat likely originating from the fuctwations within the amine
moiety. Intriguingly, above T = 323 K, which correcponds to the
maximum of the endothermic peak in the registered thermograma (Fig. 1
{21}, and indicates the transition from phase [ to phage [1, this loss peak iz
syotematically covered by the contribution of the de conduetivigy (DC),
connected to the trangport of ionic impuritiea. The value of the sxpo-
nent, characterizing the olope of the DG line in 1-NH3-ADM, approaches
1 ilog = f~') at higher temperatares. Nevertheless, upon cooling, at
around 250 K (oe= the lower panel in Fig. 7(a)), 2 relaxation process tha:
zhiftz to lower frequencies with decreazing temperature, can be again
obeerved in the spactra. At T= 249 K (related to the second endothermic
procens in the thermogram, see Fig. 1{al), variations in the loco specira
are too zmall to be discuzzed.

In the caze of 1-O0H-ADM, the dislactric behaviowur iz somewhat
different (ze= Fig. 7(b)). There iz no mace of a relaxation procem in the
collected ooz cpectra. Above 5363 K on heating, one can identify the DC
that dominates the dielectric responze of the zampls. Upon cooling,
there in a clear characteristic variation in the sdlope of the ¢ (f) mg-
gesting the formation of the OC phase below 347 EL
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Additionally, we have performed an in-depth analygiz of frequency
dependences of the real part of complex dislectric permittivity, e, for
both investigated compounds. Fig. 3{ab) presents the result obtained
upon cooling for 1-MH-ADM and 1-0H-ADM. In both cases, one can
oboerve rignificant changes of » at temperatures corresponding to the
phaze ranzitions. The abrupt decreaze in the real dislectric permittiviny
iz eopecially wizihle at 249 K for 1-NH-ADM and at 347 K for 1-0H-
ADM. To verify these oboervationz, we have plotted £ measured at 2
conotant frequency, f = 10° H= (the Plateau area), az a function of
temperature; pee Fiz Oic,d). It can be seen that for the amine dedivative,
¢ (f= 10° Hz) increazes with cocling down to —275 I, then it remain:
almost constant down to — 249 K, and next it decreases rapidly at the
end. A dlightly different behaviour iz observed for the hydroxy]l deriva-
tive of ADM, where ¢ (f = 10° Hz) firot increazes during cooling, a:
around 347 K it charply decreases, and subsequently remaing nearly
constant up to 325 K (Fig. 5(d)). Mote that during heating, the zituation
waz gimilar, but an abrupt increaze in ¢ occurred at around 363 K
Importanty, the changes in the dielecic permittivity of the material
the to the phase transitions are alos vizible in the insetn of Fig S(e,d),
illugtrating the derivatives de /dT as a function of temperature. Impor-
tantly, from these plot, it wan poacible to estimate directly the tem-
peratures of the phase tramsitions. A similar procedure waz alo
pesformed for the permittivity ¢ measvred =t f= 10° and 10* Hz for
both ADM derivatives (zee Fig. 316 in the 5ML We found that the
d:aramro\fr.t?',l evolution, ac well az temperatures determined from
the inflection points degignared in the main panels, at which ODIC-ODIC
anid ODIC-04C transitions oocur, are almost identical and do not depand
on the frequency. lmportantly, these characteristic temperatures were
wery gimilar o those ectimared from DSC, X¥RD, FTIR, and Raman
measurements (p]:ﬂn: ge= Table 32 in the SM). One can comment that
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Fig. 7. Representative dielsctric loss spectra meanured for 1-NH-ADM (a) and 1-0H-ADM (b) at ambient pressure, in a wids temperature range, during heating and

coling cycles.

77



P. Jesionek et al

Spevcrrochimdes Acw Pare A Moleosdor el Blomalecnlor Spectroscapy 299 (2023) 122704

- 1-adamantylamine lzabar at 0.1 MPa 1-adamantansl Isobar at 0.1 MPa
4,21 v
1 b 334 AT 0 ooy = K R —_—— B AT=4 K
a) e 225 K AT gy g™ K —_—23 K
] phase Il [ —
4. 8xig0 PG (T-E (V) phass ir.
—— praseil
1 % LTI
| B P
4 ] =
R j--m-:--m =10 --—_____L“"'--\_____ phase |
1 cowrs
ot 10 10" 10! 1w 10* 10 10° 10
Fraquency [Hz] 0 Frequansy [Ha]
3.9 et 5 ' [o® H . o [10% Mzl
<) T ohase M -Mn-mw:n;-lru‘ ) T bk
LRI e iflocien poind : it il
PG OM-RT (V) phase 3 45 imflaction poind | **"*i-**
474 * PC-OC phasetr’ .
= = % o' [105 Ha)
E LR a xH :ﬁ: a0 s '
= o gy HE .
= 3.5+ L de, bz = .P- o3
w * B "u - £ eas i
3,4 - o a5 e — 6oz muur\eﬂf:m
*w im0 A PR [T
3.3—* am phasal ahaaa it
20 0 e L vt
3.2- e e £ = 3% 30 3 M0 30
Tesmperiure [K) Temperature K]
T T v T T T T T T T T
220 240 280 80 o x a2 230 240 3D 2ED v 380

T pasatiing [H]

Tarvipmratiing [K]

Fig. 8. Frequency dependence of the real part of the complex dislectric permittivity, £, for L-NHp-ADM (a) and 1-0H-ADM (1) at ambient pressure, upon cooling. In
panels (<) and (d) temperature dependencies of £, taken at constant ‘:I"n[—I[]= Hz} are presentsd. The insets in panels (c) and (d) show the derivatives of the

experimental data given in the main panels.

begides one exception addressed eaclier, the observed amall differences
in temperamres of the phase tranzition: can be sazily amigned to the
various heating ‘cooling rates applied in these different experimental
techniques, ar well ac the temperanire calibration of the instruments.

Additionally, it iz worth emphasizing that the permittivity changes
reflecting the variation in the mobility of the szample might be a suitsble
indication of the character of the phases (cryutalline vo. plastic) in the
probed gratem. Pirst, for 1-MH>-ADM it iz well-vigible that, in contrast to
1-0H-ADM, the permittivity increases on cooling, reaching the inflac-
tion point around 280 K. Then, it clightly grows up to —245 K. Such a
pattern of behaviour suggestn the PC (II-PC (II} phaze transition at
—230 K, while 2 systematic decreace of permittivity below 245 K in-
dicater freecing owt of molecnlar mobility. Congidering the data ob-
tained from DSC measurements (2 low entropy change associated with
the trancition betwesn phases 111 and IV), 20 well a0 FTIR and XRD in-
vertigationz, one can postulate that at around 245 K, alzo a trancition
berween plactic phases occurs.

Hawing in mind the results of calorimetric, diffraction, infrared,
Raman, and ambient presmre dielectric investigationz, in the gubae-
quent stage, we have focused on characterizing the influence of
compremion on the phase ransis in both ined compoundz. All
inothermal experiments were carrisd out srarting from temperatures
abowve 323 E for 1-MH;-ADM and 353 K for 1-0H-ADM. It chould be
noted that prior to high-presoure (HP) experiments for the latter com-
pound, the zample waz first heated up above 363 Katp = 0.1 MPa. Fig. &
{2,b) shown representative dielectric spectra collected for 1-NH3-ADM
and 1-0H-ADM at izothermal conditionz, in wide prezgure ranges. Az in
the cage of ambisnt pressure data, the low spectra are dominated by the
contribution of the de-conductivity. Por 1-NH-ADM, the dlope of the DC
part (ie, the exponent value) reaches 1 at lower precsures and the
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dielectric responoe evolves with compression. 4 relaxation proceas,
originating probably from fluctnations within the amine moiety, be-
comes more proounent at some presgure. Moreover, near p = 60 MPa
anid p = 220 MPa at 291 K, there are some changes in the chape of the
loza apectra, which, dimilar to the results at p = 0.1 MPa, can be
attributed to the two PC-PC phase trancitions, designated as PC (II-PC
(111} and PC (NI-PC (IV).

For 1-0H-ADM, a dlightly different scenario was obearved during HP
BDS stodies. An illuztrated in Fig. 9(b), there i no trace of the relaxation
procesz in the losz gpectra. Only a pronounced DG part iz evident. It
thould be noted that for this compound, a strong variation in the
dielectric responze, which can be related to the PC-OC phase transition,
occure af p = 160 MPa and 371 B

Moreawver, by the analogy to the ambient pressure BDS data, we have
performed the analysio of HP frequency dependeances of the real part of
the complex dislectric permistivity, £ . Fig. 9(c,d) chow the representa-
tive data obtained for both soudied substances ar constant temperature
conditions (281 and 371 E for 1-MHg-ADM and 1-OH-ADM, recpsc-
tively). In each caze, the variations of ¢ at prescures corresponding to
the phare transitionz can be noticed. The rapid decreace of the real part
of dielectric permittivity at p = 220 MPa and p = 160 MPa for amine and
hypdroxyl derivative of ADM, respectively, resembles thooe ohaerved at
around 249 and 347 K (vee Fig. 3{ab)). Similarly to the data precented at
0.1 MPa, in Fiz. ¥ef), we have plotted + measured at constant fre-
qumJ'—]ﬂ‘s Hz, wersua presoure. Az can be geen, for 1-NHa-ADM, the
permittivity rapidly increases with compremion from p = 30 MPa up to
about p = 60 MPa Next, in the pressure range from 60 MPa to 220 MPa,
tha rice olows dovm and then, £ gharply decreazes up to p= 300 MPa In
the caze of 1-OH-ADM, a2 comewhat different behaviour can be noz=d.
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Namely, & (f = 107 Hz) dightly increares with compression from 0.1
MPa and then, from p = 160 MPa rapidly decreases wiith presoure.
Impaortanthy, in the ingets of Fig. 9(ef), we illustrated the derivarives of
the permittiviby e /dp) az a function of presure, which enabled wz a
straightforward determination of the presoure values, ar which phage
trangitions eocur. They were cdose to the inflection pointz indicated in
the main panels of Fig. 9(ef). It chould be added that zimilar analyzes
were performed for the data (¢’ and & va. f dependencies) obtained from
other isothermal measurements carried out at various presrure ranges
{details are includad in the Matericl: and methods saction and the SML.
Importantly, these expesiments aloo chowed the presence of two PC-PC
(PG (ID-PC 10, PC (I0-PC (1W)) and one PC-0C phase transitions in 1-
NHz-ADM and 1-OH-ADM, :\:zpl:ctivd_v.

To evaluate the impact of compremion on the detected phaze ran-
zitionz, in Fig. 10 {a—c) we pregented the presmure dependences of the
phaze trancition temperamres determined from the analyziz of ambient
and HP dam The plot of Trompenm (Le, which scours ar higher tem-
perature ar lowes pressure) vo. pressure for 1-MH;-ADM waz linear,
hence, it waz ftted uzing the linsar function (blue dashed line in Fig. 10
{alk In turn, to Gt the premure dependences of Tpopmopomn (1-8NHz-
ADM) and Tpoooc (1-0H-ADM), which have logarithmic character, the
Anideropon-Andersson formula [52] was applied (grean and grey dashed
linez in Pig. 1 b,cl, mzp-:cﬁv\dy}:
Tre—rogre—on = k(1 "'::—fl"]mt 1)
where ki, k; and k; are material constanm. Subsequently, from the olope
of the line in Fig. 10(a), and from the ratio k iy (k; = 247.12 and ky =
1125.54 far 1-NH,-ADM; k, = 546.59, and ky = 1797.65 far 1-OH-
ADM), we estimated the pressure coefficiant of the temperature of the
two PC-PC and the one PC-0C phave rancitions. The values obtained for
1-NH,-ADM (dTperm peqm /dp = 0.236 E/MPa and dTyomnpomy 4dp =
0.219 F/MPa) indicate that the PGII-PCII) phase rancition in this
compound iz a litle more zenzitive to compreszion than the tranzition
betwvesn PG and PCIV) phases. Moreover, dTpeo0/dp = 00193 K/
MPa for 1-OH-ADM iz clightly lower in comparison to thoos calculated
for both PG-PC ramitions in 1-NHx-ADM. It iz worth mentioning that
the walue of the dTpcoc/dr parameter for 1-OH-ADM iz, in twrm,
zignificantly higher than 0.093-0.113 E/MPa reported for another
plastic cryztal - neopensylglyool (WPG) [53]. Int=rectingly, the valuea of
dTpcan-roonn Ade, dTpomnromg Sdp, and dTpeoc/de obtained for both
examined compounds aloo significantly exceed the pressure coefficient
of the PC-glacsy cryotal (0C) trancition temperamre (dTpcoc/dpl
calculated for two PCx anhMAN [E] and anhGLU [9‘], az well az that
determined for mived PC formed by NPG and n=opentyl aloohol (NPA)
[54]: dTrcoc/ds = 0.056, 0.060, and 0.028 E/MPa for anhMAN, anh-
OLU, ag well az NPQ and NPA mixture, respectively.

A-adamanty laming

i-adamantylamine
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Additionally, we compared the changes in the volume at the phase
trangition point (4 V) for both compounds uaing the Clauzins-Clapeyron
equation [55]:

A dTpe_yeipe_on = ASAV]! (2]
where AS represents the entropy wariation during phasge tranzition (it
walues were taken from DSC measurements - the coaling cycle, Fig. 10,
The calculased AV wvers squal to 0.0250 e /g and 0.0125 cm™/g for the
PC (I1-PGC (10 and PG (HI-PCIIV) tranzitions in 1-MHo-ADM (Fig. 1002,
b1}, an well a2 0.0443 em®/g for the PC-OC transition in the hydroxyl
derivative of ADM (Fig. 10(c)). Thuz the second (PC (I-PC {IV]) phazse
trangition in 1-MH3-ADM iz accompanied by a two-fold decreare of AV
with rezpect to the frat one (PC (II}-PC (I)). Intereatingly, for 1-0H-
ADM, the variation in volume during the PC-OC phase transition iz
much greater, sven in comparizon to AV accompanying the PG (II-PC
(111} phase tranzition in 1-NH,-ADM.

Therefore, conzidering all the data, one can poctulate that all phase
trangitionz observed for 1-MH;-ADM are betwresn various ODIC otaten,
while in 1-OH-ADM the wansition betwesn PC and OC phaces occura.
Moreover, HP BDS smudies allowed un to construct a simple phaze dia-
gram for both ADM derivatives. Thiz iz especially important in the case
of 1-MH;-ADM, which iz an active substance veed to treat Parkinzon's
dizeaze and itn symptoms. Fnowledge about the presrure-evolution of
the ransition between variow ODIC phases in thiz pharmacentical may
be weful to predict sventinal phase transitions upon the tableting pro-
cezz, which requires compression and obtain formulations with well-
defined pharmacokinetic propertiea.

4. Conelusions

Lnth:mﬂgmhwp:rfnm:d DSC, XRD, FTIR, Raxman, and BDS
meazurements on two ADM derivativer: 1-NHz-ADM and 1-0H-ADM,
differing by the otrength of H-bond: due to the type of the substituent
attached o the meolecule (NHz va. OH). The main purpose waz o
examine the impact of thic variation in the molecular structore an
temperature and pressure dependences of the phaze trangitionz in both
oyutema. We have ascigned three and one characteriztic endothermic
peakz observed in thermograms of 1-MHr-ADM and 1-OH-ADM,
respectively, to the PC-PC (Le., PC (I-PC (11, PC (I0-PC (10, PC (D
PC (IV]) and PC-OC phasze tranzitionz. Three of the mentioned transi-
tionz (except for the PC (II}-PC (IV)) were reflected in varistions of the
FTIR and Raman specora. We have alvo found significant changes in the
dislectric cpecma (¢ va. f), as well 2z frequency dependencies of the
dielectric permittivity (r'\'Lﬂ, which were noticeable at temperatures
for which the characterizstic endothermic event in the DSC curves were
vizible. Importantly, HP BDS studies indicated that there are variations
of # and &, which, depending on the temperature, sccurred at two ar

1-adamantanal

a}m P {BSPC I gt lranstan b} 298] PEIMHPE (V) phasa transition C}I 388 { PC-OC phess Eaeaition
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Fig. 10. Presaumre dependences of (a,b) temperature of two plastic orystal-plastic crystal (Tpemnpemy @nd Teepmypone) phase transitions for 1-NH.-ADM, and (c)
temperature of plastic orystal-ordinary crystal (Tae o) phase transition for 1-0H-ADM. The dashed lines are fits to the data using a linzar function (panel a) or the

Andersson-Andersson equation (pansls b,c).
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one characterictic prepmures in the amine and hypdrowyl desivative of
ADM, recpectively. Additionally, the analyziz of the precsure de-
pendences of Tpopmpogm, Teommercmy for 1-NH2-ADM, and Tpeo for 1-
OH-ADM enabled uz to determine the pressure coefficients of tempera-
tures of thepe phase trancitiona, i.e., dTpomm-roomede, dTrcrmromasdp,
and dTpenc/dp. The obtained walues of —0.2 E/MPa for each cage
showed the substantial impact of the comprestion on the mentioned
trangitions. Morecwer, the comparicon of changes in the volume at the
phaze tranzition point (AV) revealed the smential differences between
tranzitions in 1-NH-ADM (AV = 0.0259 em™/g and 0.0125 em’/g,
respectively). For 1-0H-ADM, the obtained AV wvalue (00443 r_ms_."g]
waz conziderably higher sven than that determined for the PC (II-PC
(111 tranzition in 1-NH;-ADM.

We are convinced that azide from the contribution to the important
discumsgion on plagtic crystals, owr data might be waluable for the
development of improved and more concriows pharmacentical formn-
lations of 1-NH;-ADM.
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Fig. 81. XBD patterns of 1-NH3:-ADM at varions temperatures (1. 293 K_ 2. 324 K upon heating
from 293 K 3. 282 K upon cooling from 324 K 4. 245 K upen cooling from 282 K) at scattering
angle range of 5-7° (a) and 7-14° (b). Panel (c) shows the comparisen of XRD patterns at
cooling from 245 K down to 173 K.
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Fig. 51. ATE-FTIR spectrum of commercial 1-OH-ADM in the wavenumber region of (a)
3600-2500 cm™ and (b) 1800-400 e,

As illustrated in Fignre 52(a), the spectrum of the commercial 1-OH-ADM exhibits a broad
band at 3272 cm’!. assigned to the stretching vibration of hydrogen-bended OH groups. and
strong peaks in the wavenumber region 3000-2800 cm™ (2014, 2800 2848 and 2842 cm™)
related to the CH stretching wvibrations. According to the literature [1]. the deformation
vibrations of CH vnits are observed at lower wavenumber regions, between 1430 cm™ and 1100
cor’! (1474, 1368, 1352, 1344, 1335, and 1115 cm™) (Figure $2(b)). The signals at 1452 and
1417 em™ originate from the OH deformation vibrations. The stretching of the CO group is
observed at 1227 em™. The band at 1174 cm™! is connected with the CHa twist. An intense peak
at 1087 cm’ and weak signal at 1037 cm™! correspond to the CC stretching and CH twisting
vibrations. The CC stretching vibrations occur at 926, 814, 811, 776, and 722 em!. The CCC

deformation vibrations are visible in the range from 670 to 400 em™.
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Fig. 53. ATE-FTIE. spectrum of commercial 1-WH:-ADM in the wavenumber region of (a)
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As reported in the literature [2.3]. the broad and complex band located in the higher
wavenumber range. from 3700 cm™ to 3050 cm™, is assigned to the stretching vibrations of
NH bonds (Figure 53(a)). In detail, the weak absorption signal at 3663 e corresponds to the
free (non-hydrogen-bonded) NH muoieties (1, %), whereas the three peaks occurring at 3335,
3256, and 3164 cm™! are associated with the hydrogen-bonded (HB) NH units (viiZy). The
asymmetric and symmetric CH stretching vibrations of the adamantane skeleton (four
cyclohexane rings) are observed at 2899 and 2845 e, A band of medium intensity due to the
deformation (scissoring) vibration of the NH bonds of the amine (NHz) group is visible in the
range of 1700-1500 em™ (1640 em™. 1589 em™, 1553 em™) (Figure $3(b)). The CN stretching
absorption of the amine group is weak and occurs in the region 1090-1020 em™ (1041 em™l).
The peaks observed in the lower wavenumber range (below 1300 r:m'l} are mainly associated
with the CH deformation vibrations. The signal at 1450 cm™ corresponds to the CHa scissoring
vibration band. whereas the CH> wagging, rocking and twisting vibrations are noticeable in the

region 1430-715 em™ [2.3]. The CC stretching absorptions occur in the region 1260-700 cm™.
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Raman data
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corl. The spectral ranges analysed in the plots were highlighted for clarity.
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BDS data

Table 51. The ranges of pressures at which isothermal measurements for 1-WH2-ADM and 1-
OH-ADM were carried out.

93

1-NH:-ADM 1-OH-ADM
TI'[K] p-range [MPa] T'[K] p-range [MPa]
264 10-160 352 10-100
2725 20-200 357 10-140
278.5 40-220 362 10-180
285 30-285 367 10-180
201 20-300 371 10-240
295 10-295 380.5 20-300
299 10-400 383 20-330
302.5 15-440
305 10-160
307 10-440
309 30-170
317 50-200
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Table 52. Temperatures of phase transitions obtained from different experimental methods for

both ADM denvatives.
1-NHz-ADM 1-OH-ADM
Experimental method Trem-poan | Troan-poam | TRoam-rom TIrcoc

[K] [K] [K] [K]
DSsC 324 282 245 343
XED 324 282 245 343
FTIR (325-335) | (263-287) - (344-354)

Eaman 303 23 - -

EDS - 278 247 347

Crystal structure determination and analysis of an ethanol solvate of 1-NH;-ADM

The single crystals of an ethanol solvate of 1-NH:-ADM, suitable for the X-ray
measurements. were selected under the stereoscopic microscope Stemi 2000-C (Zeiss). The
measurement was performed uvsing the four-circle SuperNova Xaay diffractometer with
graphite-monochromated Mo-Ko  radiation. C‘r}'sﬁlish software [4] was used for

controlling the measurement procedure and data reduction.

The structure of the ethanol solvate of 1-WH2-ADM was solved using the SHEL XS-
2013 program and refined with the SHETXT -2019/2 program [5]. Non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen atoms were

introduced to the structure by appropriate rigid body constraints (AFDX 13, 23 or AFTX

137) with displacement parameters U,(H) = 1.204(C).

CCDC-2237036 contains supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via:

www.ccde.cam ac uk/data request/cif

The ethanol solvate of 1-WH2-ADM crystallizes in the trigonal P3cl space group with

half of the adamantylamine molecule in the asymmetric vnit cell. The hydrogen atoms from the

513

95



amine group are disordered. Also, the ethanol molecule, used as solvent. 15 disordered. The
molecular structure of the ethanol solvate of 1-NH3-ADM is presented in Figure 517, while the
crystal packing is shown in Figure 518. Table 53 contains the most important crystallographic

Fig. 517. Molecular structure of 1-WH2-ADM. Displacement ellipsoids for non-H atoms are
shown with 30% probability. 10 1-y, x-p, z; 1tr Laesy, 1o 27 0d: 1oy, -1y, =3 awe 2ok, 1ox =

BT
fasods

Fig. 518. Packing diagram of the structure of an ethanel solvate of 1-NH>-ADM.

Table 53. Crystallographic information for ethanol selvate of 1-NH2-ADM.

Empirical formula CaqH3eM,04
Formula weight 36452
Temperature | K 293(2)
Wavelength / A 0.71073
Crystal system Trigonal
Space group P3cl
Unit cell dimensions / A a=6.4335(3)

£ =25.4901(18)
Volume [ A2 913 69(11)
z 2
Density (calculated) / Mg/m? 1.325
Absorption coeffident / mm™ 0.0B8
F(000) 400
Theta range for data collection / ® | 3.197 to 26.351
Index ranges -B=h=E
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-8=k=8

312131
Reflections collected 5267
Independent reflections 628
R(int) 0.0351
Completeness to theta = 25.242° | 99.8
I %
Data [ restraints / parameters 628/0/42
Goodness-of-fit on F2 1.095
Final R indices [I>2a(1]] R1=0.0383
wR2 =0.1016
Rindices (all data) R1=0.0443
wR2 =0.1057

Largest diff. peak and hole [ eA3

0.220 and -0.180

intermolecular interactions is given in Table 54.

e

The molecules of the ethanol solvate of 1-WNH2-ADM interact with solvent molecules via

hydrogen bonds of the type N-H---H (Figure 519). The detailed characteristic of such

Fig. 519, Hydrogen bend network between molecules of ethanol sclvate of 1-NHz-ADM.

Table 54. Hydrogen bonds for ethanel solvate of 1-WH2-ADM

D-H--A diD-H) fA [ dH-&) /& [diD-a) /& =(DHA) / °
N1-H1A--093 0.89 188 2.7650(10) 169.9
N1-H1A--099 0.89 188 2.7650(10) 163.9
N1-H1A--0997 0.89 188 2.7650(10) 163.9

Symmetry operators: (1) L-x+y, 1-x, z; (@) 1, x-p, =
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ARTICLE INFO ABSTRACT

Feywond

S-aunnd ne- 1 -l s st ool

1 -ad e ety am ine

Phase transition

Plastie erpsral

Triekeriric spechnescopy
Tinve-dependent measurements

In this paper, the results of thermal, structural, and speciroscopic stadies on 3=amino-1 -adamantanal {3-NHz-1-
OH-ADM) were discussed with those recently published for L-bydroocyl and 1-amine derivatives of adamantane
(1-08-ADM, 1-NH,-ADM). Calorimetric measurements showed that the sxamined compoand, lke 1-NH-ADM,
iz characterized by multiple thermal events in the thermogram measared on heating and cooling. Purther Xoray
diffraction, Fourier4ransform infrared, and Kaman spectroscopy investigations suggested that two of them
correspand to the transition from the ordinary crystal (0] o the plastic crystal (PC) phase [ and the transition
between two PC phases (PO} and PO, while the third subtle one is rather not related to a phase transiticn.
[nterestingly, ambient pressure disleciric studies performed during beating and cooling cycles revealed changes
im the imaginary amd real parts of the complex dielsctric permittivity at temperatures close to the temperatures of
phass transitions detected by the calorimetry. Such behavior resembled that reported for 1-MHz-ADM, Finally,
isothermal time-dependent dieleciric and infrared studies, supporied by the analysis of asynchronous 20-IR
correlation spectra, indicated that the first endothermic peak, visible in the thermogram of 3-NHz1-08H-AD8
over an enormaesdy large temperature interval and related to the OC-PCT) phase transtion, similarly to the one,
assigned to the PCIRPC) transition in 1-NH-ADM, has a character of the kinelic proces. Importantly, during
the annealing of 3-8H2-1-0H-ADM at T = 328343 K, we observed a clear change in the de-conductivity as well
as intramolecular dynamics related to the vibrations of CH, NHz, and OH moieties that ocour ab d@ferent rates.

1. Introduetion Special attention in the comtext of dizsorderorder/order—dizorder

phame wansitions iz focused on Orientationally Disordersd Crysmlz

The nxturs ofphue tranzitions in dizordered materials has besn a
unique area of recearch in recent decades [1-4]. This is motivated by a
quent to determine the variations in the sygtem’s structure or intermo-
lecular interactions accompanying the phame transidone. A literamore
aurvey chows a particular concemn in systems undergoing pressure/
temperamire trancitions from a phaze with randomly distributed atoma,/
molecules to a state with a periodic pattern and long-range correlations
(disorder—order phase transition) [2,5-11]. Comsequently, bazed on
experimental ztudies and theoretical/computational medelz, it i
poagible to gain incight into the microscopic namre of there phenomena
and the unique changes in the phyzical properties of examinead systems.

(ODICz), also known az plastic crymtals (PCs), combining solid (ie,
regular crystal) and liquid-like properties [5,12]. On the one hand, in
ODICz, centerz of the mase of nearly spherical molecules are tranzla-
tionally ordered (tend oo form space groups from the higher-symmerry
:ry:tzll syatema) [5,13]. Howewver, the formation of lattice defzctz and
a lower dencity compared to the ordinary comtala (0Ca) accompanies
the dynamic orientational dizorder, az in a liquid state. Purthermore, it iz
worth mentioning thar the relaxastion dynamica and thermodynamic
properties of POz are quite similar to thooe typical for disordered glase
forming liguida [2,11,14-16].

Among the oystems forming the ODIC phases, cyclic/aromatic
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compounda, such 2z hexe-mbatituted benzenes [17,15], ortho- and mem-
carboransz ['.9:, or adamantane (ADM) [20-22] and itz derivatives
(obmined by substitating one or two hydrogen atoms by ez, halogen
atoma [22-25], an well a0 hydroxyl [26,27], cyano [2], or amine groups
[25-30]) have been intensively studied. The latter group iz especially
intersgting due to the precence of thermally/or premure ndoced OC-
ODIC/PC or ODIC-0DIC phase transitions. According to the literanure
data, the phace behavior of ADM derivatives varies according to the
subatituent. Az demonstrated, most of these substances (=.g., 1-chloroa-
damantane, l-cyancadamantane, and 1-bromoadamantane) during
heating reveal the OC-PC phaze wansition before the melting poine (at T
= 244, 293, and 310 K, respectively) [23,51]. The exception iz 1-icdoa-
damantane, where the high-temperature phase in not orientationally
dizordered [32]. One can alse mention the smadise on two ADM de-
rivatives differing in the strength of hydrogen bonda (HBz), ie., 1-ada-
mantnol (1-0H-ADM) and 1-adamansylamine (1-MH3-ADM), which
showed one OC-PC and four PC-PC ransitions (Le, PC ([-PC (10, PC
(II-PC (0D, PC (PG (IV)) in the former and the latter substance,
respectively [20]. Thun, it was indicated that the natore of the tide group
zignificantly affects the character and quantity of the phase zansitions.
Furthermore, it io worth noting that the mubstituen: pogition may in-
flnence the propertien of plactic crystalz. In this context, one can refer to
the thermodynamic and stroctural smodies on 1-0H-ADM and 2-0H-
ADM, demonctrating that the firot derivative, a1 mentionsd above, iz
characterized by the presence of one tranzsition from the OC to PC phase
at T — 360 K [29], while for the second one — three phase transitions
{two OC-OC and one OC-PC at T = 238.4, 322.3, and 389.3 K, recpec-
tively) are detected [26,27]. In both cazes, the high-temperanizre phazes
exhibited X-ray diffraction pattern characteristic for the plastic cryotala.
Similar behavior, ie, one and three phase trancitions, has been
obeerved during investigations of 1-chloroadamantane [33], (OC-PC at
T= 246 K} and Z-chloroadamantane [34] (3C-0C, OC-PC, and PC-PC, 2t
T= 2244, 240.9, and 244.0 K, respectively). It should aloo be added dhat
depending on the ubstitntion, the plactic phase can even be suppremed,
an for 1-adamantane-methanol [35] or I,-S-ﬂibmmn—aﬁhmmmn: [25].
Finally, one can mention the papers focuing on HBz in OC and PC
phazes of ADM derivatives. For example, Harvey =t al | bazed on the
regulin of speciroscopic smdies performed on 1-0H-ADM, confirmed the
precence of fres hydroxy] gronps in the high-temperatore PC phase. Thas
meanz the degres of molecular association was reduced in the ODIC
compared to the OC [36]. Moreover, other investigations on 2-methyl-2-
adamantanol indicated that the molecules of this compound in the
cryutalline atate are bounded/amociated due o the formation of srongly
H-bonded dimeric structures [37]. Howewer, the energy of H-bonds
decreagses at the OC-PC phaze trancition becauze of the low symmetry of
Z-methyl-2-adamantanc]l molscules and the sxistence of orienmrional
enoembles formed by H-bonded dimers as well 22 monomers in the PC
phaze [37].

Az can be peen, the complementary thermodymamic, strocral, and
spectroscopic studies on the ODICz e=nable inzsight into the phase
behavior ac well ag the hydrogen bond pattern of these molecular oys-
temz. In thin paper, we combined the remults of differential scanning
calorimetry (D5C), X-ray diffraction (XBDY), Pourier trancform infrared
(FTIR) spectrozcopy, Baman spectroccopy, and broadband dislectric
spectroscopy (BDE) measurements carried out on the 3-aminc-1-ada-
mantnol (3-NHz-1-0H-ADM). The cbtained dats were compared o
thooe previouoly determined for bwo other ADM derivatives: 1-NHaz-
ADM and 1-0H-ADM [22].

3, Experimental section
2 1. Material
Neat 3-NHy-1-0H-ADM (molecular weight M, = 16725 g/mol) and

1-NH,-ADM (M,, = 151.25) with purity greater than 96 % and 97 %,
respectively, were mupplisd from Sigma Aldrich, Due to the
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hygroscopicity of both investigated materialz, they were dried under
vacuum conditions before the experiments.

22 Differential scamning colorimeny (DSC)

Thermal properties of 3-NH-1-0H-ADM were examined wing a
Meztler-Toledo DSGC apparatus equipped with an H355 ceramic cenoor
with 120 thermocouples and a liquid nitrogen cooling accessory. The
instrument waz calibrated for temperature and enthalpy weing indism
and zine standards. The ample of 3-NHz-1-0H-ADM wasz placed in an
alumimim cucible (volume 40 ml) and sealed. MNext, it wan heated from
room temperamrs up to 371 K, then cooled dowm o 123 E, and heated
again to 353 K. A heating/cooling rate during the experiment waz equal
to 10 E/min.

2.3, X-ray diffracton (XRD)

Poweder X-ray diffraction (XRD) studies of 3-MH2-1-0H-ADM were
performed using a D/MAX RAPID [ diffractometer (Rigakn Denki) in
the Debye — Scherrer grometny, equipped with a rotating Ag anod=, a
graphite (002) monochromator and an image plate detector. The
wavelength of the incident beam waz 0.5608 A. The sample was probed
in a glass capillary with a diameter of 1.5 mm and 2 wall dhicknes of
0.01 mm_ The temperanire was contralled by the 500 Series Cryostream
Cooler symtem (Oxford Cryooystema].

24 Pourier transform infrared (FTIR) spectroscapy

FTIR zpectra were recorded with a Micolet iS50 cpectrometer
(Thermo Scientific) in the att=nuated total reflectance (ATR) mode uzing
the Low Temperamire Jolden Cate™ ATE accessory (Specac) with 16
ecans and a resolution of 2 cm™!. FTIR data of S-MHs-1-0H-ADM az a
function of temperatore were measured in the wavenumber range of
4000400 com ™! in three sequences: (i) upon heating from 293 to 353 K,
(ii) upon cooling from 353 to 253 K, and (ii{) upon reheating from 253 to
203 K. During the measurementz, the FTIR spectrometer waz purged
with liquid nitrogen o effectively remove water vapor and carbon di-
oxide from the instrument Time-dependent FTIR spectra were collacted
at a temperature of 348 K at 10-minute intervals during the phase
trangition process (for 1320 min; 22 h) by co-adding 16 scanz ata Zem™'
recolution. OriginPro graphing software (OriginPro, Version 2023
Originlab Corporation, Northampron, M4, USA) was used to calculate
two-dimennional infrared (20-1R) cocrelation spectra. The average
spectrum (reference) waz applied for each analyziz.

2.5. Raman spectroscopy

Faman spectza were collected on 2 DXBxi Raman spectrometer
(Thermo Fisher Scientific) equipped with an Olympus microscope with
the measurement parameters: 24 mW of the 760 nm lacer power at the
sample, 3300-50 cm™! range, full-range grating, 5 an! apeciral reco-
lutiom (FWHM), 50 pm olit, the axporure time 1 o, 10 scans. Temperature
waz controllad by a Linkam heating/cocling stage {Linkam Scientific
Instrumentz Led., Somey, UK, model THM5600) with a stabilicy of 4
0.01 E. The temperanire changes in Baman spectra were recorded in the
zame gequence ag during FTIR measurements, ie., i} from 293 to 343 K,
i) from 543 to 253 K, and i) fram 253 to 293 K with a constant rate of 4
E/min.

26. Broadband dicleceric spectroscopy (BDSH

Meazurements of the complex dielectric permittivity, (@) = ofa)

— i a) of 3-NH;-1-0H-ADM were performed uing a dislectric cpec-

trometer (Movo-Contral Alpha, Hundiangen, Germany) in the frequency
range from 107" 1o 10° Hz at atmospheric prescure. The powder zample
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waz placed between two stainlecs zteel flar electrodec of the capacitor
(diameter: 10 mm) with a 0.23 mm gap moumted on a cryoatat The
temperatures were controlled by a Quatre Syztem uzing & dry nirogen
gac cryoatat with stability better than 0.1 F. Meamrements were taben in
the following temperature rangez: 296-364 E upon heating and
364-282 K upon cooling.

Time-dependent BDG experiments for 3-NHz-1-0H-ADM were car-
ried out at T = 328, 333, 338, and 543 K, while for 1-NH-ADM at T=
308, 311, 316, and 319 K.

3. Regultz and diseussion
5.1. D&C datx

At firge, we performed calorimetric messurements to entirely char-
acterize the thermal proparties of 3-MNHx1-0H-ADM and compare them
with those previously reported for 1-NHz-ADM and 1-0H-ADM. InFig. 1
(2}, DSC curven of the examined compound, recorded on heating and
cooling {with a rate of 10 /min), are presented. Az can be seen, during
the firmt DSC scan (dark gresn line), there iz cne swong, broad endo-
thermic peak at T = 352 K in the thermogram Interestingly, the tem-
perature of thic thermal event iz bepwesn the temperamre of phase 1 (PC
(13-phaze I (PCII) ranzition in 1-MH-ADM (2t T= 324) and phage I
(0C-phase 11 (PC) tangition 1-0H-ADM (at T = 362 K. It ic worth
mentioning that in contract to 1-NHz-ADM and 1-OH-ADM, where an
additional endothermic peak at T= 453 and 493 K, associated with the
mublimation phenomenon, wan detected (zee Fig. 1 (b,e)) [29], thers iz
no ouch peak upon heating in the cace of 3-MH;-1-0H-ADM. It iz due wo
the sample flazh point at T = 333 K, which made it impoagible to carry
out DEC mearurement at high temperamires. Subsequendy, 53-MHa-1-
OH-ADM waz meazured on cooling (down to 123 K, blue line) and
heating (up to 353 E, light green line). Az chown in Fiz. 1 {a), the DEC
curve recorded on cooling chown the pregence of the two thermal
(exothermic) aventz at T= 309 and 293 K, while on heating, only one
thermal event at T = 341 K in wvizible. Such a scenario tuggests the
precence of multiple phase ransitions in thiz compound. It can also be
ztated that pome phazes are metaztabls with respect to others, empha-
sizing/indicating their monotropic character ar ambient pregoure [35].
Motably, a similar behavior vpon cooling, ie., two exothermic peaks
relared to the transitions betwesn phazes T (PCO) and ITPCOI) 2e T
= 282 K az well az Il (PG and IV (PCIIVI) at T = 245 K, wasz
observed for 1-NH3-ADM (ze= Fiz. 1 (b)). However, in thiz caze, both
thermal svent: were alzo detected during further heating (hersin, juat
one iz observed) but at dlightdy higher temperasures (at T= 248 and 255
K [28]. On the other hand, the thermograms meagured for 1-0H-ADM
revealed only one: phase I1 (PCl-phase 1 (0C) tranzition at T= 343 K
{on cooling) and T= 562 K (on heating), see Fiz. 1 {(e). Having that in
mind, further diffraction, FTIR, Raman, and dislectric studiss were
performed to verify, what iz the troe nature of thermal events observed
in DSC curves of 3-NH-1-0H-ADM.

32 XRD datn

The XRD pattern of commercial 3-NHz-1-0H-ADM at 293 K exhibits
Bragg peaka typical for the cryotalline OC phase {indicated 2z phage in
Fiz. 2 {a)). However, according to our knowladge, the cryutal atrucoure
of 3-NH,-1-OH-ATM has not yet bean recolved. On heating, around 353
F, a tranzition waz observed to phase 11, which exhibitn typical feamres
for the tranzformation from OC to PC phase. The crypotal lattice changes
towards a higher oymmetry syotem, and the diffraction maxima for
wider crattering angles are more damped than the peaks for OC. Similar
behavior was observed on heating for 1-0H-ADM and 1-NH-ADM [29],
which aloo form PC phases. On cooling of phase 11 from 363 ¥, another
phaze tranition was obeerved ar 313 K, analogoualy to 1-0H-ADM and
1-NH,-ADM (Fig. 2 (b,e)). However, contrary to 1-0H-ADM, 3-NH,-1-
OH-ADM did not revert vo the starting phase L. The syotem evolved o a
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Fig. 1. DSC thermograms obtainesd during the heating and cooling of the three
ADM derivatives: 3-NHx1-0H-ADM (a], 1-NH-ADM (b) [29], and 1-0H-ADM
[c] [29], with the rate of 10 K/min. 3-NHz=1-C8-ADM {a) was heated from 293
K te 371 K (dark green linel, then cooled down o 123 K (blue line), and
reheated b 353 K (light green line), 1-MH-ADM (b) and 1-0H-ADM (c) wers
heated from 293 K to 493 and 500 K (Mack and red lines)), respectively, then
new samples were beated from 293 o 353 K (1-NH=-ADM) or 393 K (1-0H.
ADM), then conled down to 160 K (pink line) or 123 K (orange line), and heated
again up to 353 K (burgundy line) ar 393 K (grey line). The amows indicate
temperatures af respeciive phase transitions. In the insets, the chemical struc
tures af these compounds are presented.

mpace group with lower symmety, but the wide-angle peala remained
muppressed, with an analogy to 1-MH4-ADM. Thuz, we hypothesized that
thiz may indicate the formation of another PC oystem, which was
denoted an phase MI. Thiz phace waz stable on further cooling from T=
513 K down to T = 288 K and even much below thiz T, where the zame
sequence of diffraction maxima suggested the pregence of the zame
tranolational order of molecules. However, we noted peculiar behavior
of the amplitnde of the most intense maximem around 5.7° that
decreaned with a drop in temperaturs (gee the inoet in Fig. 2 (a)) in the T-
range, where 2 cmall exothermic peak waz oboerved in the thermogram
recorded on cooling (T = 293 KL It chould alee be added that phase 1T
waz stable upon further cooling to 173 K and reheating the zample to
room temparature.
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Fig. 2. XHD patterns of the thres ADM derivatives 5MHz-1-0H-ADM (a), 1-NHz

ADM (b), and 1-0OH-ADM (c) messured at indicated temperatures (in varions

phases). Data for the two latter compounds were taken from Ref. [25]. In the case of 3-NHz-1-CH-ADM (a), the sample was heated from 293 to 353 K, then cooled
down o 288 K, and heated again up to 293 K. 1-NH=ADM (b}, and 1-OH-ATM (c) were indtially heated to 324 K and 362 K, respectively, and then coaled down ie
243 K (1-NHz-ADM) and 343 K (LOH-ADM). The inset in panel (a) presents a comparison of the amplitude of the most intense peak at around 5.7 obtained for 3

WHg-1-0H-ADM at T = 313, 288, and 293 K
5.8. FTIR and Roman deto

Subaequently, to obtain more information about the molecular
renrientation procesces relaved o the phase transitions in thin com-
pound, complementary FTIR and Raman measurementz on the com-
mercial cryetalline zamplas of 3-NH;-1-ADM-0OH have been carried ont.
We started our study by amsigning the vibrational bandz in the spectra
meazured at 293 K to the bending or ctretching of a2 opecific bond
{Pig. 51; for further information, please see the Supplementary Material,
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SM. Mext, FTIR and Baman spectra of 3-NH3-1-ADM-0H were measured
az a function of tamperature upon heating and cooling runa. Az chown in
Fig. 3 {a,b), the PTIR spectrum of room-temperature phase 1 iz typical
for moleculer in the fully orderad cryztalline phace, where the numeros
splitting of the band: ariging from the intermolecular dipolar in-
teractions betwesn molecules iz oboerved. One can see that the most
vizible zplitting ocoure for the bands located in the following wave-
rmmber regioma: —2950-2865 em™ ' (0—H swerching), —1650-1550
em™! (N—H deformation), 1400-1200 cm™! (CH, wagging) and
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Fig. 3. FTIR {a,b) and Raman (c,d) spectra of 3-NHy-1-0H-ADM measured at different temperanures in the regions of (a) 3700-2400 cm ™", {c) 3300-2400 cm ™" and
(b, d) FTIR: 1700400 (Ramam: 1700-200% con ™ *_FTIR and Raman spectra were collected during the initial heating sumples from room temperature be 353 K and 363

K, respectively, then cooling down to 288 K and reheating to 293 K.

1060-960 e " (CHa twizting, O—G stretching). It should be added thar
zimilar splitting iz noticed for the bands ocourring in the Raman spec-
trum, ie, 1335-1300 cm™', 1260-1220 cm™', 1200-1150 cm™
11551085 em™! (C—H deformation) (Fig. 3 {e,d)). Importantly, an the
temperaturs increases, both FTIR and Raman spectra strongly change:
the peaka become broader and blurred, and the band splitting dizap-
pearz, e, each doublet gradually merges into a zingle broad band. It
indicates that the highly ordered love-temperature phase I undergoes a
zolid-zolid phase transition to the orientationally dizordersed high-
temperature phase II az 353 K. Interectingly, after the lowering tem-
peranme from 353 to 313 K, dight diffsrences in FTIR and Raman
spectra (with maintained the overall profile of the analyzed bands) are
noticeable. Mamely, the shape of the complex OH/NH stretching band
cccurring in the higher frequency region (3600-3000 cm ') of the IR
specmum changes a lirtde, i=, the intencity of the lower frequency
component of thin band increages (the peak maximuom at 3153 cm_l},
while the higher frequency one decreazes relative to thoge measured ar
355 K, and the peak at ca 5330 cm ™ splits into doublet (3328 and 3521
cm™ M. Then, the CH oiretching peak at 2099 cm™! wealkly oplitz into a
triplet (29907, 2002, and 2891 em '), and the other signals located at
1590 cm~! (N—H deformarion), 1348 cm™" (CH; bending), or 1011
cm ™! (CH., bwisting) split into two components 2t 313 K (1603 and 1592
cm™': 1349 and 1357 cm™': 1015 and 1002 cm™ '), respectively, prob-
ably due to the coupling of vibration modez of molecules diffaring in the
orientational order in a unit cell {chowing random small angle rota-
tionz). Further lowering the temperature to 233 E reveals very mubtle
anomalies in FTIE or Raman specira, ie., a variation in the intenzity
ratio of the OH/MNH band components and the oplitting of the CH
itr:‘bd:li.ug band. .‘ievuﬂnﬂm, one can gtate that g:n.cra]ly, the specira
collacted around T= 288 K and much balow thic temperature regemble
the one meazured for phage 11 at 313 E, suggesting congiderable gim-
ilarity in termz of the crystal lattices, the structural organization of

moleculas, and the dizorder of CH2 units in these two phases. Thiz resule
iz fully consistent with XRD' investigations, where no change in the
rranslational order of molecules is moted around the thermal event
cbeerved at T= 293 E. Finally, it should alzo be stressed that the cooling
and reheating of the sample from 253 o 293 K aloo does not cauge
significant variations in the spectra. Thus, phase 11 iz stable after the
whole measurement course (heating/cooling cyclez), and the inital
phase 1 iz not restored.

The abowe sxperimental data indicate some gimilarity in the
behavior of 3-NHz-1-0H-ADM with that of 1-OH-ADM and 1-NHz-ADM
(Fig. 52 in the SM). At room temperature, the specia of 3-MH2-1-0H-
ADM are typical for the OC phase, which tranzforms into the PC phage
upon heating. Thiz transition iz avident from the characteriztic aplitting
of bands in phaze I, which dizappears upon the conversion to PC phase
11, indicating wariations in the sample mobility and the phase namure
(cryotalline wo. plastic) under tamperature changes (most remarkable
changes are vizible in the CH stretching band region highlighted in
Fig. 52). Such a scemario rezembles the one obeerved for 1-OH-ADM, az it
also exiztn az an ordered coyotal (3G phase 1) 2t 293 K and wansforme
into a PC phase II at elevated T. However, for thic ADM derivative, a2
reversible PC-OC phace transition iz detected upon cooling. On the other
hand, the spectra of the low-temperature phase 111 of 3-NH,-1-0H-ADM
look very gimilar to thooe of PC phase I, not the initial OC phase 1 in 1-
OH-ADM. Cenerally, abrupt changes in the spectra during temperature
reduction are not detected, suggesting the plactic nature of 3-MH4-1-0H-
ADM in phages 11 and I11. Note that nearly the spame spectral behavior
waz observed in the cage of 1-NMH;-ADM, exhibiting four PG phazea with
wery gimilar [B spectral profiles.

3.4. BDS dom

After the PTIR and Ramoan studies, we pacformed BDS measurements
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of 3-MHs-1-0H-ADM. Experimants were done at ambiant preszure in a
wide temperature range In Fig. 4, the loas spectra (frequency de-
pendences of ¢, ie, the imaginary part of the complex dislectric
permittivity, ¢ ) of the investigated compound are shown Az can be
zeen, the dielectric responce evolves with temperamre both during
heating and coaling cycles. The dat obtained during heating the zample
from 293 wo 364 K (see Fig. 4 (a)) indicate the presence of a subde
relaxation procem (originating probably from the spatio-temporal
thermal fluctuations of the —0OH group, connected 2o the hydrogen
mobility due to the dymamical character of interaction within the
dizordered phage), which becomes apparent with increazing T. Inter-
entingly, at aroumd T = 352 E, corresponding to the maximum of the
endothermic event {ralated to the 11, e, OC-PCIl) phace tranzition) in
DS thermogram (Fig. 1 (a)), thiz los: peak iz nearly entirely suppreasad
by the contribution of the de-conductivity (2 process, which can be
related to the charge ansport of ionic impurities ag well 2z proton
hopping along H bonded molecules commected via hydrooyl and amine
groupa). However, ag illugtrated in Fiz. 4 (b), during subsequent cooling,
ar around T = 516 K (clome to the temperature at which the thermal
event conmected to the II-I phase transition iz detected in the DSC
thermogram, Fig. 1 (a)), the relaxation process can be again oboerved in
the specira. It in aloo worth mentioning that at T= 204 K, which cor-
responds wo the T of the maximum of 2 subtle peak in the D5C curve, only
alight variations in dielectric loszs opectra are vizible

Subsequently, we analyzed frequency dependences of the real part of
dislectric parmittivity, £, for 3-NHx-1-OH-ADM. In Fiz. 5 (a), the results
obtained upon cooling are presentsd. Az can be seen, ¢ varies signifi-
cantly at the temperature correrponding to the framcition betwesn
phases IT and 01 (the rapid decreaze in & is particularly visible at around
T = 320 KL To verify these ohoermtions, az well ao to ectimate the
temperamure of this phase wandition directly, we have plotted &
meazured at a constant frequency, f = 10° Hz, 2z a function of tem-
perature (see Fig. 5 {b}). It can be zzen that c"[‘l'— 10° Hz) first increazes
during coaling, and at asound 320 K, it charply decreazes. Then, at T —
300 K, there iz a olight variation (drop) in ¢ va. T dependence, and
mubeequently, dislactric permittivity remaine nearly constant np to 264
K. Importantly, the changes in & of the investigated compound are alzo
vizible in Fig. 5 (e), illustrating the derivative of experimental data (ie,
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¢ meamured at f= 10° Hz) presentad versuz T.

It chould be mentioned that a similar procedure hazs been performed
for 1-MH+-ADM and 1-0H-ADM [29]. In the case of the amine dedivative,
we found that £ (F= 10° Hz) increages with cooling down to — 275 K(PC
(1PN, then it remaing almost constant up to 249 K (PCID o PC
(1W)), and, on further cooling it decreased. Mote alzo that for 1-0H-ADM,
a sharp decreaze in ¢ at the phase II (PCrphage I (OC) trancition
temperamire (Tpeor=347 K] wao detected. The phaze behavior of 3-
MH:-1-0H-ADM resembl=s that r:‘p-ua:wd for 1-NH:-ADM [29]. Howew-
er, it chould be ctresoed that in contrast to 1-NH:-ADM, evident changes
in temperature dependences of & (f = 107 Hz) are vizible only 2t one
temperamire — corresponding to the phage tranzition at T — 320 K,
which olightly exceeded that determined from the calorimesy, T = 509
. Atthe Tregion, where the second, emall thermal peak waz detected in
the thermogram measured on cooling — Fig. 1 (a), the variations in & va.
T plot are very oubde. Taking into account the outcomes of XBD and
FTIR/Raman methods, one can state thar the dielectric permitriviey
fluctuation: 2t T = 320 K (Figz. 4 and 5), which reflect dm:n@e: in the
mobility of the sample correcpond most likely to the trancitions be-
tween two PO phazes, Le., PCIFPCD in 3-NH-1-0H-ADM.

Azide from analyzing the real part of dislectric permitrivity, we aloo
plotted the de- conductivity (o) az a function of temperamre for 3-NHz-
1-0H-ADM (ze= Fiz. 59 in the S0 Note that to determine the valves of
r, dislectric data collacted during cooling cycles (Fig. 4 (b)) were ftted
uzing the Havriliak-Megami (H¥) function [33]:

As

ottt ——— (n
£y 1+ (maon)* T

efmw) =
where £ in the vacuum permittivity, T iz an angular fequency (T = 2af),
£, iz the high-frequency limit parmittivity, Ae ic the dielecmic relaxarion
strength, ryy iz the HN relaxation time, o and f are the chape parameterx
that repragent the cymmetric and asymmetric broadening of a relaxarion
peak. Importantly, o we Tplot (Fiz. 59) chowed vigible changes in the de-
conductivity values in the vicinity of the temperature of calorimetric
phace tranpition at T — 320 E. Hence, one can otate that bazed on BDS
data, we could eazily capoure the ansition between phases Il and 1.
Unforminately, we were not able to meamire the de-condwctivity around
the T of the exothermal event at 283 K recorded in the DSC curve

b)

5 cooling [m—3tsk
10 g f— T T
104 AT=2 K

10°

ITRDSLN T
COED

TIREERTT EERTITT BRI BRI RETRITT AEE

1070 10°

o

10° 10°
fHz]

1 0“

Fig. 4. Dieleciric spectra measured for 3-8Hy-1-0H-ADM ai ambient pressure, in a wide temperature range, during heating from 298 K o 364 K {a) and subsequent
cooling to 282 K (b Armows denote temperatures of respective phase transitions. Various phases are marked with different colors,

G
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Fig. 5. (a) Frequency dependence of the real part of the complex dielectric permittivity, €, for 3-NH,-1-08-ADM at ambient pressure upon cosling. In panel (b), the
temperature dependence of ¢, taken at consant f (= 107 Hz), is pressnted. Panel (<) shows the derivatives of the experimental data given in the panel (b).

meazured on cooling (Fig. 1 {a)). However, the analyziz of the temper-
amre svolution of the real part of the permittivity revealsd subtle
changes around thiz T. GComsidering the results of temperarore-
dependent XRD zmdier supported by further FTIR and Raman in-
vestigationz, it chould be stweszed that the trangitions between phases 1
and IT 2z well az 11 and 11 in 3-MH-1-0H-ADM are due to OC-PCID and
PC{IFPCII wansformations. On the other hand, the presence of a
thermal peak at T = 293 K muct be due to some variation in the ori=n-
tational disorder within the zample zince there waz 2 noticeable fluc-
tuation in the permirtivity in dielecmic investigations thar rafleces the
malecular mobility of the studied sample. Herein, it iz worth mentioning
that gubtle variations in the orientational order can sxizt withour any
change in the symmetry of the lattice (for example, in the cage of 1-Cl-
ADM, it han been chowm that changes in the asymmety of the

orientational diffusion co=fficient give rize to 2 change in the gpecific
heat [33.40])

3.5. Time-dependent BDS and FTIR datc

In the final atage of our investigationz, we conducted a zeries of
izotharmal DG meagurements at four temperamres below T= 352 K for
53-MH4-1-0H-ADM. The motivation of thape time-depandent expariments
was to gain inzight into the character of the OC-PC (1) phasze tranzition in
thiz compound (which, according to DEC data, scourn over enormoualy
large temperature intervalz, Fig. 1 (al). Mot that due to the same oce-
nario obeerved for 1-NH;-ADM (2 broad peak in the DSC curve ap T=
324 K ﬂﬂmling the PCIIFPCII) ansiton), we decided o camy out
similar experimentz at four different T below 324 E alo for this

=il s
BT

of T= 113 K|
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compound. Herein, one can mention that nearly 20 yearz ago, 2 wide
thermal peak in the DSC corve with 2 maximum at T= 363 K was re-
ported for ancther plastic crystal, caffeine [41]. Descampa =t al | baged
on the reqults of izothermal time-dependent structural smdies (atricty
time dependence of X-ray intensity of one chararterictic peak of form 1
and one of farm 1) carried out az T cloze to the maximum of thiz wery
broad thermal event, muggented the kinetic namre of the ransformation
from metagtable, undercooled form | towards form [l in thiz compound.
The came outcomes were drawn from izothermal dislectric specroscopy
measurements performed at the same T [41]. 1t wan chown that at T=
363 K, the maximum of dielectric loss peak of caffeine gradually de-
creazes with time, indicating that the rotating dipoles contribute leaz to
the polarization az the ransformation to phase Il progressez. Hence, the
anthom confirmed thar the trancivion berween phases 1 (PC) and I (0C)
at T — 363 K iz a phyuical phenomenon, which, however, hag the
character of the kinetic process. In Fig. 6 and Fig. 510 in the SM, dme
dependences of ¢ collected for 3-MH;-1-0H-ADM and 1-NH,-ADM,
respectively, at indicated T, are presented. Az illusmated in both Ggures,
zimilar to caffeine, the dielectric recponce of the examined ADM de-
rivatives evolves with the time of the experiment. Thin effect iz, how-
=ver, more noticeable in the cace of 3-NH;-1-0H-ADM. Moreower, for
thiz ADM derivative, dielectric cpectra ghift towards higher frequencies
with time which in the oppozite scenario than that observed for 1-8H;-
ADM (the chift towards luwerf, see Pig. 5100 It can alzo be noted that
the subde relaxation procesz, visible at the beginning of annealing
meazurements performed for 3-NH3-1-0H-ADM, iz gradually suppressed
by the contribution of de-conductivigy. Taking all thiz inte account, one
can suppoce that ax for caffsine, also the OC-PC(T) transition in 3-NH,-1-
OH-ADM and the PC-PCI) ransition in 1-MH-ADM have features of
the kinstic procesa.

To explore in detail the kineticz of these phaze trancformations, the
de-conductivity (7] measured vpon the annealing procedure of both
ADM derivatives waz renormalized uzsing the following equation:

- d'.ln_l —ﬂ'.[.'_l e
o (0) — ol oa)

where o () iz the value of de-conductivity at the beginning of the phaze

trangition (at phase I: OC), & (o) iz the value, which refers to the final

state (phaoe I PG}, and o (£) iz the valoe at the time, ¢ In panels (a)

and (b} of Fig. 7, log oy for both samples have been plotted vemus time.

An can be geen, the OC-PCII (3-NHz-1-0H-ADM) and PCID-PCID (1-

Soesmud of Motecedor Liqeads 413 (Z024) 135907

NHo-ADM) tranzitionz clow down with decreaning temperamrs. To
guantify thiz effect and determine the rate constant ik} for the OC-PCII
phaze transition in 3-MHz-1-0H-ADM, the exponential decay function
waz uzed:

i = mpexp|—kt) 3]

Az can be peen in the main panel of Fig_ 7 (a), Eq. (3) deccribes wary
well the presented kinetic curves (zolid grey lines), indicating the first-
order kineticz of thic phase ransition. The same fitting procedure was
aloo attempted to apply for the analyziz of isothermal data determined
for 1-MH>-ADM (cee Fig. 7 (b)) Unfortunataly, in thiz cage, Bg. (3)
turned out to be noufficient to describe the experimental data
Congidering thiz, we wtilized the Avrami equation [42]:

I—a,—erp[—kf':l (4)

where n iz the Avrami exponent (hersin, 7 = 1.6 waz obtained). Sub-
requently, the rate constant (k) determined for 3-MH.-1-0H-ADM and
1-MHy-ADM were plotted 2z a function of inverse temperamre in the
inzetz in Fig. 7 (a,b). The analyic of these dependencies using the
Arrheniug equation:

-
k—kuucp[ﬁ_j (5]

where k; iz the pre-exponential factor and R iz 2 gas constane, enabled we
to estimate the activation barrier (E;) for the respective phase transi-
tionz. [nterestingly, the value obtained for the OC-PC(I) wansition in 3-
NH.-1-0H-ADM (E, = 38 k)/maol) wan higher compared to that deter-
mined for the PCII-PC(I) mansition in 1-NH-ADM (B, = 62 kl/mol).

Additionally, to support the outcomes of izothermal dielectric
studies, we performed time-dependent ATR-FTIR meamnwements of 3-
NHg-1-OH-ADM at T= 348 E. In Fig. 5, the spectral changes of 3-NH,-1-
OH-ADM in two regions of (FTIR) 3700-2400 and 1700400 cm ™! are
precented az a function of the izothermal annealing time (22 h). They are
well vizible in Fig. 53 in the SM, which presents 2 comparison of the IR
rpectra recorded ar the begimning of the measurement and after 22 h.
Mote that we alzo calculated the diffsrence FTIR opectra by the zub-
traction of the initial spactrum from the time-dependent spectra, 2z well
az the synchronouz and asynchronous 2D-IR correlation opectra, to
identify the specific sequence of the bands during the inothermal
anmealing proces: of 3-NH-1-0H-ADM (for more details please pee
Figa. 54-30 in the 50 and the description]. It can be mentioned that the

& T=32EK
& T=333K T304 B
o TRIRE ) TOTENK
a) w343 K ey HLym | 3 AT by | © TeslnE 1-NH,-ADM
Exporsential it o T=19KE i
1.0 14 Avraml i Sariety
HES
CRUGY [m T
E.‘= Ashai il
o
Z 044
0,2 =
. . a3 X
E = B8 kl/munl E.= 61 kl'mol
0,045 R e e ] ] [ T TR T RET )
s LT[R LT [K"]
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Fig. 7. Time evohstion of the normalized de-conductivity for the measurements carried out at selected T for 3-NH = 1-0H-ADM (a) and L-NH,-ADM (b Grey and
navy blue solid lines are exponential and Avrami fits, respectively. In the inssts, the temperature dependences of the logarithm of rate constant (k) are presented. The

black selid lines dencte the Arthenius fits,
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showm with 30 min intervals for clarity.

synchronous opectrum represents the intramolecnlar interactions or
correlation of groups corresponding to spectral intenzity, whereas the
amynchronous spectrum reprecents sequential or mucceosive changes of
speciral intensities meagured at different peak positions [43-46]. Prom
the time-dependent spactroscopic measurements and the 2D correlation
analyziz of the IR spectra, it can be stted that the significant changes in
the higher wavenumber region of the spectra, observed during
ispthermal annealing, mainly occur for the CH strewching vibraton
bands (please see the 2950-2850 cm ™" range, in which the peak at 2883
em! diminishes while that of around 2903 em! intenrifies), Fig. & (a)
and Pige. 54-56. These variations are due to the tranzition from the OC
phase I to the PC phaze 1. Moreover, the intensity of the broad OH/NH
stretching band occurring in the 3600-3000 cm ™' region decreases over
time, and thin band becomer blurred. The ammchronous correlation
mapa indicate that the changes in the CH stretching vibration bands
occur fagter than those remulting from vibrations of WH/OH groups
(Fig. 55 (b)) This fact may be explained by intarmolecular interactions
involving the NH/OH groups, which decreaze the mobility of these
groupa compared to the CH groupe. Additionally, concluzions can be
deduced from the analyziz of IR spectra in the lower frequency region, in
which the deformation vibrations of NH, OH, and €H bonda are wizible
{z=e Fige. 57 and 580 More cpecifically, the intensity of the bands a:
1509 and 1649 cni~ ' changes bafore that of 1452 cm™ | indicaring that
the vibrationz of WH groups vary easlier than those of OH groups.
Another significant region ascociated with CH deformations ocoorm in
the 13301150 |:|1:|_I range. Heze, 2 combination of pozitive and nega-
tive croos peaks in evident, likely reflecting the structural disorder of CH
groupa during the phase ransformation. Thus, the presented recults
confirmed the cutcomes of inothermal BDS studies, ie., they showed the
kinetic character of the OG-PC phaze trancition in 3-MH5-1-0H-ADM.
Moreover, the analyzin of agynchronous 20 specira clearly indicated that
agide from the change in the dc-conductivity (determined from dislec-
tric investigationz), also the variation in the intramolecular dynamics of
CH, WH, and OH units iz observed during the OC-PC phaze trangition.
Importantly, there iz a notable difference in the rates of change in the
vibration of these moietiss. The fluctnations within the CH groupe are
the fagtest motions — they precede any changes in reosientations of the
polar OH and NH; umits. However, finding any correlation betwesn the
intramolecular dynamics of these characteriotic units iz very diffical:
zince they are orrictly due to the increazing orientational disorder during
the OC-PC tranzition in 3-NHs-1-0H-ADM.

4. Conelumiono

In thiz work, several sxperimental technigues: DEC, XRD, FTIR, and
Faman spectroccopy, as well az BDS, were applied to characterize
thermal and structural properties, molecular reorientation processes,
and dielectric regponse accompanying the phase ransitions in 3-NHx-1-
OH-ADM. The obtzined results were discuzsed with those publiched
recently for 1-NHz-ADM and 1-OH-ADM. Calorimetric studias revealad
multiple thermal events in the DSC curves recorded on heating and
cooling of the sxamined compovund, which resembled the scenario
cbeerved for 1-MHz-ADM. Bazed on the outcomes of stuctural mea-
mrements, an well an FTIR and Raman shndies (which indicated some
wariations in the organization of molecules), two thermal events were
azzigned to the OC-PCIL) and PCII-PCI) trancitions at T= 5352 K and T
= 309 K, respectively. In turn, the lack of vigible changes in the XRD
pattern, az well az FTIR and Baman opectra, suggested that the third
mbitle exothermal peak ar T= 293 K iz not related to the phaze trangi-
tion. Motably, the analymin of dielectric dat allowed un to suppoze that
the thermal svent a: T = 293 K could be connected to the change in the
crientational disorder. Additionally, we performed isothermal BDS and
FTIR investigatione an well ap the analyzin of the mynchronowuz and
azynchronous 20-IR correlation spectra, to get deeper inzight into the
character of the OC-PC(l) ransition in 3-NH:-1-0H-ADM, which, 2z the
PCIIFPOIN tramsition in 1-NHz-ADM, waz visible in the DSC thermo-
gram over an enormouzly large temperature interval. It was found thae
although these phace tranzitionz in both ADM derivatives are phymical
phenomena, they have kinstic character. Cur data clearly indicated that
upon the OC-PG(I) wransition in 3NHx-1-0H-ADM the de-conductivity
increazer. Moreover, this proceso in accompanied by a change in the
intramolecular dynamics related to the wibrations of CH, MH, and OH
units that eocur at diffsrent races.
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Fig. 51. FTIE. (a) and Faman (b) spectra of 3-NH:-1-OH-ADM measured at room temperature in two
frequency ranges of (left) 3700-2400 cm? and (tight) 1800-400 coat.

As shown in Fig. 51 {a), the bread and complex band observed in the higher
wavemnumber range (from 3600 cm! to 3000 em™) of the IR spectrum of the commercial 3-
NHz-1-OH-ADM is related to the stretching vibrations of H-bonded NH and OH groups. It
should be mentioned that no band at ca. 3650-3600 cm™ occurs in this spectrum. which
indicates that nearly all OH and NH groups are linked in the H-bonded clusters. The intense
peaks located between 3000 and 2800 em! (IR: 2923 2832 and 2843 u:m'l; Faman 2928 2804,
and 2850 -:m'l} correspond to the asymmetric and symmetric CH stretching vibrations of the
adamantane skeleton (four cyclohexane rings). The absorption signals at 1649 and 1591 cm™
in the IR spectrum (Raman: 1607 cm™') are assigned to the deformation (scissoring) vibrations
of NH bonds of the amine (NHz2) group (Fig. 51 (b)). The CHz scissoring, wagging, rocking,
and twisting vibrations cccur in the region 1430-T13 cm” in both IR and Raman spectra,
whereas the CC skeletal vibrations of cyclohexane derivatives of variable intensity appear as a
set of several peaks i 1055-1000, 1015-950, ~900, 570-435 eml mﬂges."i A broad band
located from 1520 to 1400 cm™ is assigned to the CH: scissoring and the OH deformation
vibrations.'~ The absorption signals at 1280 and 1235 cm™ are related to the CHa twist
vibrations. The OH in-plane deformation occurs at ca. 1260 cor. The CN stretching abscrption
of the amine group occurs at 1151 and 1103 co'l. At 1044/1039 cm™, a doublet assigned to the
CO stretching is observed. '™ The N-H out-of-plane wagging and CHi rocking vibrations are
visible at 611 em™ (Raman: 648 cm™). A strong peak at 707 em™ in the Raman spectrum is

associated with the CC stretching vibrations of adamantane skeletal
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Fig. 51. The comparison of FTIE spectra of 1-OH-ADM, 1-NH:-ADM, and 3-NH>-1-OH-ADM at
different phases in the wavenumber range of (a.c.g) 3600-2400 com™ and (b,d.f) 1700-1050 c; (ab)
the room temperature phases; (c.d) the high-temperature phases; (e f) the low-temperature phases (the
phases after cooling from high temperatures).
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Time-dependent IR spectra of 3-NH»-1-OH-ADM

Az can be seen in Figs. 53-58, the most significant variations in the higher wavemnmmber
region of the spectra of 3-NH>-1-0H-ADM, measured as a function of the isothermal annealing
time, talze place to the bands associated with the CH stretching vibrations. ie.| the peak located
atca. 2880 em™ decreases in infensity, and a second band at ca. 2804 em™ grows with isothermal
annealing. It can be correlated with the disappearance of the component related to the OC phase
I and an increase in the component assigned to PC phase II. For such types of overlapping
bands, whose intensities are changing in the cpposite direction the 2D synchronous correlation
spectrum shows a pattern consisting of two cross peaks. both of which are negative (blue areas;
Figs. 55 (a), 56 (a)). In the asynchronous correlation spectrum (Figs. 55 (b). 56 (b)), two cross-
peaks are wvisible, one of which 15 positive (red area) and the other negative (blue area),
consistent with the changes in peak intensity associated with the transformation being linked
together ome increasing and the other decreasing. The analysis of this asynchronous map
suggests that the CH stretching vibrations visible at 2894 cm™ changed before the CH
stretching vibrations detected at 2889 cm™’. We were also interested in analyzing the high-
wavenumber range associated with the stretching vibrations of OH and NH groups to recognize
whether these bonds are also sensitive to the OC-PC phase transition. As shown in Fig. 54, this
voryE band shows only small changes in subtle structure with time (the intensity of the higher
wavenumber component increases, and the lower one decreases). Moreover, the intensity of
this whole band essentially decreases during the transformation process. As a result, the cross-
peaks are weak and show only a small magnitude compared with the strong main cross-peaks
of CH stretching bands. The analysis of asynchronous correlation maps suggests that the CH
stretching wvibrations are accelerated relative to those of the NH/OH groups. Thus, the
absorption band characteristics of the last parts of the molecule (OH/NH groups) are less

sensitive to the studied phase transition than the CH group.
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Then, we furn our attention to the changes in spectral properties of the bands assigned
to the deformation vibrations of NH, OH. and CH bonds (1700-1380 cm™) as a function of time
(Fig. 57). In this region. the positive cross peaks are present (v = 1465, 1589, 1640 em™); these
represent simmltaneous changes in the peak intensities at different wavenumbers. As they
decrease in intensity, they are due to the development of the PC phase IT. Moreover, there are
alse negative cross peaks in this synchronous 2D correlation spectrum consistent with the
increase in intensity of the signal at 1452 cm™ (the region of 1400-1450 cm™) relative to the
other bands. As shown in Fig. 57 (b). the asynchronous spectrum has intense cross peaks — the
positive and other negative indicative of the intensities changing in opposite directions. In
detail, the intensity change of bands at 1589 and 1649 cm™ occurs predominantly before that at
1452 em? in the sequential order of time. Thus, the deformation vibrations of NH groups change
earlier than that of OH groups. Another interesting region where the positive and negative peaks
are observed is the 1380-1180 cm™ range, mainly related to the CH deformations (Fig. 58).
Here, a mix of positive and negative cross-peaks can be related to the structural disorder of the
CH groups during the phase transformation Accurately, the siznals at ca. 1353, 1343 13086,
1280_ 1230, and 1188 e disappear. while those at about 1348, 1332, 1262, and 1220 cm!
enhance their intensity (Fig. 54 (b)). Below 1180 cm, most peaks show the reduction of
intensity associated with the change of mobility of hydrocarbon rings due to the phase
transformation. For example, the intensity of the broad signal located at ca. 600 cmr! (the NH
out-of-plane wagging and CH: rocking vibrations). as well as the intensities of the pealrs at ca.
1150, 1100, and 940 em™ (the CO stretching, CC stretching and CH deformation vibrations),
decrease with time_ Therefore, the observed changes in the analyzed spectra may be explained
by different sensitivity of CH, OH, and NH vibrations to the short-range order of molecules,
ie. the vibrations of the CH groups in the hydrocarbon core respond stronger than that of

hydroxyl and amine groups.
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IV. Podsumowanie i wnioski

Podsumowujac, w rozprawie doktorskiej, obejmujacej cykl czterech publikacji
naukowych, przedstawiono wyniki badan, ktorych glownym celem byla doglebna
charakterystyka  wlasno$ci  termicznych,  struktury = wewnetrznej,  oddziatywan
migdzyczasteczkowych, dynamiki molekularnej, jak réwniez natury przejs¢ fazowych na
przyktadzie wybranych zasocjowanych, tworzacych wigzania wodorowe APIs i ich
pochodnych o r6znym stopniu nieuporzadkowania (tj. tikagreloru, enancjomerow flurbiprofenu
1 ich racemicznej mieszaniny, l-adamantylaminy, 1-adamantanolu, oraz 3-amino-1-
adamantanolu) w szerokim zakresie 7 1 p. Kluczowa role odegraly wysokocisnieniowe
eksperymenty dielektryczne, ktore dostarczyty informacji na temat struktury atomowej,
posrednio sity i populacji wigzan wodorowych (na podstawie ksztaltu dyspersji o oraz
parametru AV), dynamiki globalnej i1 lokalnej, jak rowniez wplywu wysokiej kompresji na

przejscia fazowe w ukladach o zblizonej budowie, tworzacych fazy PC.
Przeprowadzone przeze mnie badania wykazaty:

1) silng wrazliwo$¢ relaksacji strukturalnej (o) TICA na kompresje, co miato swe
odzwierciedlenie w wysokiej wartosci parametru d7y/dp rownemu 163 K/GPa;

2) spehienie reguty TPS (zachowanie ksztattu a-procesu TICA w réznych warunkach 7' 1
p), co wynikato z faktu niezmiennosci populacji wigzan wodorowych w podwyzszonym
ci$nieniu;

3) staly stosunek czasow relaksacji strukturalnej oraz drugorzedowej (typu S-JG) w
warunkach izochronicznych dla TICA;

4) dodatnia  warto$¢ entropii  aktywacji dla  f-relaksacji (co  sugerowato
miedzyczasteczkowg kooperatywnos$¢ tego procesu) oraz jej nieznaczny wzrost wraz z
kompresja, co powigzano z niewielkimi fluktuacjami konformacyjnymi/molekularnymi
czasteczek TICA w podwyzszonym ci$nieniu;

5) wyrazZne roéznice w organizacji molekut polaczonych wigzaniami wodorowymi migdzy
krystalicznymi probkami czystych enancjomeréw FLP (dlugie tancuchy) a ich
racematem (cykliczne dimery), ktore po stopieniu i przechtodzeniu catkowicie zanikaty,
co potwierdzily wyniki pomiaréw XRD, DSC, FTIR oraz BDS;

6) niespodziewang fluktuacje w objetosci aktywacji a-procesu (uzyskane wartosci AV,
wyniosty odpowiednio 377 i 385 cm?/mol dla R- i S-FLP oraz 337 cm?/mol dla racematu)
w warunkach wysokiego p, ktéra, w oparciu o przeprowadzone symulacje dynamiki

molekularnej, powigzano ze zmianami w lokalnym uktadzie molekularnym tych
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zwiazkow, wskazujac na wigkszg populacje niskoczasteczkowych  klastrow
supramolekularnych w S-FLP w odniesieniu do RS-FLP;

7) istnienie specyficznych i wyjatkowo silnych oddziatywan F-IT w RS-FLP i S-FLP, ktore
wptywaja na lokalne uporzadkowanie molekut (struktury rownolegte i antyréwnolegte)
w przechtodzonej fazie ciektej oraz fazie krystalicznej;

8) wystepowanie przejs¢ migdzy czterema fazami PC: PC(I)-PC(I), PC(I)-PC(III),
PC(II)-PC(IV) w 1-NH2-ADM, przejscia fazowego OC-PC w 1-OH-ADM oraz przejs$¢
OC-PC i PC(I)-PC(II) w 3-NH»2-1-OH-ADM,;

9) taka samg sekwencj¢ i1 charakter przejs¢ fazowych na drodze chtodzenia, jak 1
kompresowania w przypadku 1-NH;-ADM oraz 1-OH-ADM,;

10) charakter kinetyczny przejs¢ OC-PC(I) w 3-NH»-1-OH-ADM oraz PC(I)-PC(I) w 1-
NH:-ADM,;

11) modyfikacje dynamiki wewnatrzczasteczkowej powiagzanej z drganiami grup CH, NH: 1
OH podczas przejscia OC-PC(I) w 3-NH»>-1-OH-ADM, przy czym najszybsze fluktuacje
zachodzily w obrebie ugrupowan CH, wyprzedzajac tym samym reorientacj¢ polarnych

grup OH oraz NHo.

Warto podkresli¢, ze obserwowane zachowanie TICA (wysoka warto$§¢ parametru
dTg/dp, spehienie reguty TPS oraz izochronicznej superpozycji czasow relaksacji o 1 JG-f) w
réoznych warunkach termodynamicznych wyraznie odbiega od typowego scenariusza
obserwowanego dla innych silnie zasocjowanych uktadow molekularnych. Aby zweryfikowac,
czy T 1 p wplywaja na zmiang sity oraz populacji wigzan wodorowych, zasadne byloby
zastosowanie badan FTIR w wysokim ci$nieniu, aby lepiej zinterpretowac uzyskane wyniki
dielektryczne. Wobec ograniczen technicznych uniemozliwiajacych realizacj¢ takich
eksperymentbw w ramach niniejszej rozprawy, zastosowano podej$cie alternatywne,
polegajace na analizie PDG, ktére pozwolito czgsciowo obejs¢ powyzsze trudnosci. Nalezy
jednak wspomnie¢, ze podczas dekompresji moze dochodzi¢ do relaksacji badanego uktadu, co
w konsekwencji prowadzi do utraty istotnych informacji o jego strukturze czy dynamice
molekularnej. Dlatego dla petniejszego zrozumienia zachowania silnie zasocjowanych uktadow
oraz wpltywu organizacji przestrzennej czasteczek poprzez sie¢ wigzan wodorowych na ksztalt
a-procesu, niezwykle cenne byloby uzupetnienie w przysztosci badan BDS o eksperymenty
dyfrakcyjne lub podczerwone w warunkach wysokiej kompresji. Ponadto, z punktu widzenia
kompleksowej charakterystyki wlasciwosci fizykochemicznych pochodnych ADM, kluczowe
znaczenie miatoby takze uzyskanie monokrysztalu 1-NH2-ADM. Pozwoliloby to nie tylko na

jednoznaczne okreslenie struktury krystalicznej uktadu, ale rowniez na pogltgbiong analiz¢ oraz
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lepsze zrozumienie zalezno$ci pomiedzy organizacjg przestrzenng czasteczek a dynamika
molekularng. Niestety pomimo wielu przeprowadzonych prob, nie udato si¢ tego zrobid.
Niemniej jednak, w $wietle uzyskanych wynikéw oraz pojawiajacych si¢ pytan, planowane sg
dalsze badania w kierunku doktadniejszego poznania natury przejs¢ fazowych oraz
mechanizmow, ktoére nimi sterujg, jak rowniez dynamiki molekularnej w uktadach
plastycznych, z uwzglednieniem kolejnych pochodnych ADM, takich jak adapromina czy

memantyna.

Wyniki przedstawione w niniejszej pracy dostarczaja cennych informacji na temat
dynamiki molekularnej oraz natury przejs¢ fazowych w zasocjowanych uktadach o réznym
stopniu nieuporzgdkowania. Poruszane aspekty, takie jak zwigzek migdzy zmiang w populacji
wiazan wodorowych a ksztaltem dyspersji a, ktéry mozna $ledzi¢ poprzez badanie wtasciwosci
PDG (przyktad TICA), zaleznosci migdzy struktura wewngtrzng, oddziatywaniami i
wlasciwo$ciami fizycznymi izomeréw optycznych i ich mieszaniny (przyktad R-, S-, i RS-
FLP), jak réwniez wlasciwosci substancji tworzacych fazy orientacyjnie nieuporzadkowane
(przyktad trzech pochodnych ADM) wnosza duzy wktad do dyskusji nad amorficznymi

substancjami aktywnymi jak rowniez krysztalami plastycznymi.
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