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stanu nier- - wpp®¥gowegbnicch | at ach porp rbauc oNicaen
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szkgach/ amorfOhkmcbharakterem/ typem oddzi agyw

der Waal s a, wi Nzani e wodor oower,zy ona @& ¥ icdér gppydvzaen |
witryfikacji i ijwmd@rimiicez neri Kkloimpd etsgenp@r &t a
(T [ cippniobsiee wowanych na widmach dielektry

Szczeg- |l ndiN b aBdDa@tkngeazda svocj owlaamykphepylkchacj a wi N
wodor gwyicchh arschhi tek®obue ,zond Bnhgcmodynami czny
Zasadniczo, obegaocmo Siorktajzir awakigeedEy6 ,,1 4a]l kohol i
[ 1,5])istkpu.t kuj e wysoki mi wartoSc.i aGoi wiefntpeejr,a tkuor
ma na pak r-wnieaslé praenpcwpgpwkl Zostago t o d
zwdjaszcza nwsprgyigrBtizkesni owego temperatury
dJdpkt - ry i,efiolr enuf @§nmiaktsezryi asgiun, na Kkt -ry wywi e
wartoSci Stlan@Rac par amet r ocuemmoiUa U loniidvgon3s eny K i

gl obatnektural n@mi ma yk)oOiksatzeuSjcei si i, Ue jest ¢
dluak g azda svo ¢ j orwpg. h yykchzzy gu d gdepr6ddl K[ GB& por - wnani u
deystemwwkt -rych dominuj N ddipi2d®y W 8GiPR7) )V an
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Warto jednak wspomniel, Ue diplB8iekketgphote

[ 1,9] maj Ncych zdol nnoSi do formowania struki
stabilizowanych wi NzadiaapnN wbtotDowgmdp wscho
dlzawi Navka-nw decwsWamadmsadt o, sSsystemat ysdzruektlua cad mi
ukgad-w zasocjowanych wyra¥fnie pokazuj N, Ue
przez zmianyYateflpeSht amy. moUna okreSBA/El il oS
gdzHB @E,oznajchhdpowi erdafriagkit y wacj i przy stagej o |

Przyjmuje sifi,jdstjefinpcEtwspnyykpgéacekwlmup.i so
[ 8dynami ka mol ekul arna ukgadu j(eds$t bkdlimh aolo
ukgad-w Vvaao rddeir c zZVagadismer - w st osuni@k[68t,e2n0 ] wy n
wskazU¢ Nghieme$Slgi a tepmi cwmpwanan W wpgyw na pl
struktwrpomlej Ou pr 2.ewWa8adoa nadki edbég dldllep Nc a
Wi nkszsoySctiem van WakdrsowsEkndament al na reguga
temper atilSrndven i ewm@jer freemspgseup er pogfHPBEPn no wi Nc a
ni ezmi &saw/Yae paloaResivmk sacj i Jdtaukkuesdl aorpj (
czasu ré&)pkesazljelUni etedip&ombunf2,]]w ipSrnz yepna dak

substancji ZiasofjeswWadsipdPnzgoaynN takiego za
zmiyam rozkgadzie Umasswodek avk ssaigljie | popul ac
wodor owywdhd akngymphr, esaj Nt akUe fluktuacij. gistoS

termodynahkalcelychednak dekisper gme enpay cnmavbszzcen e
wybramké@ldor muj Ncych strukturya dn asgiedycciz ne,
wi Nzani ami [wlo8d olvds Wybmia gy odmi ¢ obh® wi Nezlyovwanice r
TPS podobnie jak w scysu eearawjied wmerc e ®dilWa a (Es a)
na ksysap®regti bar dziaelelGmymond m zagakdncepnsin
kt - re wymaga dodat kowych badacE.

Nal e Uwys poehn i talt ack t elryynsatmy ka molwklkdrmzynetani
met oBIDySW szczeg-lnoSci w c¢m&@mnikideet ahnpodeyils z w
przypadkluiasntoydth/€ anymaceut ycznych subActtamnvcej i
Phar mac éthwgtrieddAR)n@os i skgadg, te cechuj N sin wyU
swobodnej Gi bbiscahr ws gybciihd @ mws wval ciok bezpoSredni c
na ich winkszN26dzspybkodh!l wedigand3aani a/ t gamp u
samympdadlt ipnoSi Dbtygktayi ¢onNg.g- wnie APls 2z |
kl asyfikacji bi Bfi @aphacenatceauznejs, CBBE.istt iec at i
mi mo | icznych zfadremacemadpydkivaddmymh wy z wiamh em p

wysoka nitebstpbotke®ircaznmbj awi a sreksybsndll itza
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chemicznej dergz erdiaay | | zicmpoyc mamtchoda Wcly ch

r-Unych warunkachl 2t783aiadyma miacnmyechy | , Ue wir
amor ficzpgmrhowPdsch Sati mos fyenbeez mwz ghvpidgunw e n i

wysokiej kompr ensaUndNI kit -wr & oflradngm aeoeegu(t syuwchzsntyacrhc j e
aktywner otcelsli @t k ddwgprmidalawane naprfiUeni om mec!|
ci Sni-20® 5MPD) ategtanwelkdddgsmo Ul i wi aj Ncej ger
ci Spioed@bnegtoymzsiasymwi erciedl pomdezavartualkl et ko
pozwala na Kkontrol owani e/ pcrzzperwiedyimweami @ z npyrczhe
zwi Nzanych np. ze zmianaliBZ zkaohbddrviNabyagdhannyeni |,
substamcijtiakUe jej sdabirlerzandotlzcalee Mc oz wejgy n KN
skutecznoSii eepapene Estzwdl /pi 8 phareqgrof Ao k t u

tabl etce.

1. 3Krysztoagiyent acyjnie ni euporzNdkowane. E

adamant anu

Co istotne, kluczem - T e T 777 a natu
przej Sci a szklistego :;}e«\ pozn
. - oq\? . .
mechani zm- w prowadzNcy f\“‘aﬂ ni eni a
~~
. . . ciecz P g krysztal
d y nami kl mOI € k UI arn eJ C przechtodzona plastyczny as Z € S
Tradycyjne materiagy sz‘\ﬁ" yénxk WS pao
~ . . - d ‘\
wy Uej , c har akt enriyezpuojrN c‘\ﬁ:: Al e
oY e P @
dal ekozasi ngowy m: trans l l 2Nt acy |
konsekwencji znacznN i g Ori;j:jvjnebody.
oAt . #%e? |/ e
podej Si do |l epszego po¢;,":~ o _,::: zeszl
dynami ki reorientacyjne “S" krysztal sw9vwor zNc
; 4 . L. * Ve ; R
szklistN, jest raannailcizzoan X Es
NP
stopni swobody. Odpowi € il o tak

] voNP )
bada®® sN krysztagy orientacyj)]ni e nteupor zN

(angarientationalrlyys,t @bDls@RYs2 Schematyczne

powszechnijeakodk rgendel sknega g"° 2 | WY eh przej sl
szkga strukturalnne

pIastlcP(bRryysi;U?Z@adzye\A/ztggl,ma:(poprzez fazh plac
uni kal ne wf@iazS;pk(wco,rSe:m\j\/czkrysztagu upor zKdk

wyj Nt kowN pl ast y cozdmr Qitcmd maej Sme tUhnwo®Si eupor zN
dapor zNdKoiwpanregddk swagggesi i waos aadlyd oki dlau

technolwgtiym parvewmgysdgua®gpBo i s tiofiknsez, 0o Sw PC |
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t worzonych przez czNst ecpzrkaiveifee r ¥ s[zh]giti -er eg |
char akterdyyzrugmli cszinym ni eporzNdkiyemdoy itgemioacy
wyBpuwceicey pjredynoczesnym uporzN@kowaniruUht an j§
tradycyjnych mat ear i lagjo dva bsnzika izhdtyemgeat gy - do
Wy soce symetrycznych zsBeicghnns s bwmd d mmbnych
romboeyay4z nWedbrjpodkr eSei iwzglUedw@e npodoki eEst v
wgaSci woSciach htedynoamiohenk acdeasy anarnyeah ag - w
amorficzmag¢MN, kPQczowe znaczenietghhmrdyjaBbni
zgoUonwypter zNd kwkvaandyaddhodz Ncych w nipatlkepSzeéijaS
szkl iogstaggo ch mi kroskppbdbwéggpdppd8B8pdzeni a

W szczeg-lnoSci, w wielu przypadkach zast
zwi Nzk-w znajduj Ncych sin w fazie plastyczn
kryszt @adwcs@ymgailnaczej nazywanegoorsizekrjteant ioan
gl aRsyss)] 35, 4] wczas dynamika tych ukgad-w spo
co przypomina zachowanie tyPpoonweedt @l, a zmat evmio
konwencijahahareakt eryzuj N sifn wyra¥Fnylmgodchy
zachowania czas-w j(Bbdk seamjpier at iy ¢z a raa krnodz k
dysp®rejsit czhisttankpkoly wanlys eaahstas a [( KONWH 1]
gdzie wart okSsczitmpgatsullmenmezni e mn{edpsawi-odT jrei
Debyed.oChsokcai)aU przej SdR@®yJygzdwmea ewms PBhCe badze
r-dpout ywi Nzk - -w, pap.ankearmbo &R, w ajnhydrosachar
[ 42,c5y4k]l i czny [ 85 af&todhpd@liojzy +Hpeoldsda awi onych ber
[ 57,68WVar zysezNayakitner s tzrmi katnd dw & a § ynw arndi zayc h
wewnNtrzmolekxwaboaoywth&cmachnych,, wey MNami bcwzchzy

ciekawoSi i zainteresowanie Srodowiska nauko

W ost @8Bni alddatd a ma(nAlaM) i jego pochodne, ze
wgaSciwoSci strukturalne, sztywnoSi mol ekul &
polimorficzingdhiN nz empjgaurediie gr up zwi Nzk-w for
ODI/EC 5®8W | iteraturze istnieje wiele doniesi
podstawienia jednego/dw-ch at omaani ongoedilr,u w c
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przedstdwbehb W

Rezulwsaztyyspkizeprowadkzspry ymest pivpl iokowane
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P1P. Jesionek, D. Heczko, B. Hiiagpheda ur K.
studies in the supercooled and gl assy
phar maceuti cdali caggeSRaipen2DPR 3 GRBIO0=3. 8,
MNi SW=140 pkt.

PRPILl Jesi onek, B. Hachuga, K. Jurkiewicz,

E. KanVdaksikat,i on of Activation Vol ume as
Clusterizati on P h e n eBmenndoi nn g | BadSutdcaec#kii b g
Il nteractions in Enanti omer,d§. afthyan. RaBcem

1220p441@PBI2FR=2.8, MNi SW=140 pkt.

P 3PR. Jesionek, B. Hachuga, D. Heczko, T.
Ksi NUek, K. KamBttsdi esEonKameEhkaure an:c
of phase t raamamatnityn ssand med e aple dt rlocctha m.
Part A Mol . B2 @@ 0 p132 2SIpPE4e. 4 r B s ¢c MNi SW=140

P4AB. Jesi onek, B. Hachuga, M. Tarnacka, K
Comparative studies on the nature and Kk
crystHwatdseebgoennded adamantanle. dMali.2e aRPMges 4

1250910F., 3 MNi 80W=plk t .
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czNstTdcCRlinadt o, sly@dgdyl as tdoasnuyncehk @tor. Zy ma rly7d®h MP
wskgwaa] spegnienie regugy izochrani-B@&nej sup
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war tlgcBRpby gy zbli UOone dl a wwiz WgKkiwc h 2a ma IPi22)

W kolejnwmi ktowueyrnbmdkaiionodwekapamaiN:- w i
mi eszaniny raceimfcizeej u Fa®wme s b ki yicZznaikenrezsoi nee
w fazie cieczyalpeldW@dgdldazgaeki cthy apgvmi gk dw:
charakterystdgpemrnaz |pakischcjgiz i e sTZTKIsit smti eejr dg on o
nat omy a$ finpipewaude u g o regygiB b w-c WallPz2y)s.kane z dopas
funkcgdo WiNdenl ekt rycznychTga@rzajse/s trred vakmsyaaxclh i w s
)wykoe®l w 1Tarkaxljiizowano nast fip/oigeFlua cchléy @i e
Tammana (VFT,, Rdrao.Ulv3viwaR2eni e dl awkatld&god :
Tg(defiaji @f@mknt -G=eljs0C.o i srtioa nre,Uni gy sin one z
(T=263. 1, 263K, 4 oadmpaowi R&GhR&E LdH)aby gy ni ewi el e
tych oszacowanych techni kN DSC.

NastfApnym, waUnym eayaspoekno ¢ ib &(iul iz @b isdw w & v n
i zoteg)migami AMi Yy mBDStrat #Dimieéekongpd Bgy tabkg y m
r-wnieU T Twp<m(admi est cizRemsizerigemiwa i § vy, podobni
przypadkp=0baldavikeamtbed it ak Ue dw-Uchhl srted tankysna cfjai k: t
jest Ue por -wnani e znormali zoRaByicRFIwR,dm d
zarej estwotwad@wymh i P bw\@ER,zomymy ustal onej C
mak sy map med(elstuz Ju,j awni §y spegnienie regudy i :z
czas-w UebGokswnj el wapPneypadku éwasezpipmgr} wo
dIRFLPZObser wowano pogbhbedtldeeper spivewopaczo ze Wz
ws kyawaj@ amaegegyger pozycj i-cit@mpeTiP® wi otw@mi ast
dIRSFLP z uwagi na brakracibwaum -WnyzérTopa SImik a c
powy Usghyype gnRysn,a F#ag. . 3d w P2)

W dalkoz ejjnzoafixyizyskane z dopasowania do wi
warunkach izotermicznycwykr é Zlobredipwzgplyddiam o n
analizie zmodWlhckewmanego r(-BngnvaR2 NadvpRsnde a
obliczone ®&Eg. pddat aPR2i,e zostagyp ar nad sptoadvsit canw
otrzymanych zaleUno8gFdp wsgamdwvdnMPaiaos Bcone
odpowi edni o 240, RXMRSFILP24& KVi GRaRpFIgey Fhlyl. i Bor
w PWdkazywagy jednak na silnN wraUOUliwoSi rel

27



z uk gPaodn-awdyt ®’naczonanjye pPme manz2d jr Nc y

jest ptopbe¢sia oS PalEtqywRBz)j.i Co ci ek aywea,r totbIciic z
@odl a czystych enancywymieos vy b¥iihdg| ROIBEBB.0 m

Z kaogWeizyskana

dl a

por - wnagviows zac owainyecmeRdilsa, Fcw. PBdn zaskakuj N
wyni k (zwaUywszy digadpdzliba ithaaneenlwah t olsgade w)
l okal ny ukgad mol ekud badanpygh WHohgt ancij i
a) —8—R: p=0 1 MPa; T=272 K b) P R.FLP
o —0—R: p=105 MPa; T=293 5 K 300 - P i
P S: p=0.1 MPa; T=212 K » RS-FLP 7] '
i d % S: p=125 MPa; T=297 8 K a 0
y | kN 290 -] i)
3 R ——RS: p=0.1 MPa; T2212K a
g ——RS&: p=123 MPa; T=297T K vy |
" d W, ! *ﬁwzso— qd
N S g0
et esa 48225 i #
rm,‘_\;\_\:\\ 2704 \,' ’
10 :Li: 4 dT,/dp = 240 + 12 K/GPa
Y 260 | o o N o
dT,/dp = 248 + 12 K/GPa
Ty L) T Ty T oy Ty T T T T T T T T T 1
10b 100 10t 10r 108 10t 10° 10° 20 0 20 40 60 80 100 120 140 160 180 200
SHz] 30 p, [MPa]
) 30l ® ReLp o d) I rs FLP
60| o ;_iip . 210 o se
] <
—. 340 % e) 204
g 320: ® % ® ° .g Wieksza populacja klastrow
c:: ® [ ] 2 o niskiej masie czasteczkowej
5 3004 ° * ° ® @ E 151 (od dimeru do tetrameru) w S-FLP
3, R =
%ﬁ 280 " s E 10
1 o 3, -
260 o [ S 4 AV =377 £23 cm/mol I
1 «® 5
240
1 @
220 —— ] o
088 090 092 094 09 098 100 12345678 91011121314151617181920
/T rozmiar klastra
RydgPor - wnanie znormalizowanych widm di elTaft rbyiTg zsrkyoc h
dIRRSIRSFLP (a). PaneTywykir)e $Irarep swzadvdi rgkac)j izal e Onlb Si

pr oceguw diy/T ( ¢ ) .

W panel u

eszani

ny

(d

) pokazano

jak wr a0l

e @ Inimea h g j wby §

hi stogram

wodor owyiRiS wP.

zweryfi kowal tan
W pr zecshig &dRaean ypmo dssttawiieeyc ue k § K @
wyni k-w w pierwyskzaezja nloq | peldjenNok@rcalNszeainyd d oy roiw
wystfApuj NiWwo(Bicntk.e55% j icdormgd 2in Nwkehanbjfiommér we
racenrachiset ot ni ejusvi@ocziaijgmisagiohzkalddystrybu
Wpr zy pSFdkBut wi e wd Zik(smaN pozi pmipel 86 p)i k|
racemac¢Ryes ..b yFdog .i ch3 4
uk @ avatdabhUaevyrsit @iwi el k a
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(Fig. .Rawpeadgt maavy maenzyuclist yam u lwan ¢ jois k,o0 wihen owy Us z a
por - wnaRSULWaotg/Suzyskapomi aBDSv BIiSFLWyni ka
naj prawdowo dajpap @l assdjdiu kt ureycampecechnancj omer a
Aby odpowi edzi esitamawpygdniwvea N odocwod rowd miakpsizdyocwhN
kl astr - w ew acnzcyj setiyéni ce,ono energi N OWIONEJni a wc
mi nalavyo ma cz Nst ecz k@kndSSd earmnaz odvwicdhib ragR-Jwy c h
UzyshkhameB Sci - wne odpowi/mdhj obgdp wydo06Ri &Jbi o
t worzeni OHWItNZ &kmi ani ndzy dwoma mwyskdPpamiani By
dodat kowych 0 d ddizsi taageykhardly unkpwany c h obecnoSc
aromatywzhoechor macjni owe - pwagNtzeoRyehha dtLdP, dzi |
obecnoSci apgiNozfzhedgeu ScH)e njUsend dsztiwai eyrwdaznoi neo t
byl wzmocni one pr ze zY-sstpaecckyi fhilgekzoy ipsrtzoytpnaed, e kd
symul acje pokazam®y, i Bet Sccskii tnigeuy Xledweeupor zNdk
struktur r-wnoleggdgych i antyr - -wnoleggych, W
aromatyczne z atomem F sSstN wogbEghegr wamo Ina gl
Zaobserwowano, R®eLPBv Ipirczzynpiaed kwy st fipuj N oba u
czystym emreaemndcgjnomerstruktury r-wnolegge.

Dodat kowda,ymal i zofwamlc jmenafWNdgmnsi o $cif uhan
t heoDR)Istruktur yRSdiSBepo Wecwyy@mNc z ni ®-s tsa gjkai mig

zobracowanposgasctioed ekterjoznowdwzor owanym pot
el ektrosthRity.cz@Zpamw®0d h oy kpilbey NB-SeiEar akt eryzuj ¢
idealnN symetri N, co skut kujee0OD} er opwydnt z me meg

konforSBagykazuje znieksztagcenia w r ozjkejsatdzi e
er - wndyy3 1D. Energi dwoidddda §y wan@l RSB uk@ alkdk/i mo |
syst®ni eW pr SFLpBtdkiue r cdozr carko ,mdiU0t imoa e ni a sy met
strukdspriahiv Ue ukgad jest bardzi ej zdomi nowa
prowadzi do odmi ennej st r uktteugroya nkcrjyBsoteraaldi)coz n e
poni ewalU ener gtjae otd dgdra-gwnmyav@a IFna z enevgi N w
o, energia wi Nzanw ak td-i rnyecrhuo bigi snti jopwejgdd d zi agdy

zbl i Uona do energii stamewyujooSmk &dil axrzeegom. WwTlo
przechgodzofRSi&S) dkmMiammjcli | ianipiwe@ okhiast syabil
cykliczne di mery
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2.3Badania nadwonautcyrNN cii Ski ept p&@NSI f azow
wpochodnych ADM

Jakaznawzeoar. 1. 3., wk@ayC tzwo rwzNyclei dfua zn
ograniczonN | iczshfian®woew inboasldeamioadoyh nad nat u
szkl iimd elgan ipz mavaimid Nc Azamr oUeni ao dynami ki mo
podczas .Les$z2knl ewi-&h kol ejnych prac(®chPddz Ncy
bygo p anzart aprriykefj aSzyocviw t r z e ¢ h z a spoocc) hoondannyycchh A D N
iflladamant eiIN&PAIDIM) i naczej amantadynie (APl stoc
Par ki neadampant-©OnADM)3@aiini-hhaod a ma n t -& A-4-O HA D M)
substancji bAndNcej substratem do produkec
przeci wcukwW ztyycnowyemh u wykonano pomiary z wyko
oraz spektroskopii: w podcbedwat Eowp, Ramagma )
I-NH-ADM -OHADManal i zi e - wactieShnioe wo Biwyl¢ h przej Si .

Badani a kal prymetr owadeNedpAcDMd | awnli gy podc
pierwszego cyklupgoeaayd edwia 8@WeadB)re kt - rych
ten ujawniwgUNbgypdswi Nzemjyawnskikl(RynachHibg. l1a w
P3Na termogramach zarejes{ dowd®Wavpkr)kpito dtcyzma s ¢
razeapr ze@degmoaomdi BO3368eKem uni kniufvée da cgzumblgiy
sidiwa przej SwTE 2 8 f=aZx450deKg ki mr ggma r(¥Spwyni os g a
odpowil6.iBl 8% rikKo(l s u ma r¥se@ Brld iody Ja bardzo zbl i
wartosSxacowane,j] pr zlez ®Ba2z5yl8erikok ti- reyp.zasuger
uwzglafj dlciptl mlsbBtoeznosSibstancji, i 0 mogN)to byl
Co i spoditcrpemsnownonggaewdnib®P53, Kna krzywych DS
uwi doc zchwpjryo csensdyo t e recnmiocizineecyoUs zy c h t ¢Tab4ed at ur a
T=288.JKJnleki e zaobperzweg wana T3 22z 0 We goowa, ol g e r
poczNt kbwiae fagat ajawsdy swoKlz@manyygcbhach t er mi ¢ z
Ter mogramy uzyskane podcO#dADMI wy wa zaangagd om@g rcz e
jak w pilKpWpdDWMekbecdw&ipr ocesndwt eyrciTe 362 K i
T=4 9 3(R¥s ,Fi5g. 1b zw kR3)r yc h zezrj vagnii spkd wgiinkhzRardo z a s
sc tadjan imowe | ub dbtheprcj eodgrrizamah e pl @339 3  K) wykryto
przej Sciwel=34Z og8e - wn N 3 4tK,%6 wl /Mo lgmaewynlsez aj N
wartoSci uzyskandN#ADMEw- - whblpieozoe jwhii eld wi do c:
podczas ponowrnd©O©#ADNgj 2zadwaki av zh@T & DL Kk oMydlis z €
krzyDiBez ar ej esw roavasiiee ogr zewan B-NHBMWYHADM o we |
uj awolh §yno 8é& gmirio ceensdw t eergwiTx35®, Kkbyga odpowi ed
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wy Usza i ni Ustzeampwey psatzoesjaddk2ud wdkeN i-A D Mo r &=z3 6 2
KWI1OHADNMRYs, Fcg. WiprwekR4 witeyEsht wiwg bBdaakl - aw
kt -rych, |j&kyspovbapnsorrpervdy giwi Naaowezdlsaubl i n
3NH-1-OHADM mwiykrtggoj awi ska gvytne rhkpe rzatp@groynu pr - b
(T=383) ,K a tym s amywy kuoneipenmd @Ir i- wi b Pvoydlcszyakst i
chgodzaoh aer watva minaasfte R gy ot e wniFTEZNh eK2 93 K
(@nal ogi przny laNddauD MRy $Ha, Fiw. PAPSodczas ponown
ogr zewwaind @c itnyi ljgkexab pr ze| %di3el 1{RikmsaMidbgc. l1la w P4

a) NH-ADM b) LOH-ADM ¢) 3NH,1-OH-ADM
do ) endo _— .S\lblimacja
T=288 Kw 1 Sublimacja T=362K T=493K [~
. - T=458K _
= = =
z z g
= — 2 Z
g PC (I1) g o e
= Przejscia [ mi?dz?sf:;mi & T=293K PC (D)
T=282K miedzy roznymi o T
AS = 16.61 J/mol K| i e Pém T=343K OCiPC Przejscia OC-PC (I) \
7 azami AS = 34.96 Jmol K|~——_ oraz PC (I)-PC (I) TR
] : r T T v r T T =
. T : : T . : - . . .
200 250 300 350 400 450 200 250 300 350 400 450 500 150 200 250 300 350
Temp. [K] : Temp. [K] . Temp. [K]
d — chtodzenie )50 chlodzenie f) chlodzenie
s e)3 = =
) 5] . K &[0 He] o * £ [10°He] - * o (10 1]
R "M—-l L punkt przeciecia : *y** . .
3.8 x ‘ \ prejscie fazowe 454 : *"***** = ,' e
* P an-pe precécie fazowe ¢ ; k
— 37 a : ! ;
— PC-OC — kierunek
E * pre owe E 4.0 :‘E 6 pomiaruy
2 36 « POampca) s r
= > g =] =1 .
* = =
9 35 % ©ogs w5 =
- - _
344 . laemlnek kierunek - L
x pomiaru 304 pomiaru 4 sl s
1 ' - TR = r =
339 * o ~ wwmmmww
20 240 260 280 300 320 320 330 340 350 360 370 380 280 300 320 340 360
Temp. [K] Temp. [K] Temp. [K]

Ry &Ter mogramy DSC uzyskane podczas ogr zeNupAaDM
1-OHADM ( BNNH-1iOHADM (c). W panelach (d), H{fe) 5z ) T
w ci Snieniu atmosferycznym.

Abyokr e @lait luorbiis er wowiaany alrer mogr amp8h , fazow
przeprowadzoecNdRBWNK aazajey UOHADM przechodzi
wyj Sckowsejfali tcokhk@audrf ayzoydal,lh awyyk awy (NSlg mat ri
(ukgadSowenney2Takki e zachowani e, €hadapenuzi au
wsp7,4]]j est charakterysPtCPoOz oe hdgdora zbganid @2Zni K ngo O
343, Kwidoczne bygo odwrotne pr Leoj Swailkeh anyfzazy
zarejestrowane na dyfraktogramachlizwl o ongykl
do temper abs ewamoyzcphp B aD @h k d-NepADMvy kazy wa §
bardzi ej zgellowneae zasc ko vward2etwakai puoi diockl mTe |
wyst npeweaerkinadot er mi lca daeigkioa | wr y me tzrayochzsneyrcwo, wa n ¢
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przej Sci(ky fzr afkatzoyggrlam t ej fazy byg typowy dlIl a
fazydd®Pe&Wwykazuj Ncej vBytlvs N dszyomeot rziait elsNH-i U p ow
ADM wor zy i nnNI)fWa zchiz aPG e( fsaczhig € X 24d iok&2 8p2r - Kok i
wi doczne bygo kolejne przej SxHAONMharoie,joal e
przejScie do wyj Scioweajnataninle) jmk®BnidNc éjnneij
i ntensywnobBggiold kpiclbawsze ochdadzanie ujawni g
wi doczne jako niewiwT=Ral 5a Mwe el iss kiukjt uwyad tnrap
procreas ut er mog.r akKobme IlDdSdae ntelga Hy@ znaczolnbjy gjaako
zbl i Uona.Qoo ifsatzoyt TikeR, 4 S5p odnyifUreajkd oz yawngyJy na zac

ruchliwoSi molekularnN ukgadu, co <SBwlglemndvaagjo
XRD wykonane@®@NB1-OWADMWK az,a®yd353 K, z uwagi n
symetri.i uk gamdak sii m-ow g b ikeamicg j ny c h przy wy |
rozpraszani a,akngsatkii pru jREHA DiIMp r mie¢ S é¢ @ dlaa an e |
z fazy | (OC)Pdoodhaod zlaelid3uUPdy&Kdpct he by go Kk
przejScie fazowe, | @©HADM, mmased dipwiweadst wioe fha

Nowo powst agyg whdiabs 2 N1 s wiypdotadzoi biin,i ¢ ejdankdlkiv pr zy p
ADMzachowameegt ago o0s (abpkemw edyrha kaskicsyzfearyockhi m
zakresireo zipNta-sw @ wiwa § edre fj @B Qb ytjoas toadaialrn- wn o
podczas dal szelTglo7 3c hKj,odjzaekia po pleBdHECEmM ogr
wi n,cajabser wowano ni etypowe zachowani e amp |
maksipnukny f r akcyj ne.déd, wkypothd maditayawajrmize ze spadk
Tw zakresie temperatumi ew zlthymnyhmoclaZEBakI&8no g r a
Kwi do dynjiyewe & elgtizot e (Ryisc,EnSca W P4

Aby zweryfi kowal rezul taty pomi aeg - w X R
wykorzyspehit e % kilRmimanawWi dma podobnie jak w
rejestwowpkbach grzaWi pr 2y pQidikbitl dla nFeTal, . W
szczegzhaoBrwe posaeépawinaeéagpisicom hr adzrci Ngaj Ncyr
or az zani k rozszczepienia pasm zwi Nzanych
(charakegoblyatfyazy kryst aws kcazzgyewadz e p Swi d mac h a
do fPLzIM3 6KR. Odwreotznac holwaer wo wa nse aljamapr - 6 & i
349( Krzej-GC)We pPZypNHiADManal i za wiadmj ESt Rowan
podczas woz@PBewd8wi3a Knast nprmrei e3dda3c B Hud darwanniigaa , [
wyraftnewpmoizymry i a npad si(zmvoi WwNaznagncylzodor gaanmgir up N H
zaangaUowamngnhewwt Wp a,E avogbami iow\c é¢ INigag Ngy mCH
a taklhe inteosgmrersdkioSci weskip-zwl dvweej ,na 1l uk
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reorganizacij.l moi & & u g daztNe j| twesmgpbesr taa niarj 237371 KK
odpowi adaj Ncmimi ¢pzy eff Sxd inwly ki ytdymiormaCbeér inog

szczeg-| pasanwmis N oddrngaanmgir pl i CH ni er owzyskzaczzyewpaigeyn
wWT=293iTK343,ck w Swietle dahye mryljoewakarygwnt
przem8didey dwoma(f dANM awiT-IPX1I&KIdnoczeSni e, po

stwi er dnNH-ADMiak t ytewonrizeyP Qf )a?M2 93 yWa¥Ffnych r - Oni
wi dmachniFeT|lzRaob swveTr2wdddw a coo e nlhec zpar zej Sci e z f
mdei Nzal sif z niewiel ki mi zmi anami w strukt
Dodat bawani a =zpekiycoskowpwy ko nRaannea nvayagr cnzonnieg n
pochodneviy kARBgyYy |jediyhuktpmira@awiedlIrkiwe spektraln
pasma ntensywnoSi integrawnagkrzesieenpreirsak iuec N, |
Sugewatgm Ue @mmd @1jdGoi r - Uny mN HADMaonw a rPgly swe pli e
subaréanr gasit zalkaj uadhmi@ennw dynami ce .@Holkeokwliar
eksperymenty zo bwy ktoerczhynsitka nsveeik d masiNiel{fDdtwy ¢ h
ADMI|j awhniidzne rozsnazepideaich pasim2e3tKowhayal
charakterystyczne dl| &r aporeNlypawanejydfssizia O
szersze i mni e | wyratna, a«oi oMskaaywadgbemiae
orientacyjnie ni ¢WwpBie3z5N3d kko.w afoedj ¢ zf aaszagzogl §iBb1H3z e n i
K,wi doczne nrbiyegwi etlyklikeo zmi any na winamayfhi kFald jRe
ksztagtu pasma OH/ NH o rpaaz nd omyastt Wicprug kNrceygcshe ¢ d e
CH i cNHsugerowg@oi zacjn or(ifeanztaclylalindNz yxm Nest &
chjgodzeni,a alos e2rBd vdenrye by gy suonbeel ndmaiygeyhws d .
zmi er zonwy&xWw3 w3 K (Fig. 3ecw kH 4e) .c hjooddaztekno va i
Zzakr®28b6893 Kspowedowadgy i snawi Wynafth zmican pot wi
stabilnoSi fazy 111. Og - INHyl-OBADM b ivg § a py wae]
podobieE tOMADMbty T akUkegayg p OgR.J&2nina k w
przeci wi e@Est wi ewiddomat ezimi fea @&hdaiseihEYHADMby gy

bar dzzbileijddo ntey c h z ar efjaedsit r (o Rw@p)oyoriik wiokw e(j B d)a z
OHADMZasadni czo, brak wyra¥*fnych zmian na wid
sugerpdvaasgd y c z nfya zc hl aBfNaX1tOdHADMW, co przypomi nago
obser wo wamzycpzat dekr ue ¢ hl-NfHeAzD MP. C w

Podsumowapa&cgi w o uzyskane wysgekt rboasdkaodd oswy
(FTIR i), Raman ylpNaHdADuMi -OIHA DMt a koller zy mane z pom
kal orymetrycznych wBfdlo&Scidwzah apr 2zajt8lopivi am
przejScia w hydrADKWSs grmwezofesehe@tdéwgpeDBE kr zy
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I-NB-ADM -OHADM -NHB3OHADMzostagy przypisane odpow
fazowym mifndzy CcRC@E@rQd L PLYa il YPC(PIBUY)E,e|] Bci u
OGPCpi 8ej ol COQ@PICIBRC( I 1) .

Dal sze badania dynamiki mol ekul ar nej W C
wszystkich badanywyhk apzoacghyo derwwocl hu cADIM odpowi edzi
temper at umwN,c zzgmaaeainao, | ak | ekWJpdzepNHkpr - b
ADM w zal ednsbudtc d d Jhpwijedynczy proces rel aksa
gr zamaijagcywwdopoedeb@wet d gkt lwa ojpba nbi e( Girgpy7 & Hw
P3Lo isgowyl@8P3 K (odpowi adeafjeNechedjo t ea knd icraunre g -
krzywe|j DSC i przej Swspomnifpndby §6 sdet &matyy c
przykyywaez Uwk NGt omi ast posltwa § sainc hpjoordavemii ea
Wi dowz ok @IBIOWWK=2 odpowi adaj Necfeg keadpawog iegmi czn e
na termbpmgramyena widmie strat diyelmolinray g zen ybe
odpowizeidnnti eor pW eptrozwapHAKDUMM Iodpowi ed¥ diel ektry
inna n-NBADMa howi em ni eprzoacoebsbua k w envag pwai edgnoa ¢ h
podczas cyklu grzalnd, a F{wy.r &bataw riRi@aa sniaec jsac h § a «
nampotwipa wyr aFfwazamedpmmbSrei Uej 34dwa&grmozeceg Ssu e rd
fazy ZOR.ol e widma stzmaer dobétd-OHABDMzpydbzas
ogrezaniu@gd awni gy subtel nywipNmajeyaswde pjadédakiag¢ ny mi
fluktuacj ami t e(r i oc.z nANNTEIVSgR cdupp 0O andaakj sNicney m
szerokj @agiesakat egonmiac zknrezy we | DSC i p-PZe] Beiu
odpowi ed¥ obipdli ekmtald y cag& o wdpaiziggzz ¢ 0 mir egwa Fr - d g
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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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1,2x10™" 4

8x102

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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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
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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

51



Isobaric data Isothermal data

a) "o pawes oo B) s @ TS4TK: s=0E0|
a0 B p=120 MPa; 5=0.720 - w T=380 K 50510
‘h_‘ | * p=170 MPa; s=0.718 000 o
| e
- e =-10,5-
E -~ - E‘ | ‘."\-\.
& -1 kT w110 *
2 N et Ty
: = S1s] Ty
¥ LS : * v
2 42 = £az0 E S
h 12,5 *E
¥
. -
» -13.0 l‘\-._ ¥
45 40 35 30 25 20 AS 5 -+ L] 2 1 ]
18 ol 7 [8]) ol 7z [8])

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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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

Tovmloaded via 8964109 38 an March 11, 2025 at 14:21:21 {UTC).
Sz hitps: pube.acs.org'shaningguidelines for aptions on how io legifimately share published arficles.

driving force underlying local melecular arrangements of molecules in the liquid and the crystal lattice of R-, §-, and RS-ELP.

1. INTRODUCTION

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 of their refraction of plane-polarized light® or circular
dichroism.'! Mevertheless, many papers have demonstrated that
despite such strong similarity of enantiomers, they can vary
significantly in their biological, toxicological, as well as
pharmacodynamic, and pharmacokinetic properties. % *—**
One of the groups of active pharmaceutical ingredients
{APIs), where chirality seems to be an important aspect that is
systematically and theroughly studied from physical, chemical,
and pharmaceutical perspectives, are 2-arylpropionic acids, the
so-called profens.** The presence of a carboxylic moiety
capable of forming hydrogen (H)-bonds in the close vicinity of
the chiral carbon atom makes the situation very interesting since
chirality can influence spatial molecular organization, self-
assemnbly phenomenon, etc. This supposition was positively
verified by studying, e.g., the H-bond pattern in the crystalline
pure B and S-enantiomers of flurbiprofen (FLP) and the
racernic (RS) mizture. Namely, in the former systems, the chain-

© 2004 The Authors. Published by
Amarcn Chemical Soclkky

< ACS Publications

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
times, as well as diffusion of pure 5-enantiomer and RS-racemate
of ketoprofen (KTP), are very similar around the TI.M Herein,
one can also briefly refer to the studies on the chiral compound
from a different group, ie., N-acetyl-a-methylbenzylamine
(strictly RB(+) and 5(—) enanticmers, conglomerates at various
enantiomeric excesses (ee) and the racemic mixture (ee =0%)).
It was presented that also the time scales of a-relaxation (and
otherprocesses detected in BDS spectra, i.e,, Debye, , and y), as
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