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ANOTACIJA

Darba pétitas vairakas farmaceitiski aktivas vielas, kas izvélétas, pamatojoties uz to
spéju veidot daudzas sikkristaliskas polimorfas formas. Izpétita $o savienojumu kris-
talisko cietfazu daudzveidiba, veicot polimorfo formu un solvatu/hidratu iegG$anu no
dazadiem $kidinatajiem. legutas kristaliskas cietfazes raksturotas ar rentgendifrak-
tometriju, termiskas analizes metodém un dazadiem fazu stabilitates raksturo$anas
panémieniem. No pulvera rentgendifrakcijas datiem noteiktas 33 mikrokristalisku
polimorfu un saistitu solvatu struktaras. Kristalisko strukttiru optimizacijai, validaci-
jai un energijas aprékiniem pielietota dispersijas korigéta blivuma funkcionala teorija.
Kristaliskas strukttiras informacija izmantota, lai racionalizétu iegato polimorfu veido-
$anos, fazu parejas un savstarpéjo termodinamisko stabilitati.

Atslegvardi: polimorfisms, termodinamiska stabilitate, mikrokristalisks pulveris, pulve-
ra rentgendifraktometrija, struktiru noteiksSana, dispersijas korigéta blivuma funkcio-
nala teorija
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IEVADS

Daudzas organiskas vielas, tai skaita farmaceitiski aktivas cietvielas (FAV), veido
vairakas polimorfas modifikacijas (t. i., fazes ar identisku kimisko sastavu, bet atski-
rigu kristalisko strukttiru). Lai gan $is fenomens ir zinams jau vismaz 180 gadus, tiesi
pédéjas divas desmitgadés $aja joma ir novérojams butisks pétnieciskas aktivitates pie-
augums, ko virza gan fundamentala zinatnes attistiba, gan rapnieciska nepiecie$amiba.

Polimorfam formam ir iespéjama atskiriga stabilitate!, mehaniskas ipasibas® un bio-
piejamiba?, kas ir ipasi svarigi FAV. Tadéjadi svarigakie polimorfisma izpétes aspekti ir
formu atklasana, fizikali kimisko Ipasibu izpratne, struktaras raksturojums, ka ari uzti-
camas un reproducéjamas metodes izstrade katras specifiskas formas iegiSanai.

Tiecoties izprast polimorfisma paradibu, ir Joti svarigi atrast un izpétit tadas sistée-
mas, kas demonstré daudzskaitligu polimorfismu un sastav no vairakiem labi rakstu-
rotiem polimorfiem. Lai gan lielakajai dalai publicéto polimorfo sistému ir tikai divi
zinami polimorfi, savienojumi ar lielaku polimorfo formu daudzveidibu sniedz laba-
kas iespéjas izpétit polimorfisma paradibas pamata aspektus. Atklajot un raksturojot
jaunas sistémas ar lielu polimorfo formu daudzveidibu, tiek uzlabota izpratne par po-
limorfismu.

Cietvielu fazu daudzveidiba var buat Joti at$kiriga. Eksisté savienojumi, kas vei-
do tikai monomorfus®, bet ir ari vielas, kuram ir zinamas vairak neka 10 polimorfas
formas. Ja nem véra ari solvatu (t. i., fazes, kuram kristalrezgi ir $kidinataja moleku-
las) veido$anos, tad kopéjais vienas FAV veidotais fazu skaits var sasniegt pat vairak
neka 100 formas®. Paglaik lielakais publicéto polimorfo formu skaits ir savienojumam
5-metil-2-[(2-nitrofenil)amino]-3-tioféenkarbonitrils (ROY)“¢1® ar 13 strukturali
raksturotiem polimorfiem, talak seko R-enceniklina hidrogénhlorids!*!? un galuni-
sertibs!® ar 10 noteiktam kristaliskajam struktaram, tad aripriprazols'* un nikotina-
mids'® ar 9 struktaram, flufenaminskabe'® un tolfenaminskabe!”!® ar 8 struktaram.
Jauzsver, ka Kembridzas strukturalaja datubazé ir atrodams, ka savienojumi ar vairak
neka 3 strukturali raksturotiem polimorfiem ir Joti reti sastopami.

Vielas tendence veidot solvatus var ierobezot iespéju kristalizét nesolvatétas fazes,
tacu taja pasa laika ta paver iespéju desolvatacijas cela ieguit tadus jaunus polimorfus,
kurus nav iespéjams iegut ar standarta kristalizacijas metodém®®. Lai gan jaunu poli-
morfu iegGi$ana, desolvatéjot solvatus, nav nekas jauns, informacija par $adi iegitu fazu
kristaliskajam struktaram bieZi paliek nezinama, jo $is formas tiek iegtitas nevis mono-
kristalu, bet gan sikkristalisku pulveru veida. Tomeér kristaliskai struktarai ir nozimiga
loma, lai spétu izprast vielas fizikalkimiskas ipasibas, tadél struktiiras noteiksana, iz-
mantojot pulvera rentgendifrakcijas datus, veiksmigi ir pielietojama ka tuvaka alterna-
tiva monokristala rentgendifrakcijai.

Si pétijuma mérkis ir izpétit izteikti polimorfiskas farmaceitiski aktivu vielu sisté-
mas, izmantojot integrétu eksperimentalas un datormodelésanas pétisanas metodikas
pieeju, lai noteiktu $o formu veido$anas strukturalos un termodinamiskos aspektus.



Izvirziti $adi uzdevumi:

1) noteikt hifenadina hidrogénhlorida, sehifenadina hidrogénhlorida, enceniklina
hidrogénhlorida un datroléna kristalisko fazu daudzveidibu ar kristalizacijas un
cietfazu parejas eksperimentiem;

2) ar rentgendifrakcijas un termiskas analizes metodém raksturot iegutas kristalis-
kas formas;

3) noteikt iegtito nesolvatéto polimorfo formu un saistito solvatu (ja ir) struktaras
no pulvera vai monokristala rentgendifrakcijas datiem;

4) veikt vieniga molekulara savienojuma - dantroléna polimorfu kristalisko struk-
taru paredzés$anas aprékinus;

5) veikt ieguto cietfazu kristalisko strukttru analizi un kvantu kimiskos aprékinus,
racionalizéjot polimorfo formu veidosanos, stabilitati un fazu parejas.

Zinatniska novitate

Enceniklina hidrogénhlorida spéja veidot dazadas starpmolekularas mijiedarbibas,
kas nodro$ina iespéjas efektivam pakojumam pie dazada jonu novietojuma krista-
liskaja stavokli, lauj §im savienojumam veidot rekordlielu (10) pakojuma polimorfu
skaitu, kas ir unikals gadijums, jo citu literatara publicétu savienojumu augsto poli-
morfo formu daudzveidibu nodrosina tiesi konformaciju atskiribas.

Ieguto polimorfo formu stabilitates noteiksanai izmantota pieeja, apvienojot teo-
rétiskos aprékinus ar nepilnigu informaciju par stabilitati no eksperimentalajiem
datiem. Izmantojot $adu pieeju, var ieglt uzticamakus secindjumus par stabilitati
visa temperataras intervala sistémam, kuram dazadu iemeslu dél nav to iespéjams
noteikt tikai ar eksperimentalam metodém.

Darba racionalizétas polimorfo formu ra$anas iespéjas, stabilitate un fazu parejas,
izmantojot struktaras, kas noteiktas no sikkristaliskam fazém ar pulvera rentgen-
difrakciju, kas nebitu paveicams, izmantojot tradicionalas struktiiras noteiksa-
nas metodes.

Praktiska nozime

Attistita vairaku FAV polimorfo formu iegti$anas metodika, desolvatéjot solvatus,
kas apstiprinata ar teorétiskajiem aprékiniem. So metodiku iesp&jams pielietot jau-
nu stabilu, tai skaita patentéjamu, formu iegti$anai, kas Jauj lielakam skaitam farma-
cijas uznémumu razot izteikti polimorfiskus preperatus, tadéjadi paplasinot pieeju
tirgum un samazinot to cenu gala patérétajam.

Guta vispariga izpratne par polimorfo formu rasanas iemesliem, kas sekmé atru un
uzticamu jaunu formu iegG$anu un to stabilitates paredzé$anu konkrétos apstaklos.
Detalizéti raksturotas sistémas, ieskaitot stabilitates pétijumus, lauj veikt pamatota-
ku komercialas formas izvéli, tai skaita, nodrosinot garaku deriguma terminu vie-
lam, kuram tas ir ierobezots formas nestabilitates dél.
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1. PROMOCIJAS DARBA TEORETISKIE PAMATI UN
PETITAS SISTEMAS

1.1. Farmaceitiski aktivu vielu polimorfisms un ta pétisanas
metodes

Farmaceitiski aktivas cietvielas (FAV) var eksistét kristaliska vai retak amorfa sta-
vokli. Kristaliska stavokli molekulas elementarsina ir periodiski sakartotas tris dimen-
sijas, savukart amorfam vielam nav §i periodiska molekulu sakartojuma un tas ir izvie-
totas haotiski, tacu ir iespéjams lokals periodiskums dazu molekulu garuma®. Kristali
var buat veidoti no viena vai vairakiem komponentiem. Daudzkomponentu kristali
sikak iedalas solvatos/hidratos (satur $kidinataja/adens molekulas kristalrezgi stehio-
metriska vai nestehiometrika attieciba), salos (cietvielas, kas sastav no katjoniem un
anjoniem) un kokristalos (sastav no divu vai vairaku normalos apstaklos cietu vielu
neitralam molekulam). Savukart polimorfi var bt gan kristaliskas vienkomponenta,
gan ari daudzkomponentu fazes, kuram ir dazada molekulu konformacija un/vai sa-
kartojums kristaliskaja rezgi, skatit 1.1. att. Nereti sals vai kokristals veido dazadas poli-
morfas un solvatétas formas, vai amorfo fazi. Ir iegistami ari sals kokristali un pat sals
kokristalu solvati/hidrati!.

asasasasasas anananonana atccatccatcTatc”
asasasasasas nananananan carcatccatcat
asasasasasas anananonona atccatccatcTatrc”
asasasasasas nananananan catcatcatcat 6 Qeq & B
Solvats/hidrats Kokristals Sals (9,0 Q

o a@ O
S QX

aaaaaaa aaaaaaa BBBERARAA
aaaaaaa poooooo BRRRRBAB Amorta 3
aaaaaaa aaaaaaad BBBBPRRRB morfa faze
aaaaaaa DOODODODOD BBBBRRR

! |

Polimorfi

1 1 att Vispé.rigs farmaceitisku aktivu cietvielu iedalijums, kur aun ﬁ ir molekulas ar

______

Tiek uzskatits, ka vairak neka 80 % organisko savienojumu® un vismaz puse
FAV?* ir spéjigi eksistét vairak neka viena polimorfaja forma. Pie noteiktas temperata-
ras un spiediena ir tikai viens termodinamiski stabils polimorfs, kuru ir ieteicams iz-
mantot gatavaja zalu viela, tomér nereti izmanto ari metastabilus polimorfus to labakas
gkidibas vai stabila polimorfa izmantosanas aizlieguma dé]*>2.

Iz8kir divu veidu polimorfismu: sakartojuma un konformacijas. Sakartojuma poli-
morfisma, molekulas galvenokart ir konformacionali neelastigas, ka rezultata konfor-
macija ir vienada, bet to izvietojums elementarsina ir atskirigs. Konformacijas poli-
morfisma molekulas ir lokanakas un tas eksisté ka atskirigi konformeri, bet ar vienadu
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izvietojumu elementar$ana. Daudzas FAV ir konformacionali elastigas, jo tam ir iespé-
jama rotacija ap C-C, C-N un C-O saitém?”?%. Visbiezak praksé noveéro jaukta tipa
polimorfas formas, jo molekulas ar atskirigu konformaciju tiecas ari sapakoties atski-
rigi®®. Molekulu pakojums un konformacija ir atkariga no iek$molekularam un starp-
molekularam mijiedarbibam, tadam ka adenraza saites, halogénu saites, van der Valsa
mijiedarbibas, 7- mijiedarbibas u. ¢.3%3!

Polimorfas formas iespéjams iedalit, ari balstoties uz to termodinamiskajam ipa-
§ibam atkariba no ta, vai viens polimorfs var apgriezeniski parvérsties otra vai né.
Starp jebkuriem diviem polimorfiem eksisté enantiotropa vai monotropa saistiba.
Enantiotropa polimorfo formu sistéma eksisté tada abu fazu lidzsvara temperatira,
kura atrodas zem abu polimorfo formu kusanas temperataras. Lidzsvara temperati-
ra abu polimorfo formu stabilitate ir vienada. Monotropa sistéma savukart ir tad, ja
viena polimorfa forma ir stabila visa temperataras apgabala lidz pat ku$anas tempera-
tarai??. Lai noskaidrotu, vai polimorfu paris ir enantiotropi vai monotropi saistits, ir ie-
spéjams lietot ¢etrus empiriskus likumus: fazu parejas siltuma likumu, kusanas siltuma
likumu, blivuma likumu un infrasarkano likumu??, kas apraksta saistibu starp ekspe-
rimentalajiem novérojumiem un polimorfu sistémas veidu. Tiesa, praksé parasti tiek
izmantoti tikai pirmie divi likumi, jo gan blivuma, gan ari infrasarkanajam likumam
dazadu starpmolekularu mijiedarbibu dé| ir iznémumi.

1.1. tabula
Metozu pielietojums FAV cietvielu polimorfu pétijumiem??
SC-XRD PXRD IR/ ssNMR  DSC TG DVS HSM
Raman
Kristaliska struktara v v v
Molekulara struktara v
Molekulu geometrija v v v
Udenraza sai$u
mijie:darbibas v . .
Vajas mijiedarbibas v v
Cietvielu fazes v
dinamika
Termiska stabilitate v v v v v v
Mehaniska stabilitate v v v
Fazu parejas v v v v v v v
KuSanas temperattira v v
De-/hidratacija v v v v v v v
Higroskopitate v v v v
Morfologija v
Heterogéni maisijumi v v v v v v v
Jonizacijas stavokli v v v v
In situ procesu v v v

meérisana

 Nepiecie$ama advancéta metodika
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Farmaceitiski aktivu cietvielu polimorfo formu identifikacijai, raksturo$anai un
kvantificé$anai ir pieejamas daudzas analitiskas metodes un to kombinacijas, no kuram
visbiezak izmantotas ir pulvera rentgendifrakcija (PXRD), monokristalu rentgendif-
rakcija (SC-XRD), diferenciali skenéjosa kalorimetrija (DSC), termogravimetrija (TG),
termomikroskopija (HSM), molekularo svarstibu sprektroskopija (IR/ Raman), ciet-
vielu kodolmagnétiskas rezonances spektroskopija (ssNMR) un mitruma sorbcijas/de-
sorbcijas analize (DVS). Lai pilnvértigi raksturotu polimorfas formas, ir nepieciesams
izmantot vairakas metodes, jo katra no tam sniedz unikalu, bet ierobezotu informaciju
par fazi. Kopsavilkums par analitisko metozu pielietojumu polimorfo sistému pétiju-
miem redzams 1.1. tabula.

1.2. Pulvera rentgendifrakcijas izmantoSana struktiiru
noteikSanai

Kristaliskas struktiiras noteik$ana var sniegt butisku informaciju, izstradajot cietas
farmaceitiskas vielas, dodot iespéju sasaistit kristalisko struktiru ar dazadam fizikal-
kimiskajam Ipasibam, pieméram, stabilitati, biopieejamibu un dalinu morfologiju. Lai
gan monokristala rentgendifraktometrija viennozimigi ir preciza un vélama metode
struktaras noteiksanai, biezi piemeérota izméra un kvalitates monokristalus nav iespé-
jams iegtt. Pieméram, tadas farmacijas industrija izmantotas kristalisko formu iegasa-
nas metodes, ka atras metastabilas formas kristalizé$ana, solvatu/hidratu desolvatacija
vai mehanokimiska iegii$ana, rada pulverveida paraugus. Sados gadijumos arvien bie-
zak izmanto struktaras noteik$anu no pulvera difrakcijas datiem, pielietojot globalas
optimizé$anas metodes jeb struktiiras noteiksanu tiesaja telpa.

Pulvera rentgendifrakcija struktaras noteik$anu apgrutina difrakcijas informacijas
zudums, kad no tris dimensijam informaciju saspiez viena dimensija (1.2. att.). Si ie-
mesla dé] pulvera rentgendifraktogramma paradas ievérojams skaits refleksu, kas par-
klajas. Signalu parklasanas liedz iegtt precizu informaciju par refleksu pozicijam un

3-Dimensionali
| Monokristala rentgendifrakcija | difrakcijas dati

Rentgenstarojums

Ll

i

Monokristala paraugs

Detektors

Pulvera rentgendifrakcija 1-Dimensionali
| 2 L difrakcijas dati

) (Signalu parklasanas)

RentgenstarOJums

/ Detektors

Pulvera paraugs
(nejausi orientéti kristali)

Intensitéte—>

L ‘V_LU ik,
22—

1.2. att. Pulvera un monokristala rentgendifrakcijas salidzinajums®*
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intensitadu maksimumiem. Ipagi aktuali tas ir organiskiem molekulariem savienoju-
miem (ieskaitot FAV), kuriem parasti ir relativi liela elementar$tna un zema simetrija,
ka rezultata difraktogramma ir liels parklajusos refleksu skaits*.

Lai nodro$inatu, ka strukturalais modelis ir péc iespéjas pareizaks un precizaks, ir ne-
piecie$ams kristalisku paraugu (vélams, tiras fazes) iepresét kapilara un uznemt augstas
iz8kirtspéjas datus caurstarojosa rezima, kapilaru rotéjot. Kapilara rotacija samazina do-
minéjosas orientacijas ietekmi. Lai iegitu visu strukturali svarigo informaciju, eksperi-
mentalo difraktogrammu vélams uznemt plaga 20 diapazona, parasti lidz 70° vai 80°3>%,

Struktaras noteik§ana no pulvera rentgendifrakcijas datiem sevi ietver piecus vis-
parigus solus: (1) izvélétu refleksu indeksaciju, lai noteiktu kristalrezga parametrus,
telpisko grupu un asimetrisko vienibu; (2) ieglto rezga parametru un telpiskas grupas
saméro$ana ar eksperimentalo difraktogrammu, izmantojot Paulija®” vai Le Baila® me-
todi, nosakot difrakcijas ainas profila parametrus; (3) kimiski pareiza modela ievie-
toSanu kristalrezgi; (4) struktiiras noteik$anu tiesaja telpa ar globalas optimizésanas
metodém un (5) struktiras optimizé$anu ar Rietvelda metodi, lai panaktu, ka iegi-
tais strukturalais modelis maksimali atbilstu eksperimentalajiem datiem. No visiem
procesa posmiem pareiza rezgu parametru noteik$ana ir vissvarigaka, jo bez parei-
ziem rezga parametriem struktiru noteikt nav iespéjams, tapéc ieteicams izmantot
dazadu refleksu skaitu indeksésanu, ka ari pielietot dazadus indeksésanas algoritmus
(Dicvol®, N-Treor?’, Conograph*! u. c.). Elementar$ina ievietojot pareizu kimisku
modeli (kristalografiski neatkarigas molekulas, pretjonus, Gdens vai $kidinataja mole-
kulas, ko var precizét ar citam analitiskaim metodém ka NMR, ssNMR, DSC/TG u. c.),
tieSaja telpa tiek generétas daudzas kristaliskas struktiiras. Tadi globalas optimizésanas
Monte Karlo algoritmi ka simuléta dzesésana (simulated annealing) un paraléla radisa-
na (parallel tempering) kristalrezgi ievietotajam kimiskajam modelim maina poziciju,
orientaciju un konformaciju lidz iegtist labako sakritibu starp simulétajiem un ekspe-
rimentalajiem datiem. Lai uzlabotu strukturala modela precizitati, ar Rietvelda metodi
optimizé rezga parametrus, atomu pozicijas, profila un fona parametrus, izotropisko
temperatiras faktoru, ka ari 20 lepka nobides un dominéjos$as orientacijas paramet-
rus. Lai izvairitos no molekulu geometrijas izkroplojumiem, izmanto sai$u garuma un
lenka ierobezojumus. Alternativi var izmantot ari visu molekularo fragmentu (izpemot
diedralos lenkus) ka vienu nekustigu veselumu. Péc Rietvelda optimizacijas iegto kris-
talisko struktiru novérté, salidzinot simuléto difraktogrammu ar eksperimentalo, ko
vizualizé ar at$kiribu likni (melna likne 1.3. a attéla), svérto pulvera profila R fakto-
ru (Rwp), goodness of fit (x*) un citu parametru vértibam.

N
3

a) Struktdras noteiksana no
‘ pulvera rentgendifrakcijas

w2 | O o2

5 10 15 20 25 30 iszemn 45 50 55 60 65 70 (}4 &i’ ﬂ‘%
4 2

x 104

-

Intensity/ counts
et e

°

1.3. att. Shematisks attélojums precizas un validétas struktiiras noteiksanai no pulvera
rentgendifrakcijas datiem

13



Péc Rietvelda optimizacijas pielieto dispersijas korigétas blivuma funkcionala teo-
rijas (DFT-D) energijas minimizé$anu, optimizéjot geometriju un rezga parametrus
(1.3. b attéls). No iegatajiem rezultatiem ir iespéjams validét struktiras pareizibu, sa-
lidzinot atomu koordinasu vidéjo kvadratisko nobidi (RMSD) pirms un péc optimiza-
cijas. Par pareizi noteiktam struktiram uzskata tas, kuram RMSD vértibas ir zemakas
par 0,35 A%, Vairaku polimorfo formu gadijuma papildus RMSD vértibam var iegiit ari
pilnas energijas (kristalrezga + konformacijas) vértibas bez termiskas energijas ieguldi-
juma (0 K temperatara), kas lauj novértét $o polimorfo formu savstarpéjo termodina-
misko stabilitati.

1.3. Petitas sistemas

Darba ietvaros pétitas Cetras farmaceitiski aktivas vielas, kuras iegiitas no
A/S “Olainfarm” (struktarformulas ar noraditiem diedraliem lenku apziméjumiem do-
tas 1.4. attéla).

O
cl (@) T, ll+

5 >_\ T o) O
S T, HS'@J, HN\[(N%\J/ W

Y/, 2 =
0 Cl 0
3 4

1.4. att. Petito savienojumu struktiarformulas (1 - hifenadina hidrogénhlorids;
2 - sehifenadina hidrogénhlorids; 3 - enceniklina hidrogénhlorids; 4 - dantroléns)

Hifenadina (1-azabiciklo[2.2.2]oktan-3-il(difenil)metanola) hidrogénhlo-
rids (1) jeb fenkarols un sehifenadina (1-azabiciklo [2.2.2]oktan-3-il-bis(2-metilfenil)
metanola) hidrogénhlorids (2) jeb bikarféns ir farmaceitiski aktivas vielas, kas sama-
zina histamina iedarbibu, blokéjot H1 receptorus aréjos audos, ka ari aktivizé enzimu
diaminoksidazi, kas $kel endogéno histaminu, lidz ar to pazemina histamina daudzu-
mu audos***. Uzsakot pétijumus, literatira nebija pieejama nekada informacija par $o
abu hiduklidilkarbinola atvasinajumu veidotajam cietvielu formam.

Enceniklina hidrogénhlorids (3) ((R)-7-hlor-N-hinuklidin-3-il)benztiofén-2-kar-
boksamida hidrogénhlorids) ir selektivs a-7 nikotinskabes acetilholina receptoru daléjs
agonists. Tas tika izstradats Alcheimera slimibas un $izofrénijas izraisito kognitivo trau-
céjumu arsté$anai®. Par R enantioméra cietvielu formam ieprieks zinots patenta?s, kura
var atrast informaciju par tris monohidratu formam (I, II un X).
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Dantroléns (4) (1-[(E)-[5-(4-nitrofenil)furan-2-il]metilidene amino]imida-
zolidin-2,4-dions) ir muskulu relaksétajs. Tas ir vienigais specifiskais un efektivais
lidzeklis Jaundabigas hipertermijas arsté$anai, ka ari to izmanto Jaundabiga neirolep-
tiska sindroma, muskulu spasticitates (pieméram, péc insulta, paraplégijas, cerebralas
triekas vai pacientiem ar multiplo sklerozi) un saindésanas ar 3,4-metiléndioksi-N-
metilamfetaminu (ekstazi) arsté$ana®’. Uzsakot pétijumus, bija pieejama informacija
par dantroléna metanola solvata kristalisko strukttiru, kas noteikta no monokrista-
la datiem.*®
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2. EKSPERIMENTALA DALA

Fazu identifikacijai pulvera rentgendifraktogrammas uzpemtas ar iekartu Bruker
D8 Advance ar 1D pozicijas jutigo Lynxeye detektoru, izmantojot Bragg—Brentano
geometriju un Cu anoda rentgenstaru avotu. Uznemsanas rezims: 3-35° 20, atrums
0,25/0,02° (Latvijas Universitate, Latvija).

Pulvera rentgendifraktogrammas struktiras noteik$anai uzpemtas ar iekartu
Bruker D8 Discover ar 1D Lynxeye detektoru, izmantojot caurstarojo$o geometriju
un Cu anoda rentgenlampu. Uznems$anas rezims: 3 vai 4,5-70° 20, atrums 20s/0,01°
(Latvijas Universitate, Latvija).

Monokristalu rentgendifraktometri Rigaku XtaLAB Synergy-S dualflex ar
HyPix6000 detektoru un Cu vai Mo rentgenstaru avotu (Latvijas Organiskas sinté-
zes institats, Latvija) un MAR345 ar attéla plaksnes detektoru un Ag rentgenstaru
avotu (Baireitas Universitate, Vacija) izmantoti, lai noteiktu izaudzéto monokristalu
kristaliskas struktaras.

Diferenciali sken&josais kalorimetrs/termogravimetrs Mettler Toledo TGA/DSC2 iz-
mantots iegito fazu raksturo$anai un solvatos eso$a skidinataja stehiometrijas no-
teik$anai. Uznemsanas rezims: 25-320 °C, karsésanas atrums 10 °C/min, N, atmo-
sfera (Latvijas Universitate, Latvija).

Diferenciali skenéjosais kalorimetrs TA DSC 25 izmantots polimorfo formu kvalita-
tivai un kvantitativai termisko efektu noteik$anai. Uznemsanas rezims: 25-320 °C,
karsé$anas atrums 5-20 °C/min, N, atmosféra (Latvijas Universitate, Latvija).

Ultra atrs skenéjosais kalorimetrs Mettler Toledo Flash DSCI izmantots, lai atdalitu
parklajusos kusanas un sadaliS$anas procesus dantroléna polimorfiem. Uznems$anas
rezims: 25-350 °C, karsésanas atrums 2000 °C/s, N2 atmosféra (Kazanas Federala
universitate, Krievija).

Iekarta Surface Measurement Systems DVS Advantage izmantota polimorfo formu
adens tvaika un desorbcijas pétijumiem. Uznemsanas rezims: 0-95 % RM ar soli
5 % RM, 25 °C (Latvijas Universitate, Latvija).

Automatiskas kristalizacijas iekarta Technobis Crystall6 izmantota politermiskas
$kidibas noteiksanai (Latvijas Universitate, Latvija).

Polarizétas gaismas termomikroskops Leitz Laborlux 12 PolS ar Leica DFC450 ka-
meru izmantots vizualiem monokristala dehidratacijas pétijumiem (Rigas Tehniska
universitate, Latvija).

Kristalisko struktiru noteik$anai no pulvera datiem un Rietvelda optimizacijai iz-
mantotas datorprogrammas Expo2014 un Topas5, periodiskiem DFT-D aprékiniem
izmantotas datorprogrammas Quantum Espresso un Castep, bet molekulu gazes fa-
zes aprékiniem Gaussian09.



3. REZULTATI UN TO IZVERTEJUMS

3.1. Hifenadina hidrogénhlorida (1) trimorfisms

Salidzinot ar paréjiem apskatitajiem savienojumiem, hifenadina HCI veido visma-
zak polimorfo formu, t. i., 3. To daléji var skaidrot ar faktu, ka hifenadina HCI nav
izteikts solvatu veidotajs un tas liedz iegut polimorfus, desolvatéjot dazadus solvatus,
ka to var novérot sehifenadina HCI, enceniklina HCI un dantroléna gadijuma. Vieniga
solvatéta forma, ko veido hifenadina HCI, ir dihidrats (DH), ko iegust, kristalizéjot hi-
fenadina HCI no adens, turklat, dehidratéjot $o formu, iegtist metastabilu polimorfu B.
Ja $o savienojumu kristalizé no »- vai i-butanola, iegtst polimorfu C, bet polimorfs A
iegtts no citiem 14 Gdeni nesaturo$iem $kidinatajiem. Dihidrata formai ir iespéjams
izaudzét monokristalu, bet visus tris polimorfus var iegit vienigi mikrokristaliska pul-
vera veida. legtito formu rentgendifraktogrammas redzamas 3.1. attéla.

3.1. att. Hifenadina hidrogénhlorida A, B, C un DH formu
rentgendifraktogrammas

A, B un C polimorfu struktaras noteiktas no pulvera rentgendifrakcijas datiem, bet
DH strukttira noteikta no monokristala datiem. Ieguta kristalografiska informacija re-
dzama 3.1. tabula. Noskaidrots, ka visas iegutas kristaliskas modifikacijas kristalizéjas
PI telpiskaja grupa ar vienu hifenadina katjonu un vienu hlorida anjonu asimetriska-
ja vieniba.

Hifenadina molekula sastav no divam fenil, vienas hinuklidin un vienas hidroksil
grupas, kas visas savienotas ar ceturtéjo oglekli. Lai gan $aja molekula ir tris diedralie
lenki (skat. 1.4. att. 1), noskaidrots, ka visas struktiiras konformacija ir loti lidziga un
pieder pie viena globala energijas minimuma. Hifenadina HCI struktiira vienigais stip-
rais H sai$u akceptors ir Cl~ anjons, bet donori ir NH* grupa un hidroksilgrupa.
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Kristalografiska informacija hifenadina HCI formam

3.1. tabula

A B C DH
Formula C,,H,,NOCI C,,H,,NOCI-2H,0
Molmasa, g-mol! 329,86 365,88
Parauga tips Pulverveida Monokristals
Temperatira, K 293(2) 173(2)
Singonija Triklina
Telpiska grupa Pl
a A 6,372(2) 6,408(5) 6,449(2) 6,339(1)
b, A 12,699(5) 9,281(6) 12,951(3) 8,601(2)
G A 10,759(4) 18,356(2) 11,222(2) 18,404(5)
a,’ 96,03(2) 113,09(3) 97,60(1) 100,02(2)
B.° 98,88(2) 83,62(3) 106,61(2) 92,32(3)
Y,° 80,68(2) 116,50(3) 75,25(2) 103,45(2)
vV, A3 845,9(1) 895,8(1) 862,9(1) 957,5(3)
Pealo g-Cm® 1,295 1,223 1,270 1,269
Z(Z) 2(1) 2(1) 2(1) 2(1)
R,, (R)/R; (WR,), % 2,81 (1,89) 1,41 (0,99) 3,12(2,32) 4,8 (14,8)
Pakojuma efektivitate, 73,1 71,7 69,1 68,4
%
Energija?®, kJ-mol! 0 21,2 11,3 N/A

“relativi pret A polimorfu

Ka redzams 3.2. attéla, visiem tris polimorfiem ir vienads H saiSu motivs (iekra-
sots zila krasa), kur divi Cl” anjoni mijiedarbojas ar diviem hifenadina katjoniem caur
N-H---Clun O-H---Cl idenraza saitém, veidojot tetraméru R%,(16). H sai3u tikls, kas
ir novérojams DH struktar3, ir krietni sarezgitaks divu tidens molekulu dél, kuras dar-
bojas gan ka H sai$u donori, gan ka akceptori.

A,B,C

3.2. att. Hifenadina HCl polimorfu un dihidrata struktiras esosie
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3.3. att. Hifenadina HCI A, B, C un DH formu struktiiru molekularais pakojums

A un C polimorfiem ir vienads monoslanains molekularais pakojums, kur blakus
molekulas ir anti paraléla novietojuma viena pret otru (3.3. att.). Savukart starp poli-
morfu A/C un B pakojumu ir redzamas buatiskas atskiribas. B formas struktarai ir bisla-
nains molekularais pakojums, kur blakus molekulas ir vérstas viena virziena, bet naka-
maja slani tas ir vérstas pretéja virziena. B formas struktara, salidzinot ar A un C formu
struktram, ir vairak atdaliti hidrofilie un hidrofobie slani, kuros tetraméri ir sapakoti
ciesak. Dihidrata un B formas 2D pakojums sastav no vienadi orientétiem slaniem, vie-
niga atskiriba ir tdens molekulas, kuras atrodas starp hidrofilajam hinuklidina grupam
un hlorida anjoniem. Tas norada, ka DH ir kanalveida hidrats, ko apstiprina ari ter-
momikroskopijas novérojumi (3.4. att.), kuros redzams, ka dehidratacija notiek adeni
saturo$o kanalu virziena. Ta ka adens molekulas ir iesaistitas galvenaja H saisu tikla, $is

hidrats ir ari stehiometrisks.

Fo gty

¥
¥

TE

3.4. att. Termomikroskopijas un simulétie kristala morfologijas dati DH formai

Augstas strukturalas lidzibas dé] ir skaidrs, kapéc tiesi DH forma dehidratéjoties
parvérsas par B polimorfu, nevis par A vai C, jo $1 pareja nemaina hifenadina katjona
paralélo orientaciju, bet gan tikai palielina attalumu starp tiem. Salidzinot visu formu
pakojuma efektivitati (2.1.1. tabula), redzams, ka visaugstaka ta ir A formai (73,1 %),
tad B (71,7 %) un C (69,1 %), bet viszemaka dihidratam (68,4 %). Si pakojuma
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efektivitates rinda polimorfiem atbilst ari novérotajai termodinamiskajai stabilitatei.
Dihidrata zemo pakojuma efektivitati, bet augsto stabilitati, skaidro fakts, ka tidens mo-
lekulas kanalos, lai gan neefektivi sapakotas, stabilizé $o struktaru ar spécigam starp-
molekularajam mijiedarbibam, ko sniedz stipru H sai$u tikls.

Lai labak saprastu atskiribas starp A un C polimorfiem, to struktiras optimizétas,
relakséjot atomu pozicijas un rezga parametrus ar DFT-D metodi, ka rezultata iegitas
praktiski vienadas struktaras. Tas liecina, ka starp $im struktiram ir zema energijas
barjera un vienigais izskaidrojums C polimorfa eksistencei ir tas, ka $ai formai, krista-
lizéjoties no n- vai i-butanola, veidojas specifiskas mijiedarbibas starp $kidinataju un
hifenadina hidrogénhloridu. Molekulas nepaspéj sakartoties energétiski izdevigakaja
pakojuma, un tiek iegiits metastabils polimorfs ar loti lidzigu struktiiru termodinamis-
ki stabilajam A polimorfam.

3.2. Sehifenadina hidrogénhlorida (2) heksamorfisms

Mekléjot jaunas kristaliskas formas sehifenadina hifrogénhloridam, iegiti se$i ne-
solvatéti polimorfi (A, B, B, C, D un E), divi dihidrati (DH un DH-II), monohidrats
(MH), nestehiometrisks hidrats (NSH). Polimorfus C un E var iegat tikai desolvata-
cijas cela no attiecigi metanola un n-propanola solvatiem, bet hidratus MH un NSH
iegust, hidratéjot attiecigi C un E polimorfus. Polimorfu D var iegat, tikai suspendéjot
sehifenadina hidrogénhloridu n-propanola, tacu, parkristalizéjot no $i skidinaja, iegtist
n-propanola solvatu, kas desolvatéjoties izveido E polimorfu. Shematisku formu iegti-
$anu un fazu parejas skatit 3.5. att.

kristalizacija no kristalizacija no
metanola n-propanola
SMeOH SPrOH
kristalizacijano kristalizacija no l70 °C suspendéjot l50 °C
THF acetona n-propanola
Ps - . P - N . Ps - .
’ ] ’ ’
(B) C: (E} 0B’
“_. “_. “o.
>6% RM\LT<6% RM 3% RM T<3% RM >3% RMlT<3% RM

MH :  NSH

kristalizacija no
adens >3% RM\H 3% RM

DH-II

3.5. att. Shematisks sehifenadina HCI formu iegii$anas un fazu pareju attélojums.
Ar nepartrauktu liniju apzimeétas formas, kas iegiitas, kristalizéjot no $kiduma;
ar partrauktu liniju paraditas formas, kas iegiitas cietvielu pareju rezultata
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Visu se$u polimorfu, ka ari MH un NSH, struktiira noteikta, izmantojot pulvera
rentgendifraktometriju, bet DH formas strukttira iegtita no monokristala datiem. DH-
I formai neizdevas iegit pareizus rezga parametrus un lidz ar to ari noteikt struktaru.
A, B, B’ polimorfi kristalizéjas triklinaja PI telpiskaja grupa ar vienu sehifenadina kat-
jonu un vienu hlorida anjonu asimetriskaja vieniba (Z' = 1), bet C, D un E polimor-
fi kristalizéjas attiecigi monoklinas singonijas P2,/c, P2,/n un C2/c telpiskajas grupas
arZ'=2.

Sehifenadina un hifenadina molekulas atskiras ar divam metil grupam pie benzola
gredzeniem un tie$i $o metilgrupu iek$molekularo mijiedarbibu dé] veidojas vairakas
sehifenadina katjona konformacijas (skat. 3.6. attélu).
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3.6. att. Potencialas energijas virsmas skené$anas rezultats 1, lenkim. Eksperimentali
iegiitas konformacijas atzimétas ar zilo, zalo un sarkano kvadratu

Eksperimentali ir novérojamas tris konformacijas, no kuram divas ir lokala mini-
muma (LM1 un LM2) un viena globala minimuma (GM) konformacija. Jaatzimeé, ka
katra lokala minimuma konformacija eksperimentali novérota tikai viena gadijuma,
respektivi LM1 ir D polimorfa konformeérs, bet LM2 ir C polimorfa konformérs. Veicot
geometrijas optimizaciju, noskaidrots, ka abiem lokala minimuma konformériem
ir par 8-10 kJ-mol! augstaka energija neka GM konforméram. Novérots, ka LM1 un
LM2 konforméri veido ari no GM konformeéra atskirigus H sai$u motivus (3.7. attéls).

Ja A, B, B’ un E polimorfos veidojas jau iepriek$ hifenadina HCI gadijuma novéro-
tais tetramérs R?,(16), tad D forma ir novérojams katameérs C?,(16), bet C polimorfa
tetrameérs R%,(10), kura OH grupa neveido H saiti. Ja polimorfiem ir at8kiriga konfor-
macija un atskirigi H saiSu motivi, tad $adiem polimorfiem ir ari atskirigs 3D pako-
jums, ka tas ir D un C formas gadijjuma. Savukart, A, B un E polimorfiem gan konfor-
macija, gan arl 0D pakojums ir vienads. A un B formam ir ari kopigs 2D pakojums, ko
nosaka slanis 1 (3.7. attéla). Sadi blakus esosi slani 1 viens pret otru var bit novietoti
paraléli ka A formas struktira vai ari antiparaléli ka B formas struktira. Polimorfu A, E
un C struktiras eso$ajos slanos 2, 3 un 4 adens ir spéjigs ieklauties, neizmainot pakoju-
mu, un lidz ar to ir iespéjams iegut tris dazadus hidratus. Polimorfs A veido dihidratu,
polimorfs C monohidratu, bet E forma nestehiometrisku hidratu, kamér B un D for-
mas neveido strukturali lidzigus hidratus un lidz ar to ir visstabilakas formas paaugsti-
nata mitruma apstaklos.
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3.7. att. Sehifenadina HCI polimorfu struktaras esosie H saiSu motivi un polimorfu
pakojuma lidzibas ar hidratétam fazém

3.2. tabula

Polimorfu termodinamiskas stabilitates rezultati, kas iegiiti,
suspendéjot polimorfu maisijumus

Maisijums Faze péc suspendésanas
A/D D
B/D
C/D
D/E
A/B
B/C
B/E
C/E
A/C
A/E
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Polimorfu termodinamiska stabilitate salidzinata, veicot energijas aprékinus ar
DFT-D metodi. legitie rezultati liecina, ka zemaka energija un lidz ar to stabilakais po-
limorfs ir D forma, bet C forma ir visnestabilaka (+20 kJ-mol?), bet paréjo polimorfu
stabilitate ir lidziga, energijas starpibam mainoties +8 — +10 kJ-mol™! intervala salidzi-
najuma ar D formu. Lidzigu relativo stabilitati polimorfiem apstiprina ari maisjjumu
suspendésanas eksperimenti acetona un etilacetata 25 °C temperatiira. Sajos eksperi-
mentos noskaidrots, ka stabilaka ir D forma, kam seko B un A formas. C un E polimorfi
savstarpéjos maisijumos parvérsas par B formu (3.2. tabula), kas liecina par $o formu
nestabilitati $ajos apstaklos. Lidz ar to, apvienojot eksperimentalos un DFT-D apreéki-
nu datus, var secinat, ka termodinamiskas stabilitates rinda 25 °C temperatara ir $ada:
D>B>A>E>C.

3.3. Enceniklina hidrogénhlorida (3) dekamorfisms

Salidzinot ar paréjam S$eit apskatitajam sistémam, enceniklina hidrogénhlorids
(Enc-HCI) ir visizteiktakais solvatu veidotajs. Kopuma iegtiti vairak neka 30 solvatu,
no kuriem puse kristalizéjas ka izostrukturali solvati (noteikts péc rezga parametriem).
Vieniga nesolvatéta faze, ko iespéjams iegit kristalizéjot, ir termodinamiski stabilakais
polimorfs TVp, Sis polimorfs kristalizéjas tikai no dimetilforamida (DMF). Tomér ir
ari vairaki solvati, kas, zaudéjot $kidinaju, tiecas parvérsties par jauniem nesolvatétiem
polimorfiem (skat. 3.8. att.), tai skaita ari Cetri monohidrati, kas katrs dehidratéjas par
jaunu nesolvatétu polimorfu (Ip, IIp, Il un Xp). Vél japiemin fakts, ka polimorfus
VIp, VI, XIp, un XIIj, var iegit, tikai desolvatéjot attiecigi acetonotrila monosolvatu
I (Sacn.n)» etikskabes disolvatu (DS, ,), skudrskabes monosolvatu (Sg,) un acetonitrila
monosolvatu II (S,cn.p) eksikatora virs fosfora pentoksida (P,0)s, kas nodrosina 0 %
relativo mitrumu. Savukart iepriek§ minéto solvatu desolvatacija paaugstinata tempe-
ratira noved pie citu polimorfu veido$anas. Kopskaita, desolvatéjot dazadus solvatus,
iegati 12 polimorfi.

Kristalizacija

it AT MeGH — EXOHT ACN
S| Bo H o Ho' |DMF 1BA] AN FA ASl Bow
v A4 \ 4 )\ 4 4

Y
F;ﬂ MHTHMH |||Fvu-|ﬂ MH-X] | | Sun | [Sacw | |DS DS | [PSpa

ORCC \%]

'

—— eksikatora virs P,O,
— karséjot

3.8. att. Shematisks enceniklina HCI formu iegiisanas un fazu parejas attélojums
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Visu iegito polimorfu un to attiecigo prekursoru solvatu/hidratu rentgendifrakci-
jas ainas redzamas 3.9. attéla. Vislielakas lidzibas difrakcijas ainas novérojamas starp
hidratiem (MH-I, MH-II, MH-III un MH-X) un starp to dehidratétajam fazém (I, IIp,
[T, un Xj, attiecigi), kas liecina par augstu savstarpéjo izostrukturalitati. Ari starp hid-
ratiem un dehidratiem ir lidzigas difrakcijas ainas, kuras visam fazém lidz 15° 20 skala
signali novérojami aptuveni tajas pasas pozicijas. Paréjam prekursoru solvatu fazém un
to respektivajiem desolvatiem ir labi iz8kiramas difraktogrammas, kuras neliecina par
tik augstu savstarpéjo strukturalo lidzibu. Savukart trim iegatajam fazém MH-X, X
un XI;, difrakcijas ainas vienlaikus novéro gan $aurus, gan platus difrakcijas signalus.
Tas liecina par nesakartotibu struktira, kur molekulas divas dimensijas ir sakartotas
(Saurie refleksi), bet tresaja dimensija nav (platie refleksi). Sada veida nesakartotibu var
novérot slanainas struktiras®, kur slani daléji ir savstarpéji nobiditi.
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..w..»...w..ﬂ

i h'h
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3.9. att. Enceniklina solvatu/hidratu (melna krasa) un no tiem iegito desolvatu
(polimorfu, sarkana krasa) difraktogrammas

Ka jau ieprieks minéts, 11 no 12 Enc-HCl polimorfiem ir iespéjams iegut tikai de-
solvatacijas cela, kas nozimé, ka §is formas var iegtt tikai mikrokristaliska pulvera vei-
da un ir nepiecies$ams izmantot pulvera rentgendifrakciju kristaliskas struktiiras no-
teik$anai. To ari veiksmigi izdevas veikt 10 polimorfiem. Diemzél X, un XI, formu
struktaras palika nenoteiktas to nesakartotibas dél. Polimorfa IV, struktiira vispirms
tika noteikta no pulvera datiem, bet vélak, kristalizéjot no DMF, izdevas izaudzét ari
monokristalu. Abas struktiras sakrita sava starpa. Péc ieguitajiem struktiras datiem
noteikts, ka 7 no 10 polimorfiem kristalizéjas divas izplatitakajas Zonkes telpiskajas
grupas: P2,2,2, (IVp, Vp, VII, un XIIp) un P2, (VIp, VIII un IXp), bet Iy polimorfs -
P3,21 Zonkes telpiskaja grupa, kamér II, un III;, formas ir noteiktas C2 telpiskaja gru-
pa. III, VII, un IX, formam ir pa divam kristalografiskajam vienibam asimetriskaja
vieniba (Z' = 2), bet paréjiem polimorfiem Z' = 1. Lielakoties visiem polimorfiem ir
tada pati telpiska grupa un ari lidzigi kristalrezga parametri ka attiecigajiem prekursoru
solvatiem.
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Enceniklina molekulai ir tris diedralie lenki (skat. 1.4. att.), un dazas struktaras ir
novérojamas konformacijas atskiribas lidz pat 30°, kas rodas, hlorbenzotioféna grupai
rotéjot ap C-C (t1) un hinuklidina grupai (t3) rotéjot C-N saitém, tomér tas visas pieder
pie viena globala energijas minimuma, ko apstiprina potencialas energijas virsmas
skené$anas rezultati visiem diedralajiem lenkiem. Ari visiem izolétajiem konformériem
gazes fazes geometrijas optimizacija vienmeér iegust identisku konformaciju. Iegata
konformacijas analize apliecina, ka Enc-HCI veidotie polimorfi ir pakojuma polimorfi.
Sis gadijums ir unikals, jo, salidzinot ar citaim vielam, kuram ir izteikti liels polimorfu
skaits, ka galunisertibam, aripriprazolam, ROY vai flufenaminskabei'®, Enc-HCl ir
vienigais, kam konformaciju atskiribas nav galvenais polimorfisma virzitajspéks.

Starpmolekularo mijiedarbibu un pakojuma analize atklaja, ka $is daudzas polimor-
fas formas veidojas tapéc, ka molekulas spéj dazadi sakartoties kritalrezgi. Sis dazadas
pakojuma iespéjas veidojas, jo eksisté pieci dazadi H saisu motivi, skat. 3.10. attélu. Tikai
viena struktara (Ip) veidojas ciklisks R?,(14) tetramérs, sabrukot heksaméram 1, kad
MH-I forma zaudé tdeni. Lai gan arl heksaméra 2 un 3 Gdens molekulas iesaistas H
sai$u veido$ana starp enceniklina katjonu un Cl anjonu, dehidratacijas rezultata izvei-
dojas kataméri 1 un 2 attiecigi. Paréjos gadijumos $kidinataja molekulas ar H saitém
saistas tikai ar Cl" anjonu un, zaudgjot §is $kidinataja molekulas, H sai$u motivs neiz-
mainas. Kataméri 1 C!, (7), 2 C%, (7) un 3 C, (7), lai gan veido identiskas H saites, to-
mér molekulas savstarpéji novietojas atskirigi, kas veicina atskiriga pakojuma veidosa-
nos. Katameérs 1 novérojams polimorfos III, IV, VI, un XIIp, katameérs 2 ir atrodams
I, struktira, katamérs 3 — VIIp, VIII, un IX} struktiras, un katamérs 4 C!; (7) veido
Vp struktiru. Katamérs 4 atskiras no paréjiem katamériem, jo H saisu kéde veidota no
N-H---O saitém nevis no N-H--CI".
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3.10. att. Enceniklina HCI formu struktiiras noveérotie H saisu motivi
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Vizuala pakojuma lidziba starp polimorfiem un attiecigajiem prekursoru solvatiem/
hidratiem paradita 3.11. attéla, savukart grafisks kvantitativs lidzibas raksturojums
paradits 3.12. attéla. Salidzinot visas struktiras, redzams, ka solvati/hidrati, zaudéjot
$kidinataja molekulas, spéj saglabat savu unikalo pakojumu, ka rezultata veidojas vai-
rak vai mazak strukturali tuvi desolvati. Ka jau to varéja nojaust no pulvera rentgen-
difraktogrammam, tad lidzigakas struktaras ir starp hidratiem un to dehidratiem, ko
apstiprina pakojuma lidzibas dendogramma (3.12. att. zala krasa). Parsteidzosi gan ir
tas, ka lielaka pakojuma lidziba ir starp MH-I un MH-III hidratiem un Iy, un III, po-
limorfiem, nevis starp MH-I/Ip,, un MH-III/III, pariem. Paréjos gadijumos solvata un
attieciga desolvata strukturala lidziba ir savstarpéji vistuvaka.

Visu paréjo Seit neminéto solvatu desolvatacijas gadijuma radas IV, ko var skaidrot
gan ar to, ka §is polimorfs ir termodimamiski stabilakais paaugstinata temperatiira, gan
arl ar pakojuma lidzibam starp paréjiem solvatiem un IVyp, skatit Sgoy un IV, lidzibas
3.11. un 3.12. attéla.
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3.11. att. Enceniklina HCI polimorfu un atbilsto$o solvatu/hidratu pakojuma
lidzibas attelojums
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3.12. att. Enceniklina HCI polimorfu un atbilsto$o solvatu/hidratu pakojuma
lidzibas dendogramma

Diferencialas skenéjos$as kalorimetrijas dati (3.13. att. pa kreisi) apstiprinaja, ka
polimorfam IVy, ir visaugstaka ku$anas temperatiira (286 + 1 °C) un ka, paréjos poli-
morfus karséjot, tie parvérsas par IV, tris dazados veidos: 1) endotermiska fazu pareja
(Vb), 2) eksotermiska fazu pareja (VI un XI) vai 3) eksotermiska pareja péc nepilni-
gas kuSanas/amorfizé$anas, kam atbilst mazais endotermiskais signals 140-190 °C tem-
peratira atkariba no polimorfa (Ip, I, I, VII, VIII, IXp, Xp, un XIIp). Nepilnigas
kusanas/amorfizé$anas entalpija ir parak maza (2-7 kJ-mol!), lai to izmantotu Enc-
HCI polimorfu savstarpéjas termodinamiskas stabilitates noteik$anai, lidz ar to, bals-
toties uz endotermisko/eksotermisko fazu parejas likumu®, ir iespéjams noteikt ter-
modinamisko stabilitati tikai starp trim polimorfu pariem. IV, un Vy, polimorfi pieder
pie enantiotropas sistémas, savukart pari IVp/VI, un IVp/XIy ir monotropi saistiti.
Polimorfo formu maisijumu suspendé$anas rezultati liecina, ka ari 25 °C temperatara
termodinamiski stabilakais ir IV}, polimorfs, jo visi maisijumi parvérsas par IV, formu.
Papildus ari noskaidrota Enc-HCI polimorfu stabilitate paaugstinata relativaja mitruma
(3.13. att. pa labi). Stabilakais polimorfs ir IV}, forma, kas ir stabila lidz pat 85 % RM,
kas péc tam parvérsas par MH-I. Relativi stabils pret mitrumu ir ari polimorfi Vp,, bet
pret mitrumu visnestabilakie polimorfl ir I, IIp, III, VIII; un IXp, kas ir stabili tikai
tad, ja RM ir mazaks par 5 %.

Lai gan DSK dati un suspendésanas eksperimenti neatklaj visu polimorfo formu
savstarpéjo termodinamisko stabilitati, §1 informacija palidz izvértét ticamibu energi-
jam, kas iegutas, optimizéjot strukttiras ar DFD-D metodi, izmantojot dazadus Sobrid
aktualos pseidopontencialus un/vai dispersijas korekcijas. No eksperimentalajiem re-
zultatiem izriet, ka Vp, formai vajadzétu but ar viszemako energiju, IV, vajadzétu but
ar otru zemako energiju un kopéjai relativas energijas starpibai nevajadzétu but lielakai
par ~ 15 kJ-mol™! (tada ir aptuvena IV}, formas kusanas entalpija).
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3.13. att. Enceniklina HCI polimorfu DSK termogrammas (pa kreisi) un adens tvaika
sorbcijas izotermas (pa labi)

45
Xil,
40 X,
_ Vil
35 4 Vil
— VID
30 4
VD
= 254 — — IVD
E
= 201 i,
2 I
154 — — —
104 — — J— — —
| — — - —
04 — N— S — — S S—
> ' N o a \ a %
\xQ 3% Q,%(’o ((’x& ><<> ~\S>® <(}xQ <(,xg
« @ ] = K x = <S
¢ K S ] 2 N < ]
M ) & & o8 & &
o d © o o

3.14. att. Enceniklina HCI polimorfu energijas relativa attieciba, izmantojot dazadus
pseidopotencialus un/vai dispersijas korekcijas

No 3.14. attéla var secinat, ka atbilsto§aka aprékinu metode $ai sistémai ir PBE psei-
dopotencials kopa ar D3 dispersijas korekciju, jo ar $o metodi istenojas visi minétie no-
teikumi. Lidz ar to aprékinata termodinamiskas stabilitates rinda bez termiskiem iegul-
dijumiem (0 K) ir Vi, > IV}, (+1,5 kJ-mol™) > VII}, (+3,3 kJ-mol™!) > VI, (+5,2 kJ-mol™!) >
Ip = I (+7,1 kJ-mol™) > III, = IXp (+8,5 kJ-mol™!) > VIII, (+9,8 kJ-mol™!) > XIIj

(+12,2 kJ-mol™).
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3.4. Dantroléna (4) heksamorfisms

Dantroléns, atskiriba no paréjam $aja darba apskatitajam sistémam, ir neitrals mo-
lekulars savienojums. Tomeér ari dantroléns ir izteikti polimorfisks, un ta polimorfi
kristalizéjas mikrokristaliska pulvera veida. Veicot kristalizacijas un suspendésanas ek-
sperimentus no dazadiem s$kidinatajiem, iegati tris polimorfi (I, IT un III), tris mono-
hidrati (MH-I, MH-II un MH-III) un 16 solvati. Talak, pétot iegtito monohidratu de-
hidrataciju, izdevas iegut vél tris dantroléna polimorfus (IV, V un VI), skat. 3.15. attélu.

kristalizacija no
acetonitrila/adens

kristalizacija no atra dzesé$ana no <20% RM\l/ >60% RM

aCé\’Ona/udens karsta cikloheksanola kristalizacija no

nitrometana/adens

~
( MH-1 )
‘*v J/
-
<5% RM\LT>5% RM >240 CT \ l>215 < <5% RMlT>5% RM

>70°C suspend. >100 °C '
—_— -~ |
S 4
-

kristalizacija no kristalizacija no
3-pentanona 2- propanola

~_¢

3.15. att. Shematisks dantroléna formu iegii$anas un faZu pareju attélojums.
Ar nepartrauktu liniju apzimeétas formas, kas iegiitas, kristalizéjot no $kiduma;
ar partrauktu liniju paraditas formas, kas iegiitas desolvatacijas cela
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3.16. att. Dantroléna polimorfu un monohidratu difraktogrammas
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Iegato polimorfu un monohidratu rentgendifraktogrammas attélotas 3.16. att., kura
redzams, ka katram polimorfam ir unikala un viegli at$kirama difrakcijas aina un ari
starp polimorfu un atbilsto§o monohidratu difrakcijas ainam ir novérojama pietiekama
atskiriba, lai polimorfi netiktu uzskatiti par izomorfiem desolvatiem.

L II, IV, V, VI, MH-I un MH-III formu kristaliskas struktiiras aprékinatas no pul-
vera difrakcijas datiem, bet III un MH-II formu struktaras iegaitas no monokristalu
rentgentstruktaranalizes. I, IT un III forma kristalizéjas centrosimetriska P2,/c (P2,/n)
telpiska grupa, bet polimorfi IV un V kristalizéjas attiecigi P2, un P2,2,2, necen-
trosimetriskas telpiskas grupas, bet polimorfs VI centrosimetriska Pl grupa. Visas
noteiktajas struktiras asimetriskaja vieniba ir viena dantroléna molekula (Z' = 1).
Eksperimentalajas struktaras ir atrodamas divas at$kirigas dantroléna molekularas
konformacijas (A un B), skat. 3.17. a attélu. Globala minimuma A konformacija ir nove-
rojama I un III formas kristaliskaja struktira, savukart lokala minimuma B konforma-
cija visas paréjas struktaras. Galvena atskiriba starp abam konformacijam ir furilgrupas
pagrieSanas par 180 ° ap diedralo lenki 12, kas rezultéjas ~3 kJ-mol™! energijas starpiba
(3.17. b att.). Dantroléna molekula ir tikai viens Gdenraza saites donors (N-H grupa)
un vairakas vietas, kas var darboties ka potencialie H saites akceptori. Neskatoties uz
to, polimorfu eksperimentalajas strukttiras var noveérot tris atskirigus Gdenraza sai$u
motivus, ko veido abi potenciali spécigakie H saiSu akceptori (3.17. c att.): R%(8) a
I un III forma to veido N2-H10--O1 mijiedarbiba, R%,(8) b II un VI forma to veido
N2-H10---O2 mijiedarbiba, bet C!;(4) V forma - N2-H10---O2 mijiedarbiba. IV for-
mas struktira nav novérojama neviena klasiska Gdenraza saite, lai gan var novérot
C',(2) motivu, ko veido vaja N2-H10--N2 mijiedarbiba.
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3.17. att. (a) Dantroléna kristaliskajas struktiras novéroto divu atskirigo eksperimentalo
konformaciju vizuals salidzinajums - A zila un B sarkana krasa,
(b) dantroléna potencialas energijas virsma pie mainigam diedrala lenka 12 vértibam un
(c) eksperimentalajas struktiiras novérotie starpmolekularie iidenraza sai$u motivi
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Salidzinot molekularo pakojumu dantroléna beztidens polimorfu un monohidratu
struktiiras, tos ir iespéjams sakartot tris radniecigu struktiru grupas (3.18. att.). 1. gru-
pu veido I un IIT polimorfu kristaliskas struktiras, jo $ajas struktiras molekulam ir
vienada konformacija, iidenraza sai$u motivs un slani, kuros izvietotas molekulas gar
a kristalografisko asi, bet pakojums gar abam paréjam asim ir atskirigs, kas rezulté-
jas zemaka pakojuma lidziba starp vienas un tas pasas grupas kristaliskajam formam.
Lielakaja 2. grupa ietilpst polimorfi II, IV, V un monohidrati MH-I, MH-II. Starp $im
formam ir novérojama vislielaka molekulu pakojuma lidziba, jo visas struktaras ir no-
vérojami vienadi 2D zig-zag slani. 3. grupu veido monohidrats MH-III un $is formas
dehidratéta faze — polimorfs VI. Galvena pakojuma atskiriba starp $im fazém ir saistita
ar nedaudz atskirigo VI formas molekularo konformaciju (nitrobenzola grupa pagriez-
ta par ~30°), laujot dantroléna molekulam sapakoties ciesak neka MH-III struktira.

o |6.46 [1292  [1937 2583 [32.29 [38.75 [45.21[51.66[58.12]64.58

3.18. att. Vizuals un kvantitativs pakojuma lidzibas attélojums dantroléna hidratos un
beziidens polimorfos. Dendrogrammas horizontala ass atbilst PSab vértibai (lidziba)

Lai apzinatu potenciali energétiski izdevigakas dantroléna kristaliskas struktaras un
lai parbauditu, vai starp eksperimentali iegiitajiem polimorfiem ir atrodama strukti-
ra ar viszemako energiju, veikta ab initio kristalisko struktiru paredzés$ana, izmanto-
jot CrystalPredictor un CrystalOptimizer programmas. Péc tam struktiras ar zemako
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energiju (138 struktiiras, kam Z < 4) vélreiz optimizéja ar PBE-D2 metodi. S pati pieeja
(CrystalOptimizer + PBE-D2) izmantota ari se$am eksperimentali noteiktajam struk-
tiram. legito kristalisko struktiru apkopojums redzams 3.19. attéla. Si skaitlosanas
pieeja bija veiksmiga, lai identificétu piecas no se$am eksperimentalajam polimorfu
kristaliskajam struktiram péc RMSD,; vértibam starp eksperimentalajam un paredzeé-
tajam struktiiram. Lai gan starp paredzétajam strukttiram ir struktara (B1) ar vienadu
konformaciju, telpisko grupu, lidzigiem kristalrezga parametriem un energiju ka III
formai, tomer tai ir atskirigs GdenraZa saiSu motivs (B1 ir R%,(8)b, bet III forma R%,(8)a,
skat. 3.17. c att.), kas rezultéjas liela RMSD,; = 0,66 A veértiba. III formas triakums, ie-
spéjams, ir saistits ar plastisku zemtemperattiras pareju starp Bl un III formu, kuras
laika mainas H sai$u motivs.

26
24
22
20
18
- 16 alVv
g14
§12 VoA
= T s S

Konformérs A
Konformérs B

o N MO

66 67 68 69 70 71 72 73 74 75 76 77 78
Pakojuma indekss/ %

3.19. att. Dantroléna kristalisko struktiiru apkopojums, kur katrs trijstiris un kvadrats
atspogulo stabilu kristalrezga energijas minimumu, kas iegits kristalisko struktiiru
paredzésana un péc tam veikta geometrijas optimizacija ar DFT-D.
Identificétas eksperimentali iegiitas struktiiras ir iekrasotas un markeétas.
Apkopojums papildinats ar III formas eksperimentalo struktiiru péc identiska
skaitlo$anas protokola. Horizontala punktéta linija apzimeé tipisku polimorfo
formu relativas energijas diapazonu 10 kJ-mol™

Dantroléna polimorfo formu termodinamiska stabilitate noteikta, izmantojot kla-
sisko (DSK) un ultra atro (FSK) skenéjosas kalorimetrijas analizi, politermiskas skidi-
bas eksperimentus, kas papildinati ar kristalrezga energijas aprékiniem ar dazadam pe-
riodiskam DFT-D metodém. legatie rezultati redzami 3.20. attéla. No DSK rezultatiem
iespéjams noteikt, ka polimorfi IV, II, V, VI ir monotropi saistiti ar polimorfu I, par ko
liecina eksotermiskas fazu parejas (3.20. a att.), bet endotermiska fazu pareja starp poli-
morfiem II un III liecina par parejas punktu starp $§im formam. Ta ka dantroléns kastot
ari sadalas, tad, lai atdalitu $os procesus un noteiktu savstarpéjo stabilitati atkariba no
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kusanas siltuma un temperatiiras vértibam, izmantota FSK metode ar karsé$anas at-
rumu 2000 °C-s!. Tegutie rezultati liecina (3.20.b att.), ka starp I un II un starp I un III
formu ir monotropa saistiba un ka forma I ir termodinamiski visstabilakais polimorfs.
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3.20. att. a) dantroléna polimorfu (I-VI) DSK termogrammas (10 °C-min™),
b) dantroléna polimorfu I, I, III, V un VI FSK termogrammas (2000 °C-s),
¢) dantroléna I, II, III un V formu politermiska skidiba (mg-ml) cikloheksanona,
d) polimorfo formu relativas energijas, kas noteiktas, izmantojot dazadas periodiskas
DFT-D metodes salidzinajuma ar CrystalOptimizer iegito energiju

No $kidibas likném var spriest par aptuvenam fazu pareju temperataram starp po-
limorfiem IT un III un starp V un III, skat. 3.20. c att.). Redzams, ka II un III formas
$kidibas liknes krustojas aptuveni 110 °C temperatiira, savukart III un V formas liknes
krustojas aptuveni 15 °C temperatira.

Tadeéjadi, apvienojot iegutos rezultatus, kas iegtiti no iepriek$ minétajam metodém
kopa ar energijas aprékiniem, var secinat, ka termodinamiska stabilitate laboratorijas
(25 °C) apstaklos ir I > II > III > V > VI > IV. Bet, ta ka polimorfu pari III/V un II/III
ir enantiotropiski saistiti, tad zem 15 °C temperataras $i stabilitates rinda izmainas pret
I[>II>V>II>VI>IV, bet virs 110 °C temperatiras — [ > IIT > II >V > VI > [V.
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SECINAJUMI

Visu tris hifenadina hidrogénhlorida polimorfo formu kristaliskajas struktaras ir
novérojams viens un tas pats idenraza saiSu motivs (tetrameérs, kas sastav no di-
viem hifenadina katjoniem un diviem hlorida anjoniem). Dihidrata struktara vei-
dojas komplicéts iidenraza saiu tikls, kas stabilize o struktaru. Udens molekulas
atrodas strukttiras kanalos un dehidratacijas rezultata rodas strukturali tuvs poli-
morfs B. Pareja starp dihidratu un B formu ir apgriezeniska un atkariga no relativa
gaisa mitruma.

Teguti un strukturali raksturoti sesi sehifenadina hidrogénhlorida polimorfi. Lai gan
$o polimorfu struktiiras novéro tris dazadas konformacijas, detalizéta struktiru
analize norada, ka galvenas atskiribas starp $iem polimorfiem ir tiesi pakojuma, ko
nodros$ina tris dazadi adenraza saiSu motivi. Visu iegiito sehifenadina hidrogénhlo-
rida hidratu struktaras liecina, ka tie rodas, tidenim iespieZoties specifisku polimor-
fu starpslanu telpa.

Kopuma iegati un strukturali raksturoti desmit enceniklina hidrogénhlorida poli-
morfi, kas ir jauns rekords gan pakojuma polimorfisma, gan ari organisku salu ka-
tegorijas. Visus termodinamiski nestabilos polimorfus var iegt, desolvatéjot spe-
cifiskus solvatus vai hidratus, un $aja procesa saglabajas gan Gdenraza sai$u motivi
(iznemot hidratus), gan ari pakojums. Visas struktaras ir gandriz identiska ence-
niklina katjona konformacija, kas pieder pie viena energijas minimuma.
Dantroléns ir spéjigs veidot vismaz seSus dazadus polimorfus, no kuriem tris var
iegat kristalizacija (I, I un III) un vél tris (IV, V un VI) dehidratacijas cela no trim
dazadiem monohidratiem. Galvenie $o formu rasanas iemesli ir vismaz divas ener-
geétiski izdevigas konformacijas, iespéja veidot dazadas tidenraza saites, ka ari de-
hidratéto formu spéja saglabat pamatstruktaru péc tdens molekulu aizvadi$anas no
monohidratu struktaram.

Pulvera rentgendifrakcijas dati, globalas optimizésanas metodes un periodisku dis-
persijas korigéta blivuma funkcionala teorijas aprékinu izmanto$ana nodrosina ne-
atkarigu metodi kristaliskas strukttiras noteik$anai formam, kuras iegitas sikkrista-
liska pulvera veida.

Desolvatéjot farmaceitiski aktivo vielu solvatus, iegtiti vairaki polimorfi, kurus iespé-
jams izmantot ka jaunas, stabilas, tai skaita patentéjamas, gatavo zalu vielu formas.
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ABSTRACT

Several active pharmaceutical solids with abundant microcrystalline polymorphism
have been studied. Screening of polymorphs and solvates/hydrates was carried out us-
ing crystallization from various solvents and by solid state transformation at different
temperatures and relative humidity conditions. Stability and phase transformations
among the obtained crystalline forms were investigated by X-ray powder diffraction
(PXRD), differential scanning calorimetry (DSC), thermogravimetry analysis (TGA),
and dynamic vapor sorption analysis. Slurry-bridging experiments at ambient temper-
ature were carried out to ascertain the relative thermodynamic stability of the poly-
morphs. Crystal structures of 33 microcrystalline polymorphs have been determined
from powder diffraction data. Crystal structure optimization and validation was car-
ried out using dispersion corrected density functional theory (DFT-D) calculations.
Crystal structure information is used to explain and rationalize the formation, phase
transition and relative stability of polymorphs.

Keywords: polymorphism, thermodynamic stability, microcrystalline powder, X-ray
powder diffraction, structure determination, dispersion corrected density functional theory
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INTRODUCTION

Many organic molecules, including active pharmaceutical solids, are able to form
polymorphs (i.e., compounds of identical chemical composition but different crystal-
line structure). Although this phenomenon has been known for at least 180 years, only
in the last two decades there has been a significant increase in activity in this field,
driven by both fundamental scientific curiosity and industrial need.

Different polymorphs can have significantly different solid-state properties like sta-
bility!, mechanical properties® and bioavailabilitiy®. Thus, important aspects of research
of polymorphism are discovery, structural characterization, and physicochemical un-
derstanding of the full range of polymorphic forms that are accessible to a given mol-
ecule, as well as development of reliable and reproducible procedures for the formation
of each specific polymorph.

In order to understand the phenomenon of polymorphism, it is essential to have ac-
cess to systems that exhibit abundant polymorphism comprising several well character-
ized polymorphs of a given molecule. Thus, while most published polymorph systems
have only two known polymorphs, substances existing in large number of polymorphic
forms provide more profound opportunities for exploring the fundamentals of poly-
morphism. Thus, the discovery and characterization of new systems that exhibit large
number of polymorphic forms can make a significant contribution to improving our
understanding of polymorphism.

The diversity of solid form landscape can be very different, as there are compounds
that form only monomorphs*, whereas for other substances 10 or more polymorphic
forms are known. If we take into account the formation of solvates (i.e., phases that
have solvent molecules in the crystalline lattice), the number of solid forms formed
by a compound can grow to 100 or even more®. Currently the most abundant poly-
morphic systems is 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile
(ROY)! 10 with 13 structurally characterized polymorphs, followed by R-encenicline
hydrochloride!*!? and galunisertib'®, both having 10 reported polymorphs with de-
termined crystal structures, aripiprazole!* and nicotinamide!® with 9 polymorphs and
flufenamic acid'® and tolfenamic acid!”!'® with 8 polymorphs. Moreover, according to
the Cambridge Structural Database, molecular solids with three or more polymorphs
with determined crystal structures are very rare.

A high tendency of a substance to form solvates may limit the routes for crystal-
lization of unsolvated phases, but at the same time it opens the possibility for using
the desolvation to obtain such new polymorphs that might have been previously in-
accessible via conventional crystallization techniques'. Although preparation of new
polymorphs via desolvation is quite common, crystal structures of these phases often
remain unknown, as single crystals of such phases cannot be prepared However, the
determination of crystal structure is an important part of understanding the physico-
chemical properties of crystalline materials. To overcome this problem, structure de-
termination from powder X-ray diffraction data can be used as the closest alternative
to the general method of choice, single crystal X-ray diffraction, particularly in cases
when single crystals of suitable size and quality are impossible to grow or solids can
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be obtained only as microcrystalline powders, including those prepared by solid-state
desolvation processes.

The aim of this research was to investigate highly polymorphic active pharmaceuti-
cal ingredients by using experimental and computational methods in order to ratio-
nalize structural and thermodynamic aspects of formation of such abundant polymor-
phic systems.

Accordingly, the tasks set to address this issue were:

1) to perform comprehensive polymorph and solvate screening of quifena-
dine hydrochloride, sequifenadine hydrochloride, encenicline hydrochloride
and dantrolene, including different crystallization and solid-state transition
experiments;

2) to characterize the obtained solid forms by using powder X-ray diffraction and
thermal analysis methods;

3) to determinate crystal structures of nonsolvated polymorphs and their respec-
tive solvated phase (if any) by using powder or single crystal X-ray diffraction;

4) to perform crystal structure prediction of polymorphs of molecular com-
pound - dantrolene;

5) to perform crystal structure analysis and quantum chemical calculations to
rationalize the polymorph formation, their relative stability and phase trans-
formations.

Scientific Novelty

1. The ability of Encenicline hydrochloride to form multiple different interactions pro-
viding efficient packing for several different arrangement of ions in the solid state
allows this compound to form a record-breaking number (10) of packing poly-
morphs, in contrast to the other most polymorphic molecules where the main driv-
ing force for formation of the high number of polymorphic forms is the conforma-
tion variability.

2. For stability analysis of polymorphs an approach in which limited results from ex-
perimental methods are combined with computational studies has been used. Such
approach reduces the amount of necessary experimental work and can provide
more reliable conclusions about the stability over a broad temperature range for
systems for which, because of various reasons, this cannot be determined by experi-
mental methods alone.

3. In this work formation, stability, and phase transitions of polymorphs are rational-
ized using crystal structures of microcrystalline polymorphs determined from pow-
der X-ray diffraction data, which would be impossible to achieve with traditional
structure determination methods.

Practical Significance

1. Experimental and computational methodology for obtaining polymorphs of several
pharmaceuticals by desolvation of solvates and hydrates has been developed. Thus,
it can be used to obtain novel stable polymorphs, including patentable polymorphs,
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allowing more pharmaceutical companies to produce highly polymorphic drugs,
thus expanding the market access and reducing the final cost for the consumer.

The obtained general understanding of the formation of polymorphs can lead to
fast and reliable prediction of the polymorph formation and stability in particular
conditions.

The detailed characterization of highly polymorphic systems, including stabil-
ity studies, allows a more reliable choice of commercial form with longer overall
shelf life.
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1. RESEARCH BACKGROUND

1.1. Polymorphism of active pharmaceutical molecules and
techniques for characterizing polymorphs

The drug molecules can exist in various solid-state forms which can be divided into
crystalline and amorphous. In the crystalline forms there is a long-range molecular or-
der, but the amorphous phases have no distinct molecular arrangement in a long-range
scale, although can exhibit short-range order over few molecular spacing®. Crystalline
solids can be further divided into the single component or multi component com-
pounds. Multi component compounds includes solvates/hydrates (crystalline adducts
containing solvent/water molecules within the crystal structure, in either stoichiomet-
ric or non-stoichiometric proportions), salts (solids formed between suitable counter-
ions) and cocrystals (crystalline solid formed by two neutral molecules) polymorphs
(compounds with same chemical composition, but with different molecular arrange-
ment and/or conformation in the crystal lattice). Whereas polymorphs (compounds
with same chemical composition, but with different molecular arrangement and/or
conformation in the crystal lattice) can be both, single and multicomponent crystalline
solids (Figure 1.1.). Moreover, combinations of two or more of these classes are also
possible, like polymorphs and solvates of salts or cocrystals, and even solvates of salt
cocrystals have been reported?!.

asasasasasas ananananana  atcatcatctatc
asasasasasas nanananaonan ¢ atcatcatcat
asasasasasas ananananana  atcatcatctatc
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1 11 11
Polymorphs

Figure 1.1. Schematic classification of solid state materials (a and f are different
conformers of a molecule, s = solvent molecules, n = molecules of a neutral solid,
a* is a cation and ¢ is an anion??)

It is estimated that over 80 % of organic compounds? and over 50 % of active phar-
maceutical ingredient molecules?* have more than one polymorphic form. Under cer-
tain conditions (temperature and pressure) there is only one thermodynamically stable
polymorph that is recommended for use in the final drug dosage form, however, meta-
stable polymorphs are often also used, due to better solubility or intellectual property
issues?>%,
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Polymorphs can be categorized into two types: conformational and packing poly-
morphism. In packing polymorphism, the molecules (typically rigid) share the same
molecular conformations but are packed differently in crystal lattice. Conformational
polymorphs occur when conformationally different molecules exist in the crystalline
state. Generally pharmaceutical molecules are conformationally flexibles due to the
ability to rotate around C-C, C-N un C-O bonds*~%, there are numerous examples
of conformational polymorphs with ten or even more forms®>12. The packing and
conformation of the molecules in crystals dependent on the intramolecular and inter-
molecular interactions, such as hydrogen bonds, halogen bonds, van der Waals or n-n
interactions etc.’*!

Polymorphs can also be classified based on differences in the thermodynamic prop-
erties as either enantiotropes or monotropes, depending on whether one form can
transform reversibly into another or not. In an enantiotropic system, a reversible tran-
sition between polymorphs is possible at a definite transition temperature below the
melting point. In a monotropic system, no reversible transition is observed between
the polymorphs below the melting point?2. Four empirical rules have been developed
to determine qualitatively where the two polymorphs are either enantiotropically or
monotropically related. These rules are the Heat of Transition Rule, the Heat of Fusion
Rule, the Infrared Rule and the Density Rule®2.

Table 1.1.

Summary of potential applications of various physicochemical methods to characterize
pharmaceutical polymorphs*

SC- IR/

XRD PXRD Raman ssNMR  DSC TG DVS HSM
Identification of
crystalline phase v Y Y Y Y Y v Y
Crystal structure v Ve v
Molecular structure v
Geometric information
on molecules v v 4
e -~
Weak interactions v VR
Dynamics in the solids v
Thermal stability v v v v v v
Mechanical stability v v v
Phase transformation v v v v v v v
Melting point v v
Dehydration/hydration v v v v v v v
Hygroscopicity v v v v
Habit/morphology v
Heterogeneous solids v v v v v v v
Ionization state v v v v
In situ monitoring y Y y

processes

® Advanced methodology required
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Many analytical methods can be used for identification, quantification and char-
acterization of pharmaceutical polymorphs of which X-ray diffraction (PXRD and
SC-XRD), thermal methods (DSC, TG), thermomicroscopy (HSM), vibrational spec-
troscopy (IR/ RAMAN), solid state NMR spectroscopy (ssNMR) and moisture sorp-
tion/desorption (DVS) are the most commonly used. To provide complete and detailed
structural, thermodynamic and kinetic information about polymorphs a combination
of various analytical methods and techniques must be used. Summary of potential ap-
plications of various physicochemical methods to characterize pharmaceutical poly-
morphs is presented in Table 1.1.

1.2. Structure determination from powder X-ray diffraction
data

Crystal structure is a prerequisite for fully understanding phase stability, trans-
formations, and physicochemical properties of given molecule. Although single crys-
tal X-ray diffraction is the ultimate technique for determining the crystal structure,
the main limitation of this method is the requirement of a single crystals of suitable
size, quality, and stability, which is not always feasible, as many solids can be obtained
only as microcrystalline powders, for example, phases prepared by quench cooling,
solid-state desolvation processes and by solid state grinding, all common to the phar-
maceutical industry. In such circumstances, powder X-ray diffraction becomes the
method of choice for structural analysis. Nowadays more and more crystal structures
are determined from laboratory PXRD data through the development of the direct-
space approach.

Single crystal and powder diffraction patterns essentially contain the same struc-
tural information, but this information is distributed in 3D space in the single crys-
tal XRD pattern, whereas it is compressed into 1D in the powder XRD pattern, see
Figure 1.2. Consequently, there is usually considerable overlap of peaks in the powder
XRD pattern, with information on the individual diffraction position and intensities
obscured. The problem of peak overlap is often particularly severe for molecular solids,
which typically have large unit cells and low symmetry®. Thus, the task of structure de-
termination from powder XRD data is more challenging. Measures taken to ensure that
the structure model is as accurate and precise as possible include carefully preparing
highly crystalline, preferably phase-pure powders in thin-walled capillaries, and col-
lecting data in transmission mode, while spinning the sample to minimize preferred
particle orientation effects. For the high accuracy needed for structure solution, the
experimental diffraction pattern is typically measured over a wide 20 range, usually up
to 70 or 80°3%,
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Figure 1.2. Comparison of single-crystal and powder XRD measurements®

The usual procedure of structure determination from X-ray powder data con-
sists of five overall steps: (1) indexing, that is, determination of the lattice param-
eters from the reflection positions, followed by the determination of the space group
and asymmetric unit; (2) fitting the determined lattice parameters and space group
to experimental powder XRD pattern by refinement of different profile variables us-
ing Pawley® or Le Bail® methods; (3) inserting correct trial molecular model in the
crystal lattice (4) structure solution in direct space by global optimization procedure;
(5) Rietveld refinement, that is, fit of the structural model to the full powder pattern,
resulting in the final crystal structure. Of all the steps in the powder structure solu-
tion process, the initial determination of the lattice parameters tends to be the most
problematic. Clearly, the structure determination process cannot progress to the struc-
ture solution and structure refinement stages if the correct unit cell is not found at the
indexing stage. Therefore, it is useful to employ different set of peaks and indexing al-
gorithms (Dicvol®, N-Treor*®, Conograph*! et al.) to confirm that the same result is
obtained. Further, the correct trial molecular model (crystallographically indepen-
dent molecules, counter ions, water, or solvent molecules) must be given as an input
in unit cell. Then the molecules are translated and rotated inside the unit cell; selected
intramolecular degrees of freedom (torsion angles) are varied as well. In each step, the
X-ray powder pattern is calculated and compared with the experimental pattern un-
til a suitable agreement is obtained. For the real-space methods, algorithms, such as
simulated annealing or parallel tempering, have been developed. The structure solution
results in a structural model that is generally close to the final crystal structure. The
final structural model is refined to the full powder pattern using the Rietveld method.
This includes refinement of the lattice parameters, the atomic positions, a scale factor,
an overall temperature factor, preferred orientation, occupancies of atoms or atomic
groups (for example, in the case of partially occupied solvent positions) and selected
peak profile and background parameters. Unreasonable distortions of the molecules
are avoided by using restraints or constraints for bond lengths, bond angles and pla-
nar groups. Alternatively, molecular fragments can be described by rigid bodies.
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The powder structure solution is assessed at the final Rietveld refinement stage by com-
paring its calculated powder pattern with the experimental pattern, the fit being quali-
tatively visualized by the difference curve (the black curve at the bottom of Fig. 1.3 a)
and quantified by either a weighted powder profile R factor (Rwp), full profile x? etc.

N
8

a) Structure determination b) Structure optimization and
from PXRD validation with DFT-D
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Figure 1.3. Visual workflow of structure determination from powder X-ray data

As a final proof, all crystal structures determined by PXRD should be energy
minimized using dispersion corrected density functional theory (DFT-D) methods
(Fig. 1.3.b.). If the optimization results in a mean Cartesian displacement of the nonhy-
drogen atoms of less than 0.35 A, the structure can be regarded as correct*2. Apart from
structure validation, full DFT-D energies (lattice + conformational) can be used for
polymorph thermodynamic stability ranking at 0 K.

1.3. Objects of Investigation

In total five compounds, obtained from JSC “Olainfarm” (Olaine, Latvia), were stud-
ied. Chemical structures with labeling of flexible dihedral angles are given in Figure 1.4.

T 7 (0] \O'
Tr Ng;\l TZ \ / T3
O

HN

4

Figure 1.4. Molecular structures of the compounds studied
(1 - quifenadine HCI; 2 - sequifenadine HCl; 3 - encenicline HCl; 4 - dantrolene)
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Quifenadine (1-azabicyclo[2.2.2]octan-3-yl(diphenyl)methanol) hydrochloride
(1) tradename Fencarol and sequifenadine (1-azoniabicyclo[2.2.2]octan-3-yl-bis(2-
methylphenyl)methanol) hydrochloride (2) tradename Bicarphen are active pharma-
ceutical ingredients used as antihistaminic agents that decrease the impact of histamine
by blocking histamine H1-receptors*#4. There are no reports on the existence of poly-
morphs or solvates of quifenadine HCl or sequifenadine HCI prior to this work.

Encenicline (N-[(3R)-1- azabicyclo[2.2.2]oct-3-yl]-7-chloro-1-benzothiophene-
2-carbox-amide) hydrochloride (3) is a partial, selective agonist of the a-7 nicotinic
acetylcholine receptor which was developed for the treatment of cognitive deficits in
schizophrenia and Alzheimer’s disease®. Prior to this work three monohydrate phases
(L, 11, and X) of Encenicline HCI have been reported in a patent®®.

Dantrolene (4) (1-[(E)-[5-(4-nitrophenyl)furan-2-ylJmethy lideneamino]imidaz-
olidine-2,4-dione) is a hydantoin derivative and direct-acting skeletal muscle relaxant.
It is used in treatment for malignant hyperthermia, management of neuroleptic malig-
nant syndrome, muscle spasticity and ecstasy intoxication®”. Prior to this work a crystal
structure of methanol solvate determined from SCXRD data has been reported*.
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2. EXPERIMENTAL SECTION

. Routine PXRD measurements were performed with a Bruker D8 Advance diffrac-
tometer using an X-ray tube with Cu radiation with Bragg-Brentano geometry and
a LynxEye (1D) detector. The patterns were recorded from 3° to 30° on the 20 scale,
using a scan speed of 0.2 s/ 0.02° (University of Latvia, Latvia).

. PXRD data for crystal structure determination were recorded on a Bruker
D8 Discover diffractometer using an X-ray tube with Cu radiation and a LynxEye
(1D) detector in transmission mode. The diffraction patterns were recorded on the
20 scale from 3° or 4.5° to 70° at a 0.01° step size using a scan speed of 36 s per step
(University of Latvia, Latvia).

. SC-XRD data were collected on a Rigaku XtaLAB Synergy-S dualflex diffractom-
eter equipped with a HyPix6000 detector and an X-ray tube with Mo or Cu radi-
ation (Latvian Institute of Organic Synthesis, Latvia) and a MAR345 diffractom-
eter equipped with an image plate detector and an X-ray tube with Ag radiation
(University of Bayreuth, Germany).

. DSC/TGA analyses of solvates were performed with a Mettler Toledo TGA/
DSC2 instrument. Heating of samples from 25 to 320 °C was performed at a heating
rate of 10 °C-min~! under a N, flow (University of Latvia, Latvia).

. DSC analyses of polymorphs were performed with a TA DSC 25 instrument.
Heating of samples from 25 to 320 °C was performed at a heating rate of
5-20 °C-min~! under a N, flow (University of Latvia, Latvia).

. FSC analyses of dantrolene polymorphs were performed with a Mettler Toledo
Flash DSClinstrument. Heating of samples from 25 to 350 °C was performed at
a heating rate of 2000 °C-s™! under a N, flow (Kazan Federal University, Russia).

. Dynamic vapor sorption—desorption experiments were performed on the Surface
Measurement Systems DVS Advantage apparatus. Samples were studied over a se-
lected humidity range from 0 to 90 % RH with a step of 5 % at 25 °C (University of
Latvia, Latvia).

. Polythermal solubilities were determined by turbidity measurements using
a Technobis Crystal16 instrument (University of Latvia, Latvia).

. For thermo-microscopic investigations, a Leitz Laborlux 12 PolS polarized light mi-
croscope equipped with a heating stage and a DFC450 Leica camera was used (Riga
Technical University, Latvia)

. Structure solution from powder data and Rietveld refinement were performed us-
ing softwares Expo2014 and Topas5, for periodical calculations using softwares
Quantum Espresso un Castep and Gaussian09 for molecular gas phase calculations.
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3. RESULTS AND DISCUSSION

3.1. Trimorphism of quifenadine hydrochloride (1)

Through the screening process, quifenadine hydrochloride was found to crystal-
lize in three crystalline modifications: two polymorphs (A and C) and dihydrate (DH).
Additional polymorph B was obtained by dehydration of DH. In contrast to other
polymorphic compounds described here, quifenadine hydrochloride has only three
polymorphs. It can be partly explained by the fact that quifenadine HCI is not a pro-
lific solvate former (like sequifenadine HCI, encenicline HCI and dantrolene) which
prevents the possibility of obtaining new polymorphs by desolvation. Dihydrate can
be prepared by recrystallizing quifenadine hydrochloride from water, polymorph C by
recrystallizing from n-butanol or isobutanol and polymorph A can be obtained from
any other solvent. Overlay of powder X-ray diffraction (PXRD) patterns of quifenadine
hydrochloride polymorphs and dihydrate is depicted in Fig. 3.1.

Figure 3.1. PXRD patterns of quifenadine HCI forms A, B, C and DH

Structures of polymorphs A, B, and C were determined using powder X-ray diffrac-
tion data, but the structure of DH by single-crystal X-ray diffraction. Crystallographic
data for all forms are shown in Table 3.1. All these crystalline modifications crystallize
in the PI space group. The crystal structure of each polymorph contains one quifena-
dine cation and one chloride anion in the asymmetric unit, whereas dihydrate contains
additional two water molecules in the asymmetric unit.
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Table 3.1.

Crystal structure data for quifenadine hydrochloride forms

A B C DH
Formula C,oH,,NOCl C,oH,,NOCL2H,0
Weight, g-mol! 329.86 365.88
Sample type Powder Single crystal
Temperature, K 293(2) 173(2)
Crystal system Triclinic
Space group Pl
a, A 6.372(2) 6.408(5) 6.449(2) 6.339(1)
b, A 12.699(5) 9.281(6) 12.951(3) 8.601(2)
oA 10.759(4) 18.356(2) 11.222(2) 18.404(5)
a° 96.03(2) 113.09(3) 97.60(1) 100.02(2)
B2 98.88(2) 83.62(3) 106.61(2) 92.32(3)
Y,° 80.68(2) 116.50(3) 75.25(2) 103.45(2)
V, A3 845.9(1) 895.8(1) 862.9(1) 957.5(3)
Pealo> g-Cm® 1.295 1.223 1.270 1.269
Z(Z) 2(1) 2(1) 2 (1) 2(1)
Ry (Rp)/Rl (WR,), % 2.81(1.89) 1.41 (0.99) 3.12(2.32) 4.8 (14.8)
Packing index, % 73.1 71.7 69.1 68.4
*Energy, kJ-mol ! 0 21.2 11.3 N/A

arelat. to A

A quifenadine molecule consists of two terminal phenyl groups, one quinuclidine
moiety and one hydroxyl group linked together by a quaternary carbon. Although qui-
nuclidine cation has three flexible dihedral angles (Fig 1.4.), conformation of the qui-
fenadine cation in all crystal structures shows only small differences and corresponds
to the same energy minimum. In quifenadine hydrochloride, the only easily accessible
strong hydrogen bond acceptor is the Cl™ anion, and the possible donors allowing the
formation of strong hydrogen bonds are the NH* group and the hydroxyl group. As
shown in Figure 3.2., all three polymorphs have the same hydrogen bonding pattern
where two chloride anions interact with two quifenadine cations through N-H---Cl
and O-H---Cl bonds and form a tetramer with the graph set R%,(16). The hydrogen
bonding pattern in the quifenadine hydrochloride dihydrate structure is more complex
due to the presence of two water molecules increasing the number of possible hydrogen
bond acceptor and donor sites (Fig. 3.2.).

A,B,C

Figure 3.2. The hydrogen bonding patterns in forms A, B, C and DH
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Figure 3.3. The molecular packing in quifenadine HCI forms A, B, C and DH

As shown in Fig. 3.3., forms A and C have the same monolayered molecular packing
pattern where all neighboring molecules are in antiparallel orientation. The 2D pattern
is defined by the same type of layers. However, there are marked differences between
the packing of forms A/C and form B. The molecular packing of form B has a bilayered
pattern where neighboring molecules are in the same direction and molecules in each
layer are in opposite orientation to those in the adjacent layer. The molecular packing
of form B has more distinguishable hydrophobic and hydrophilic layers than in forms
A and C where the tetramers are packed more efficiently. The molecular packing of
form DH shares common features with that of form B. The 2D structural pattern of
DH is defined by the same molecular orientation and the same arrangement of the lay-
ers with respect to each other. The only difference is the inclusion of water molecules,
which are located in structural channels between hydrophilic quinuclidine groups and
chloride anions. Therefore, DH is a stoichiometric channel hydrate, which is confirmed
by hot stage microscopy observations (Fig. 3.4.), as the dehydration occurs in direction
of the water containing channels.

DY O® 0%

Figure 3.4. Thermo photomicrographs and crystal morphology data showing
water channels of DH
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Due to the high structural packing similarity, it is clear why the dehydration of
DH leads to form B instead of A or C. This transition does not change the parallel
orientation of quifenadine cations in the crystal structure, and it only decreases the
distance between the quifenadine moieties. Calculation of the packing index yielded
73.1,71.7, 69.1 and 68.4 % for forms A, C, B and DH, respectively, which are in agree-
ment with the thermodynamic stability results for these polymorphic forms. The low-
est packing index of form DH, however, suggests that the presence of water molecule
channels does not lead to very efficient packing, but the stability of this crystal struc-
ture is provided by an energetically efficient hydrogen bonding network provided by
the insertion of water molecules.

In order to better explore the differences between the very similar forms A and C,
full geometry optimization of these two crystal structures was performed. The obtained
results indicated that between forms A and C there is only a small energy barrier be-
cause after geometry optimization of both experimental structures an almost identical
structure was obtained. Therefore, the only explanation why form C was obtained from
n-butanol or isobutanol instead of very similar form A can be based on the presence
and strength of some specific interactions between the solvent molecules and the quif-
enadine and chloride moieties during the crystallization, resulting in slightly different
molecular packing, which, interestingly, was not able to rearrange to the very similar
but thermodynamically more stable structure A.

3.2. Polymorphism of sequifenadine hydrochloride (2)

The crystal form screening experiments of sequifenadine HCl revealed the existence
of at least six polymorphs (A, B, B, C, D, E), two dihydrates (DH and DH-II), a mono-
hydrate (MH), a nonstoichiometric hydrate (NSH), and over 10 solvated phases. Figure
3.5. shows a flowchart illustrating the different polymorphs and hydrates discovered,
their preparation, and observed phase transitions. It can be seen that polymorphs
A and B are crystallized from different solvents, polymorph D is obtained by slurring
anhydrous sequifenadine HCl in n-propanol, two other polymorphs C and E are ob-
tained by desolvation of n-propanol (Sp,oy) and methanol solvates (Syon) Whereas
polymorph B' is obtained by exposing other polymorphs (except for the D) to an el-
evated temperature. All the hydrates are obtained by exposing particular polymorphs
or lower stoichiometry hydrates to a specific relative humidity.

The crystal structures of all nonsolvated polymorphs have been determined from
PXRD data because numerous attempts to grow single crystals were unsuccessful,
with only microcrystalline powders being obtained. Crystal structures of forms A, B
and B' were solved in the triclinic system with PI space group and contain one sequi-
fenadine cation and one chloride anion in the asymmetric unit. Polymorphs C, D,
and E crystallize in the monoclinic system with P2,/c, P2,/n, and C2/c space groups,
respectively, and contain two sequifenadine cations and two chloride anions in the
asymmetric unit.
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Figure 3.5. Preparation and phase transformations of sequifenadine HCI forms.
Solid boxes show forms which were crystallized from solution; dashed boxes
show forms obtained by solid state transition

In sequifenadine cation conformational difference arises due to rotation of the
methylphenyl groups around C-C bonds. There are three conformations observed in
the experimental crystal structures: conformer LM1 in form D, conformer LM2 in
polymorph C and conformer GM in all other forms, see Figure 3.6. Moreover, in con-
former LM1 the only major conformation difference is that one methylphenyl group is
rotated by ~180°, while in the conformer LM2 both methylphenyl groups are rotated
by 95-110°. It was found that the energies of the conformers LM1 and LM2 are similar,
while the GM conformer observed in all other crystal structures is lower in energy by
8-10 kJ-mol ™. Potential energy surface (PES) scans with respect to the flexible torsion
angles confirmed that conformer observed in most cases (GM) is the most stable while
conformers LM1 and LM2 correspond to one of the local energy minima.
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Figure 3.6. Potential energy surface (PES) scan with respect to torsion angle 1 in
sequifenadine cation. Conformations observed in the experimental crystal structures
are represented with blue, green and red squares
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Based on the characteristic hydrogen bonding motifs three building blocks can be
identified in all five polymorphs: R?%,(16) tetramer, which was already seen in quifena-
dine HCI structures; R?,(10) tetramer, where sequifenadine cation and Cl- anion pair
forms tetramer by additionally employing weak hydrogen bonds, and C2,(16) chain, all
shown in Figure 3.7. Both tetramers are 0D building blocks, but C2,(16) chains forms a
1D building block. 3D packing of these building blocks results in formation of structu-
res of polymorphs E, C, and D, while R?4(16) tetramers can additionally form 2D layers,
by stacking of 1D chains of such tetramers (see layer 1 in Figure 3.7). Parallel stacking
of such layers above each other results in the structure of polymorph A (stacking mode
1-1-1 in Figure 3.7.), whereas stacking of such layers so that the adjacent layers are
shifted by 1, results the structures of B and B' (stacking mode 1-1'-1 in Figure 3.7.).
As expected, forms B and B' have very similar crystal packing due to similarity in the
3D arrangement of the ions, with the most important difference being shift in the lo-
cation of chloride anion. Hydrate structures appear as derived from those of particular
polymorphs, by incorporation of water molecules between layers or in structure voids.
As can be seen in Figure 3.7., layer 2 is observed in both structures of A and of DH,
while layer 3 is common for structures of C and MH (although here half of the mole-
cules have different molecular conformation). The water molecules are incorporated
between these layers by thus introducing no other significant change in the molecule
packing except for the increase of the space between the layers.

X

/\\

1D - C%,(16) chain 0D -R?,(16) dimer 0D-D( formmg R?,(10) dimer)
D form A, B, Eforms Cform

2D - Layer 1
Aand B form

3D packmg 3D packlng 1-1-1 3D packing 1-1'-1 3D packlng 3D packing
D form A form B form E form Cform

—————————————————————————— inclusion of water molecules in the structure - {-------------- l EEEEEETS

Figure 3.7. Building blocks and packing similarities in polymorphs and hydrates
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This packing similarity explains the observation that the dehydration of DH leads
to form A and dehydration of MH leads to form C. NSH and its isostructural dehydrate
E share an identical 3D packing, as water molecules are situated in the voids of structu-
re of polymorph E.

The thermodynamic stability order of polymorphs was established by comparing
computed total cell energies, using periodic DFT-D calculations in and phase transi-
tions occurring in slurry-bridging experiments. Total cell energies of forms A, B, B,
C, D, and E indicate, that the form D is the most stable form, whereas the form C is
the least stable form, having the highest total cell energy of 20.0 kJ-mol™! (relative to
form D). Total cell energies of forms A, B, B, and E (7.9, 10.2, 8.0, and 8.3 kJ-mol™, re-
spectively) are too close to infer the stability relationships. Slurry-bridging experiments
were carried out at ambient temperature. Because of the solvate formation with numer-
ous different solvents, mixtures of polymorphs were slurred only in acetone and ethyl
acetate to avoid the solvate formation. A summary of the results from the slurry-bridg-
ing experiments is given in Table 3.2. These observations demonstrate that the form D
is the most thermodynamically stable form at ambient temperature, followed by forms
B and A having progressively lower stability. However, relative stability between the
forms C, and E is unclear, but by a combination of results from experimental and com-
putational studies it is reasonable to conclude that thermodynamic stability at ambient
temperature follows the order of D>B > A >E > C.

Table 3.2.
Results of the Slurry-Bridging Experiments

Mixture Resulting phase
A/D D
B/D

C/D
D/E
A/B
B/C
B/E
C/E
A/C
A/E

> > W W w w U g g

3.3. Decamorphism of encenicline hydrochloride (3)

In comparison to other compounds described here, encenicline HCI is the most
prolific solvate former. In a crystal form screening of encenicline HCI, over 30 new
solvates were obtained, with half of the solvates crystallizing as isomorphous solvates
(based on the results from indexing of the respective PXRD patterns). The only poly-
morph which can be obtained in crystallization is IV, and only from one solvent -
dimethylformamide, whereas all the other known polymorphs can be obtained only
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through desolvation of a specific solvate (see Figure 3.8.), including four monohydrates
that produce four different polymorphs (Ip, IIp, III, Xp). Moreover, polymorphs VI,
VIIIp, XIp, and XII, can be obtained only by desolvation of acetonitrile monosolvate
1 (Sacn.p)s acetic acid disolvate (DS, ,), formic acid monosolvate (Sg,) and acetonitrile
monosolvate 2 (S,cn.p) in a desiccator over P,Os, respectively. Desolvation in elevated
temperature, however, produced different polymorphs. Overall, 12 polymorphs can be
accessed via desolvation of various solvates.

Crystallization
Oth ACN/| MeOH/| EtOH/ ACN
e Ho ol Ho | Ho' |DPMF 1BA[ ACh FA AA IS\CCN
Y Y Y Y Y A Y Y

E.:j MH-1 | [MH-11| [MH-] MHX] | | i | [Sacn | |Ds [Ds,, ] [0S,

ORCRO r.‘;xdf

D,
u —— desiccator over PO,
— elevated temperature

Figure 3.8. Encenicline HCI phase transitions upon desolvation/heating

The comparison of the PXRD patterns of the polymorphs and their respective pre-
cursor solvate/hydrate is illustrated in Figure 3.9. PXRD patterns of polymorphs Ip, I,
I, and X}, and their respective precursor hydrates (MH-I, MH-II, MH-III and MH-
X) show high similarity indicating isostructurality between them. Each of the remain-
ing crystalline phases have a unique and distinguishable PXRD pattern showing no
similarity between precursor solvates and their respective desolvated phases.

Figure 3.9. PXRD patterns of encenicline HCI solvated (black) and neat (red) polymorphs
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In the PXRD patterns of MH-X, XIj, and XI, part of the peaks is narrow while the
other part is wide. It seems that in the crystal structures of these phases, only two direc-
tions are well-determined, as all the narrow peaks can be indexed with only two axes,
with the structure in the third direction largely undetermined. Although such behavior
is unusual for pharmaceuticals, it can be attributed to stacking faults, which are com-
mon in materials that have a strongly layered character®.

As already mentioned, 11 of 12 encenicline HCI polymorphs can be produced only
by desolvation as microcrystalline powders of which 9 crystal structures were success-
fully determined from powder diffraction data. Unfortunately, no acceptable indexing
solutions were found for the polymorphs X, un XIj, due to their stacking fault disor-
der. Most of the polymorphs crystallize in two most frequent Sohncke space groups:
P2, (VIp, VIII, and IXp) and P2,2,2, (IVp, Vp, VIIL un XIIp). Polymorph I, crystal-
lizes in the P3,21 space group, whereas polymorphs IIj, and III; in the C2 space group.
The space groups of the polymorphs are the same as those of the corresponding pre-
cursor solvates, and even the lattice parameters in most of the solvate—desolvate pairs
are similar.

Encenicline has three flexible dihedral angles (Fig. 3.4). Analysis of the crystal
structures revealed that the conformation of the encenicline cation in all crystal struc-
tures is highly similar. The largest conformation difference (up to 30°) arises due to the
rotation of the chloro-benzothiophene group around the C-C bond (t1) and quinucli-
dine group around the N-C bond (t3). After geometry optimization and a calculation
of 1D PES scan with respect to the corresponding torsion angles, it was concluded that
the conformation in all crystal structures is the same (corresponds to the same energy
minimum). Thus, we can point out that in contrast to the other most polymorphic mol-
ecules, galunisertib, aripiprazole, ROY, and flufenamic acid, conformation variability
is not the main driving force for formation of the high number of polymorphic forms
by Enc-HCI.

Analysis of intermolecular interactions and packing revealed that different crystal
structures can form as a result of different packing possibilities. This is partly associated
with the possibility to form different characteristic hydrogen bonding motifs, as five
different hydrogen-bonded building blocks can be identified in all polymorph struc-
tures (Figure 3.10.): tetramer R?,(14) in polymorph Ip; catamer 1 C'2 (7) in polymorph
101, IV, VI, and XII; catamer 2 C, (7) in polymorph IIj, catamer 3 C!, (7) in poly-
morph VIIp, VIII, and IX}, and catamer 4 C!; (7) in polymorh Vy,. All building blocks
(except for catamer 4) are formed by N-H--Cl interactions, but catamer 4 is formed
by N-H---O interaction. When solvent forms hydrogen bonds, it is just bonded to the
CI anion, and the hydrogen bonded chain existing in the respective structurally similar
polymorph or any other hydrogen bond formation characteristic is not affected by the
solvate formation. The exception from this is hydrates, where water compensates for the
unsatisfied hydrogen bond acceptors present in the dehydrates and forms more com-
plex hydrogen bonding networks, Hexamer 1 R%(18 ) in MH-I, Hexamer 2 R%(22) in
MH-II and Hexamer 3 R%(20 ) in MH-III structure.
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Figure 3.10. Characteristic hydrogen bonding patterns in encenicline
HCI crystalline structures

The packing similarity of the encenicline HCl polymorphs with their respective
parent solvate/hydrate is shown in Figure 3.11. It can be clearly seen that the packing
of Enc-HCI moieties in solvates and in polymorphs obtained in their desolvation is
similar: a comparison of structures confirmed that in all cases the characteristic pack-
ing features and hydrogen-bonding linkage are maintained after the desolvation even
in those cases when larger structure rearrangement is observed. This observation is also
confirmed by the packing similarity tree diagram generated in Figure 3.12. From the
packing similarity dendrogram it can be identified that in most of the cases the closest
packing characteristics are between precursor solvates/hydrate and their respective de-
solvated phases. The exceptions are MH-I/MH-III and I,/III}, pairs having closer pack-
ing similarity than the respective hydrate-dehydrate pairs. The desolvation of most of
the other discovered solvates produced polymorph IVy,. This can be associated both
by the packing similarity of IV, with the solvates, which is confirmed for Sgoy (see
Figures 3.11. and 3.12.), and also by the fact that IV}, is thermodynamically the most
stable polymorph under the desolvation conditions.
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Figure 3.11. Packing similarity of encenicline HCI polymorphs with their
respective parent solvate/hydrate
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Figure 3.12. Dendrogram showing packing similarity of forms of encenicline HCI
Differential scanning calorimetry data (Figure 3.13 left) confirmed that form IV
exhibits the highest melting point (286 + 1 °C), while all the other polymorphs con-

vert to form IVy, during the heating (Figure 4i) in one of three different ways: (1) via
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endothermic phase transition (Vp), (2) via exothermic phase transition (VI and XIp),
or (3) in exothermic recrystallization from an unconventional melt/amorphous state
(Ip, p, HIp, VI, VI, IXp, and XIIp). It is worth to mention that the endothermic
process (140-190 °C) that leads to an amorphous state, as confirmed by PXRD, has
too small enthalpy (2-7 kJ-mol™) to be used for establishment of the thermodynamic
relationship according to the heat of fusion rule. Therefore, DSC data allowed the es-
tablishment of the thermodynamic relationship between only three polymorphic pairs:
according to the heat of transition rule polymorphs Vy, and IV}, have an enantiotropic
thermodynamic relationship, but polymorphic pairs IV/VI, and IVp/XI, are mono-
tropically related. In slurry bridging experiments under ambient conditions in n-hep-
tane, all polymorphs converted to form IVy,. Thus, at room and elevated temperatures,
form I'Vy, is the most stable polymorph.

Heat flow (exo up)

120 140 160 180 200 220 240 260 280 300 0 10 20 30 40 050 60 70 8 90
Temperature/ °C RH/ %

Figure 3.13. Overlay of DSC curves (left) and
water vapor sorption isotherms (right) of polymorphs

The effect of relative humidity on the stability was also investigated, see Figure
3.13. right. It was found that the most stable polymorph with respect to moisture is
IV, showing no significant mass change in the range from 0 to 85 % RH. At higher
RH formation of monohydrate form MH-I was observed. Polymorphs V, and VI, are
the second and the third most stable against the humidity, by starting to take up a sig-
nificant amount of water at 70 % RH and 50 % RH, respectively. The least stable poly-
morphs against moisture are Ip, IIp, III,, VIII; and IX}, already starting to take up a
significant amount of water at > 5 % RH, meaning that these polymorphs are stable
only at RH <5 %.

Although DSC measurements and slurry bridging experiments do not reveal infor-
mation about the thermodynamic stability order of all polymorphs, this information
can help to validate the relative DFD-D energies using different pseudopotentials and/
or dispersion corrections methods. According to the experimental results polymorph
Vp must be the lowest energy in 0 K, followed by IV, and energy of all ten polymorphs
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have to be located within the range of ~15 kJ-mol! (melting enthalpy of polymorph
IVp). Taking in the account these restraints, the PBE-D3 computational approach yields
the most reliable energy ranking (Figure 3.14.) where stability fallows order V, > IV,
(+1.5 kJ-mol?) > VII, (+3.3 kJ-mol!) >VIj (+5.2 kJ-mol!) > I, = II, (+7.1 kJ-mol!) >
I, = IXp, (+8.5 kJ-mol™!) > VIII}, (+9.8 kJ-mol ) > XII, (+12.2 kJ-mol™?).
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Figure 3.14. Energy ranking for fully optimized structures using different
pseudopotentials and/ or dispersion corrections

3.4. Hexamorphism of dantrolene (4)

In comparison to other here described compounds dantrolene is a neutral mole-
cule. However, dantrolene is also highly polymorphic compound polymorphs of which
crystallize as microcrystalline powder. An initial polymorph screening of dantrolene
was performed by using solvent evaporation, cooling crystallization and antisolvent
addition experiments. The solvent-based screening resulted in a total of 22 crystal
forms: three neat polymorphs (forms I, IT and III), three monohydrates (MH-I, MH-II,
MH-III) and sixteen monosolvates. Furthermore, three additional neat polymorphs
(forms IV, V and VI) were obtained by dehydration of monohydrates MH-I, MH-II and
MH-III, respectively. The experimental solid form landscape, showing the neat poly-
morphs and hydrated/solvated forms as well as the most convenient pathways to their
preparation and interconversion is depicted in Figure 3.15.

Figure 3.16. shows the PXRD patterns of the dantrolene polymorphs and the pre-
cursor monohydrates. All the crystal forms, including hydrates and their respective de-
hydrates, give characteristic PXRD patterns, and therefore are easily distinguishable.

Crystal structures of form III and monohydrate MH-II were determined by SCXRD,
whereas that of monohydrate MH-I and the rest of the neat polymorphs were success-
fully solved from PXRD data.
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Figure 3.15. Preparation and transition pathways of the dantrolene solid forms.
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Figure 3.16. PXRD patterns of dantrolene neat and hydrated (grey) crystalline forms

Form I and form III crystallize in the centrosymmetric space group P2,/n, forms
IT and VI crystallize in the centrosymmetric space groups P2,/c and PI, respective-
ly, but forms IV and V crystallize in the noncentrosymmetric space groups P2, and
P2,2,2,, respectively. In all determined crystal structures Z’ = 1. Two distinct molecular
conformations are found in the experimental crystal structures. Dantrolene molecules
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in polymorphs I and III adopt global energy minimum conformation (conformation
A), while molecules in crystal structures of other polymorphs adopt local energy mi-
nimum conformation (conformation B), with intramolecular energy (calculated in
Gaussian 09 and CASTEP) in experimental structures differing by ~ 3 k] mol™! (Figure
3.17.a). The main difference between both conformations is a rotation of the central
furyl group by 180° around the torsion angle T,.
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Figure 3.17. (a) Overlay of the two distinct experimental conformations observed in
dantrolene crystal structures — A in blue and B in red, (b) PES scan of dantrolene with
respect to torsion angle t, and (c) intermolecular hydrogen bonding motifs observed
in the experimental structures of polymorphs

The dantrolene molecule contains only one hydrogen bond donor site (N-H group)
and several sites that can act as potential H-bond acceptors. Nevertheless, in the experi-
mental structures of polymorphs three distinct hydrogen-bonding motifs formed by
both strongest potential H-bond acceptors can be observed (Figure 3.17. ¢): R%(8) a in
forms I and I1I formed by N2-H10---O1 interactions, R%(8) b in forms IT and VI formed
by N2-H10--O2 interactions and C'(4) in form V formed by N2-H10--O2 interac-
tions. Meanwhile, form IV does not contain any conventional hydrogen bond, although
motif C',(2) formed by weak N2-H10--N2 interaction can be observed. Comparison of
the molecular packing of dantrolene neat polymorphs and monohydrates reveals that
three distinct groups of related structures are present (Figure 3.18.).
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Figure 3.18. Visual and quantitative representation of packing similarity
in dantrolene hydrates and neat polymorphs. Hydrogen atoms are omitted for clarity.
The horizontal axis of dendrogram corresponds to the PSab value (similarity)

In the 1% group there are structurally related form I and form III, both sharing the
same conformation, hydrogen bonding pattern and layers arranged along the a crystal-
lographic axis. Meanwhile, the crystal packing along the other two axes is much more
diverse resulting in the lowest crystal packing similarity among the forms belonging
to the same group. The largest 2" group includes forms II, IV, V and monohydrates
MH-I, MH-II and have the highest crystal packing similarity. All these structures con-
tain the same 2D zig zag layers. In the 3™ group containing MH-III and its respective
dehydrate form VI the main packing difference is due to the slightly different molecular
conformation in form VI (nitrobenzene group rotated by ~30°) allowing dantrolene
molecules to pack more closely than in MH-III and also allowing more efficient mt---nt
interactions.

The dantrolene anhydrate crystal energy landscape for Z' = 1 structures with two
different conformations was calculated in CrystalPredictor and CrystalOptimizer fol-
lowed by reoptimization of the most of the low energy structures (138 Z < 4 struc-
tures) with PBE-D2 computational approach. The same procedure (CrystalOptimizer +
PBE-D2) was applied also for the six experimental structures of dantrolene polymorphs.
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Figure 3.19. Crystal structure landscape of the dantrolene, where each triangle and square
represent a stable lattice energy minimum, generated in the CSP study after DFT-D
geometry optimization. The identified experimental structures of polymorphs are colored
and labelled. The landscape is complemented with the experimental structure of form
III after identical computational protocol. The horizontal dashed line designates typical
polymorph range of 10 kJ-mol™!

The obtained crystal structure landscape is given in Figure 3.19. This computational
approach was successful in identifying five of the six experimental crystal structures of
anhydrates by comparing RMSD,; values between the experimental and the predicted
structures. Although in the computationally generated crystal energy landscape there
is a crystal structure (B1) with the same conformation, space group, similar lattice pa-
rameters and energy, it has different hydrogen bonding pattern (B1 has R?,(8) b where-
as form III has R%(8) a hydrogen bonding pattern, see Figure 3.17. c.) resulting in a
quite high RMSD,; of 0.66 A. The absence of Form III among the predicted structures
could possibly be because of a low temperature phase transformation between the pre-
dicted structure Bl and Form III, as rearrangement of molecule layers would result in
change of the hydrogen bonding motif.

The thermodynamic properties of dantrolene polymorphs were examined by con-
ventional (DSC) and fast scanning calorimetry analysis (FSC), polythermal solubil-
ity determination experiments and complemented with calculations of lattice energy
values using different periodic DFT-D methods (Figure 3.20.). The conventional DSC
traces of forms II, IV, V and VI shows exothermic phase transition to polymorph I
(Figure 3.20. a). This substantiates the enantiotropic relationship between these poly-
morphs on the basis of the heat of transition rule, but endothermic phase transition be-
tween polymorphs II and III indicates a transition point between these forms. In order
to avoid the degradation upon melting and to overcome the phase transitions before the
melting, FSC at a high scanning rate (2000 °C-s™') was used (Figure 3.20. b). The obtained
values of melting temperature and heat of fusion is sufficient to conclude that polymor-
phic pairs II/I and III/I are monotropically related on the basis of the heat of fusion
rule and that Form I is the most thermodynamically stable polymorph. To determine
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the thermodynamic transition temperature of polymorphs II and III, polythermal sol-
ubility determination experiments were performed (Figure 3.20. b). The intersection
of solubility curves of forms II and III confirmed the enantiotropic relationship be-
tween these polymorphs with the transition point of these polymorphs lying between
105 and 110 °C. An additional intersection of solubility curves was observed at about
15-20 °C as the solubility of form V became lower than the solubility of polymorph III,
indicating that polymorph V is more stable at lower temperature than polymorph III.
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Figure 3.20. a) DSC curves of dantrolene neat polymorphs (I-VI) recorded at a heating rate
of 10 °C-min~', b) FSC curves of dantrolene neat polymorphs I, II, III, V and VI recorded
at a heating rate of 2 000 °C-s’!, ¢) Solubility (mg-mL™) of dantrolene forms I, II, III and
V in cyclohexanone as a function of temperature and d) relative energy ranking of the
dantrolene polymorphs using different periodic DFT+D methods compared to the ranking
obtained using CrystalOptimizer

By summarizing the results from DSC, FDC, solubility measurements and lattice
energy calculations it is reasonable to conclude that the thermodynamic stability of
dantrolene polymorphs at ambient temperature follows the order I > II > III > V > VI
> IV, while because of the enantiotropic polymorph pairs of III and V as well as II and
III this order is different below 15 °C (I > II > V > III > VI > IV) and above 110 °C (I >
II>1I>V>VI>1V).
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CONCLUSIONS

. Identical hydrogen bonded tetramer consisting of two quifenadine cations and

two chloride anions was observed in the crystal structures of all three polymorphs
of quifenadine HCIL. In dihydrate structure, hydrogen bonds form a complex net-
work, with water molecules playing a stabilizing role. Water molecules are located
in structure channels and dehydration produces structurally similar polymorph B.
Therefore, the solid-state hydration/dehydration transformation DH <— B is re-
versible under ambient conditions and depends on the relative humidity.

Six structurally characterized polymorphs of sequifenadine HCI can be obtained.
Although three different conformations of sequifenadine cation are observed in se-
quifenadine HCI polymorph structures, structural analysis showed that the major
difference between all polymorphs is the mode of packing of the sequifenadine and
chloride ions in the crystal structures, with three different hydrogen bonding pat-
terns being one of the building elements resulting in different molecular packing.
All hydrate structures appear as derived from those of particular polymorphs by
incorporation of water molecules between layers or in structure voids.

Overall, ten structurally characterized polymorphs of encenicline HCI can be
obtained. All thermodynamically metastable polymorphs can be accessed only
through desolvation of various solvates or hydrates, and in this process the charac-
teristic hydrogen bond network (except for hydrates) as well as packing present in
the solvates are always maintained. Meanwhile, the conformation in all structures is
nearly identical and corresponds to the same energy minimum.

Dantrolene represents another example of abundant molecular crystal polymor-
phism existing in at least six different neat polymorphs of which three can be ob-
tained via crystallization (I, I and III) and additional three (IV, V and VI) via solid
state dehydration from three different monohydrates. The main reasons appear to
be at least two energetically favorable conformations, possibility to form different
hydrogen bonds as well as stability of the remaining host framework after with-
drawal of water molecules from the monohydrate structures.

The use of laboratory powder diffraction data, global optimization methods and pe-
riodic DFT-D calculations provide independent procedure for structure determina-
tion of a microcrystalline powder.

Several polymorphic forms of different pharmaceuticals have been obtained by de-
solvation of solvates. These polymorphs can be used as new stable and potentially
patentable final dosage forms.
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ABSTRACT: Dantrolene represents yet another interesting example of ~ Two
abundant molecular crystal polymorphism existing in at least six different
neat polymorphs, three of which can be obtained via crystallization (I-III)
and an additional three (IV— VI) via solid-state dehydration from three
different monohydrates (MH-I-MH-III). The reasons for polymorph
formation were rationalized by analyzing the crystal structures of the
polymorphs and hydrates used in their preparation. The thermodynamic
relations among the polymorphs were established from calorimetric data,

solubility measurements, and lattice energy calculations.

H INTRODUCTION

Polymorphism is the ability of a compound to exist in a
number of crystalline forms. This phenomenon is highly
important in the manufacturing of pharmaceuticals, since
properties such as solubility, dissolution rate, melting point,
density, tabletability, etc. of different polymorphs may differ.
The number of polymorphs formed by a compound as well as
what tools can be used to predict this are still among the
unresolved questions in organic crystal polymorphism." The
solid-phase landscapes of different compounds can differ
significantly, and there are compounds that are able to form
more than 10 polymorphs and notably a larger number of
solvates™ (with the largest reported number of solvates
formed exceeding 100%). The most prolific polymorphic
systems today are ROY"™'” with 13 structurally characterized
polymorphs, followed by encenicline hydrochloride' % and
galunisertib,'* both having 10 reported polymorphs with
determined crystal structures, aripiprazole'*™"® and nicotina-
mide'” with 9 polymorphs, and flufenamic acid'® and
tolfenamic acid'”* with 8 polymorphs. Yet a survey of crystal
structures deposited in the Cambridge Structural Database”"
showed that for molecular solids rarely more than 4
polymorphs have been reported.

On the one hand, a high tendency to form solvates will limit
the possibilities to prepare the unsolvated phase(s) of a
compound. On the other hand, desolvation of solvates often
produces new polymorphs which cannot be obtained using
conventional crystallization techniques.”>™>° Despite the fact
that new polymorphs obtained using desolvation are reported
rather often,” it is common that their crystal structures remain
undetermined, as usually the polymorphs are obtained in the
form of a powder. Nevertheless, the advancement of crystal
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structure determination from powder diffraction by using
direct-space methods complemented by DFT-D calcula-
tions'"*”?* or from electron diffraction measurements®*° is
being successfully used more and more often for crystal
structure determination.

Recently it has been shown that an additional understanding
of the experimental solid form landscape can be provided by
crystal structure prediction (CSP) methods, a tool for
prediction of the lowest energy hypothetical crystal struc-
tures.'>*! This approach is often used to ensure that the most
stable forms have been found or justify expanding the
experimental search. However, CSP frequently overpredicts
the possibility of polymorphism and does not yet identify
experimentally achievable structures®** which may form
following rare nucleation events that have not been accessed
during limited variations of the experimental crystallization
procedures.****

In this work, we present a structural and experimental study
of polymorphs of dantrolene (1-[[S-(4-nitrophenyl)furan-2-
yl]methylideneamino Jimidazolidine-2,4-dione) (Figure 1).
Dantrolene is a skeletal muscle relaxant that depresses the
intrinsic mechanisms of excitation—contraction coupling. It
reduces the spasms, cramping, and muscle stiffness caused by
certain medical problems, such as disseminated sclerosis, a
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Figure 1. Molecular diagram of dantrolene with the numbering of
non-hydrogen atoms and labeling of flexible dihedral angles.

stroke, or an injured spine.’® The only previously reported
crystal structure of dantrolene is a methanol solvate.””

In the performed solid form screening of six neat
polymorphs, three obtained in crystallization and three in
desolvation, three monohydrates and numerous solvates have
been obtained and characterized. With the crystal structures of
six polymorphs having been characterized, dantrolene is among
the most polymorphic molecules reported. A structural and
physicochemical characterization of solid forms of such
polymorphic and diverse molecules contribute toward our
understanding of polymorphic behavior and factors regulating
the formation and stability of different polymorphs. To obtain
complete information on the polymorphic forms and to
establish a better comprehension of the thermodynamic and
kinetic phase relationships, different experimental techniques,
including powder X-ray diffraction (PXRD) and single crystal
X-ray diffraction (SC-XRD), differential scanning calorimetry
(DSC) and fast scanning calorimetry (FDC), dynamic vapor
sorption (DVS)/desorption, and solubility measurements
complemented with crystal structure prediction (CSP) and
lattice energy calculations were used.

B EXPERIMENTAL SECTION

Materials. Dantrolene (purity >99%) was obtained from JSC
Olainfarm (Olaine, Latvia). The sample consisted of a mixture of
anhydrous forms I-IIL Analytical grade organic solvents were
purchased from commercial sources and used without further
purification.

Sample Preparation. A standard solvate screening was
performed by cooling a hot solution of dantrolene in a selected
solvent to room temperature or by evaporation of a saturated solution
at ambient temperature. Both methods overall produced 18 solvates
with methanol, ethanol, trifluoroethanol, acetone/water, methyl ethyl
ketone/water, tetrahydrofuran/water, acetonitrile, nitromethane,
dimethyl sulfoxide, dimethylformamide, dimethylacetamide, dimethyl
carbonate, 1,4-dioxane, 1,3-dioxalene, formic acid, and acetic acid.
The monohydrate MH-I was prepared by adding water as an
antisolvent to a saturated hot solution of dantrolene in acetone. The
monohydrate MH-II was prepared by slow evaporation of an
acetonitrile/water mixture (95/5 v/v). Monohydrate MH-III was
obtained by slow evaporation of an nitromethane/water mixture (95/
S v/v). Form I was obtained by crystallization from 2-propanol or by
slurrying any other crystalline form in 2-propanol or cyclohexanone.
Form II was prepared by crystallization from 3-pentanone. Form III
was obtained by fast cooling of a hot cyclohexanol solution.
Polymorphs IV—VI were obtained by dehydrating monohydrates
MH-I-MH-III in a desiccator over P,Oy, respectively.

Powder X-ray Diffraction. Routine PXRD measurements were
performed with a Bruker D8 Advance diffractometer using copper
radiation (Cu Ka, 4 = 1.54180 A) with Bragg—Brentano geometry
and a LynxEye (1D) detector. The tube voltage and current were set
to 40 kV and 40 maA, respectively. The divergence and antiscattering
slits were set at 0.6 and 8 mm, respectively. The patterns were
recorded from 3° to 30° on the 26 scale, using a scan speed of 0.2 s/
0.02°. When necessary, to prevent the atmospheric humidity effect,
samples were covered with a 10 um polyethylene film.

PXRD data for crystal structure determination were recorded on a
Bruker D8 Discover diffractometer using copper radiation (Cu Ka, 4
= 1.54180 A) and a LynxEye (1D) detector in transmission mode.
The tube was employed with voltage and current settings of 40 kV
and 40 mA, respectively. The sample was loaded into a special glass
No. 10 capillary (0.5 mm diameter). A capillary spinner (60 rpm) and
upper and lower knife edges were used. The diffractometer incident
beam path was equipped with a Gébel mirror, Soller slit, and a 0.6
mm divergence slit, while the diffracted beam path was equipped only
with a Soller slit. The diffraction patterns were recorded on the 26
scale from 3° or 4.5° to 70° at a 0.01° step size using a scan speed of
36 s per step.

Structure Determination from PXRD Data. Indexing, space
group determination, and structure solution were performed using
EXP02014.>* The unit cell dimensions were determined by applying
the N-TREOR09" and Dicvol06"’ indexing procedures with a set of
20-25 reflections found in 4.5-30° 26 range. Space group
determination was carried out using a statistical assessment of
systematic absences, and Z' was determined on the basis of density
considerations. The cell and diffraction pattern profile parameters
were refined according to the Le Bail algorithm.*"** The background
was modeled by a 20th-order polynomial function of the Chebyshev
type; peak profiles were described by the Pearson VII function.

The initial geometry of dantrolene was taken from the crystal
structure of methanol solvate.”” Simulating Annealing algorithm was
used to optimize the dantrolene model against the experimental
powder diffraction pattern set in direct space by adjusting the
conformation, position, and orientation of the trial model in the unit
cell.

The best structure solution was then used for Rietveld refinement
using TOPASS.” The background was modeled with Chebyshev
polynomials, and the modified Thompson—Cox—Hastings pseudo-
Voigt function was used for peak shape fitting. The geometry of each
molecule was defined by a rigid body. Rotation and translation
parameters were refined simultaneously with the dihedrals of each
independent molecule in the asymmetric unit. A global isotropic
atomic displacement parameter (B,,) was refined for non-hydrogen
atoms, and for hydrogen atoms it was set to 1.2Bj,.

Single-Crystal X-ray Diffraction. SC-XRD data of forms III and
MH-II were collected on a XtaLAB Synergy-S dualflex diffractometer
(RIGAKU Oxford Diffraction) equipped with a HyPix6000 detector
and a microfocus sealed X-ray tube with Mo Ka radiation (4 = 0.7107
A). A single crystal with approximate dimensions of 0.08 X 0.08 X
0.06 mm® was fixed with oil in a nylon loop of a magnetic CryoCap
and set on a goniometer head. The sample was cooled to 150 K, and
@ scans were performed with a step size of 0.5°. Data collection and
reduction were performed with the CrysAlisPro 1.171.40.35a
software. Structure solution and refinement were performed with
AutoChem3.0 and SHELXL** software that are parts of the
CrysAlisPro suite. Non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were added geometrically and refined using a
“riding” model.

Differential Scanning Calorimetry. Conventional DSC analyses
of neat polymorphs were performed with a TA DSC 25 instrument.
Closed 70 pL aluminum pans were used. Heating of samples from 25
to 300 °C was performed at a heating rate of 10 °C min~" under a S0
mL min~" nitrogen flow. The sample mass was approximately S mg.

FSC analyses of neat polymorphs were performed with a Mettler
Toledo Flash DSCI instrument. A sample of crystalline dantrolene
(ca. 10 ng) was placed in the center of the measuring area of an UFS1
sensor (circular area of 500 ym diameter) with the help of a thin
copper wire (¢ = 0.03 mm). In preliminary experiments, the empty
sensor was conditioned according to the manufacturer’s procedure to
establish the correct relation between the measured signal and the
temperature of the sample. The FSC scans were performed under an
inert atmosphere of nitrogen with a flow rate of about 50 mL min™" at
a heating rate of 2000 °C s~'. Optical images of the samples under
study were taken with an Olympus BXFM microscope with 10X lens
in reflection mode and a DCM 510 camera before and after each
thermal scanning.

https://dx.doi.org/10.1021/acs.cgd.0c01508
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Dynamic Water Vapor Sorption and Desorption Studies.
Dynamic vapor sorption—desorption experiments were performed on
the Surface Measurement Systems DVS Advantage apparatus. All
samples (5—12 mg) were initially dried under a 200 mL stream of N,
to establish the equilibrium dry mass under 25 °C. Samples were
studied over a selected humidity range from 0 to 90% RH with a step
of 5% at 25 °C. Each humidity step was taken with equilibration set to
dm/dt 0.002%/min on a § min time frame (with a minimum hold
time of 10 min and a maximum of 300 min).

Solubility Determination. The solubilities of forms I-III and V
in cyclohexanone and forms I-III in n-pentanol were determined by
turbidity measurements using a Technobis Crystall6 instrument at
0.2 °C min™%

Crystal Structure Prediction and Theoretical Calculations.
CSP was performed with CrystalPredictor 2.2* for the two most
likely conformers held rigid. Conformer A was used with 7, being
180° and B with 7, being 0 (see Figure 1), while other torsion angles
were as in all determined experimental crystal structures. The
conformational energy difference, AE,, was calculated with
Gaussian 09*° at the M06-2X/6-31G(d,p) level of theory and
combined with the dominant intermolecular energy Uiy, calculated
as a sum of an electrostatic component derived from point charges
and a repulsion—dispersion component derived from the empirically
fitted FIT potential.*” Crystal structures were generated in the 61
most common space groups in the CSD (see the Supporting
Information) with Z' = 1 by generating a total of 1000000 structures
for each conformer.

After structure prediction the obtained structures were analyzed
using the Analysis tool, and those having reasonable lattice energy and
no obvious errors were optimized in DMACRYS® using the FIT
potential and multipoles generated with GDMA*® after M06-2X/6-
21G(d,p) calculation in Gaussian 09.

The structures were then clustered, and 3350 unique structures
were refined using CrystalOptimizer 2.4.7.°° The intermolecular
lattice energy was calculated using DMACRYS modeling electrostatic
interactions with distributed multipoles calculated by GDMA on
charge densities of isolated molecules calculated in Gaussian 09.
Other intermolecular forces were calculated with an atom—atom exp-
6 repulsion—dispersion potential using the empirically fitted FIT
parameters. The conformational energies and distributed multipoles
used were calculated at the M06-2X/6-31G(d,p) level. During the
CrystalOptimizer optimizations torsion angles 7,—7, and the bond
angle H-N2—C1 were optimized. After CrystalOptimizer, structures
which showed a negative eigenvalue (corresponding to a high-
symmetry saddle point) were reminimized in a lower symmetry space
group. The optimized structures were then clustered to obtain the
final set of unique predicted crystal structures.

The geometry optimization and the resulting calculation of total
energy of the most stable predicted anhydrates (138 structures, Z < 4,
covering an energy range of 20 kJ mol™" with respect to the global
minimum) was performed in the CASTEP®' plane wave code bg
relaxing lattice parameters and atomic positions using the PBE”
exchange-correlation density functional and on-the-fly generated

PXRD patterns on the basis of the crystal structure data. Detailed
analyses of the molecular packing similarities were performed using
Crystal CMP.* Crystal structures for a quantitative molecular packing
comparison in CrystalCMP and calculations of packing coefficients
were used after geometry optimization with the periodic boundary
DFT code for more reliable and consistent results. For form III, an
ordered structure model was used. ConQuest 2020.2.0 was used to
search the CSD (v5.41 November 2019 Updates).

B RESULTS AND DISCUSSION

Solid Form Screening. Solid forms of dantrolene were
screened using solvent evaporation, cooling crystallization, and
antisolvent addition experiments. These experiments resulted
in a total of 27 crystal forms: 3 neat polymorphs (I-III), 3
monohydrates (MH-I-MH-IIIT) and 16 monosolvates (aceto-
nitrile, nitromethane, methanol, ethanol, trifluoroethanol,
acetone, methyl ethyl ketone, tetrahydrofuran, 1,4-dioxane,
1,3-dioxalene, formic acid, acetic acid, dimethyl carbonate,
dimethylformamide, dimethylacetamide, dimethyl sulfoxide).
Furthermore, three additional neat polymorphs (forms IV—VI)
were obtained by dehydration of monohydrates MH-I-MH-
III, respectively (see the Experimental Section for more
details). All of the obtained solvates were characterized by
PXRD and DSC/TGA methods to confirm the solvate
stoichiometry and desolvation products (see Table SI and
Figure S1 in the Supporting Information), but no further
characterization was performed. Upon desolvation by heating,
all solvates transform to forms I—III, mixtures of these
polymorphs, or a low crystallinity/amorphous phase.

Figure 2 shows the PXRD patterns of the dantrolene
polymorphs and the precursor monohydrates. All of the crystal
forms, including hydrates and their respective dehydrates, give
characteristic PXRD patterns and therefore are easily
distinguishable. The experimental solid-phase landscape,
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ultrasoft pserudopotentials,53 with the addition of a
Grimme D2°* dispersion correction. K points were chosen to provide
a maximum spacing of 0.07 A™, and the basis set cutoff was 570 V.

The lattice energies of dantrolene neat polymorphs were calculated
using the same settings and also using TS*® and MBD** dispersion
correction methods. Isolated molecule minimizations to compute the
energy of isolated dantrolene were performed by placing a single
molecule in a fixed cubic 30 X 30 X 30 A® unit cell and performing
geometry optimization with the same settings as those used for
calculation of the periodic crystal structures. For polymorph III, an
ordered version of the nitro group was used for the calculations.

1D relaxed potential energy surfaces (PES) and conformation
energy were calculated in Gaussian09 at the M06-2X/6-31++G(d,p)
level by scanning the 7, flexible torsion angle (see Figure 1) with a
step size of 10°.

Crystal Structure Comparison and Analysis. Mercury 2020.2.0
software®”*® was used for crystal structure analysis and simulation of

birical
'P

80

Form Il

T T T T T T T T
14 16 18 20 22 24 26 28 30
20/°

T
10 12

Figure 2. PXRD patterns of dantrolene neat and hydrated (gray)
crystalline forms.
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showing the neat polymorphs and hydrates, and the most
convenient pathways to their preparation and interconversion
are depicted in Figure 3.
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Figure 3. Preparation and transition pathways of the dantrolene solid
forms. Solid ovals show forms that were obtained from solution;
dashed ovals show forms accessed by solid-state transitions.

Water Sorption/Desorption Analysis. The water
sorption/desorption behavior of the neat and hydrated forms
of dantrolene was determined using dynamic vapor sorption/
desorption analysis at 25 °C. Forms I-III show no significant

moisture sorption (<0.6%) up to 95% RH (Figure 4a). No
transitions to the hydrated phases were observed, and on the
basis of the obtained sorption isotherms, form I can be
classified as nonhygroscopic, while forms II and III are slightly
hygroscopic.”” In contrast, forms IV and VI have very low
stability against humidity and very rapidly transform to the
structurally related hydrated phases MH-I and MH-III,
respectively, at >5% RH (Figure 4b,d), confirming that these
two anhydrates are not stable under ambient conditions and
can transform back to the anhydrous phase only at 0% RH or/
and at elevated temperature. Form V absorbs a significant
amount of water (>0.5%) above 60% RH, transforming to the
hydrate MH-II, with water sorption being reversible, as the
anhydrous phase V is obtained when the RH is reduced below
30% (Figure 4c). The presence of large hysteresis (~30% RH)
between the sorption and desorption isotherms indicates that
water molecules in the crystal structure are not located in an
easily exchangeable way, as in open channels, but are rather
located in isolated pockets, resulting in a kinetically hindered
water egress/ingress process, opposite to that observed for the
IV/MH-I and VI/MH-III systems. The water content in all
three of these hydrates remains sufficiently constant over their
relative humidity existence ranges so that the hydrate
stoichiometry can be determined as monohydrates.
Characterization of Crystal Structures of Dantrolene
Neat and Hydrated Forms. Crystal structures of the neat
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Table 1. Crystallographic Data Structure Refinement Parameters for Neat Polymorphs of Dantrolene

1 il i v v VI
formula C14H N, O
formula wt, g mol™" 31425
sample type powder powder single crystal powder powder powder
cryst syst lini lini lini lini orthorhombi triclinic
space group P2,/n P2,/c P2,/n P2, P2,2,2, PT
a A 5.383(5) 6.884(2) 4.8677(4) 6.64(2) 6.990(3) 7.989(6)
b, A 21.26(2) 4.933(4) 20.7390(14) 4.828(16) 39.749(18) 8.8790(10)
oA 12.109(12) 42.037(7) 13.8153(9) 21.52(7) 4.957(2) 10.762(6)
a, deg 90 90 90 90 90 79.33(6)
B, deg 92.3042(16) 91.040(10) 94.553(7) 91.3380(18) 90 76.75(4)
7, deg 90 90 90 90 90 70.99(8)
v, A3 1385(3) 1427.3(13) 1390.27(17) 690(4) 1377.3(10) 698(2)
Pt g cm™ 1.507 1462 1.501 1513 1516 1.507
z/7 4/1 4/1 4/1 2/1 4/1 2/1
temp, K 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
20y =20psy /increment, deg 4.0-70.0/0.01 3.0-70.0/0.01 4.0-70.0/0.01 4.0-70.0/0.01
R, (R,), % 571 (4.08) 5.60 (4.18) 4.98 (3.46) 7.64 (5.84) 3.71(2.81)
Regy % 052 0.81 0.68 0.72 0.58
RI (wR,), % 5.56 (17.88)
CCDC no. 2036322 2036317 2036318 2036321 2036319 2036320
a) b)
30 ®e e .
- L] ' d L] L
2 o [ ) ¢
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Figure 5. (a) Overlay of the two conformations in experimental dantrolene crystal structures, with A in blue and B in red. (b) PES scan of
dantrolene with respect to torsion angle 7, with marked values observed in the experimental crystal structures of neat polymorphs. (c)
Intermolecular H-bonded motifs observed in the experimental crystal structures of neat polymorphs.

polymorph III and the monohydrate MH-II were determined
by SCXRD, whereas that of monohydrate MH-I and the rest of
the neat polymorphs were successfully solved from PXRD data.
Crystallographic data for neat polymorphs are given in Table 1
and for the hydrated phases in Table S2 in the Supporting
Information, and Rietveld fits for all crystal structures solved

82

from PXRD data are shown in Figures $3—S9, in the
Supporting Information. The correctness of the structures
calculated from the PXRD data was validated by the DFT-D
geometry optimization of crystal structures, after which the
RMSD with the experimental structures was always accept-
able®" (see Figures $10—S16 in the Supporting Information).

https://dx.doi.org/10.1021/acs.cgd.0c01508
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Figure 6. Visual and quantitative representation of packing similarities in dantrolene hydrates and neat polymorphs. The horizontal axis of the

dendrogram corresponds to the PSab value (similarity).

Forms I and III crystallize in the centrosymmetric space
group P2,/n, and forms II and VI crystallize in the
centrosymmetric space groups P2,/c and P, respectively,
but forms IV and V crystallize in the noncentrosymmetric
space groups P2, and P2,2,2,, respectively. In all determined
crystal structures Z’ = 1. Two distinct molecular conformations
are found in the experimental crystal structures. Dantrolene
molecules in polymorphs I and III adopt global energy
minimum conformations (conformation A), while molecules in
crystal structures of the other polymorphs adopt local energy
minimum conformations (conformation B), with the intra-
molecular energy (calculated in Gaussian and CASTEP) in
experimental structures differing by ~3 kJ mol™ (Figure Sa).
The main difference between both conformations is a rotation
of the central furyl group by 180° around the torsion angle 7.

The dantrolene molecule contains only one hydrogen bond
donor site (N2—H group) and several sites that can act as
potential hydrogen-bond acceptors (Figure 1). Nevertheless, in
the experimental structures of the polymorphs three distinct
hydrogen-bonding motifs formed by both strongest potential
H-bond acceptors can be observed (Figure Sc): R%(8) a in
forms I and I1I formed by N2—H10---O1 interactions, R*,(8) b
in forms II and VI formed by N2—H10---O2 interactions, and

C')(4) in form V formed by N2—H10--O2 interactions.
Meanwhile, form IV does not contain any conventional
hydrogen bond, although motif C',(2) formed by weak a
N2-H10:-N2 interaction can be observed.

A comparison of the molecular packing of dantrolene neat
polymorphs and monohydrates reveals that three distinct
groups of related structures are present (Figure 6). In the first
group there are the structurally related forms I and III, both
sharing the same conformation, hydrogen-bonding pattern,
and layers arranged along the a crystallographic axis.
Meanwhile, the molecular packing along the other two axes
is much more diverse, resulting in the lowest crystal packing
similarity among the forms belonging to the same group. The
second and largest group includes forms II, IV, and V and
monohydrates MH-I and MH-II and has the highest crystal
packing similarity. All of these structures contain the same 2D
zigzag layers. In the third group containing MH-III and its
respective dehydrate form VI, the main packing difference is
due to the slightly different molecular conformation in form VI
(nitrobenzene group rotated by ~30°), allowing dantrolene
molecules to pack more closely than in MH-III and also
allowing more efficient 77 interactions.

F https://dx.doi.org/10.1021/acs.cgd.0c01508
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Figure 7. Visual comparation of the hydrogen bonding motifs of the experimental dantrolene monohydrates (MH-I—MH-III) and their respective

dehydrates (forms IV—VI).

The water molecules in each of the monohydrates are
incorporated differently (see Figure 7 and Figure S17 in the
Supporting Information). In the structure of MH-I one water
molecule is connected to two dantrolenes and two more
neighboring water molecules via H bonds, creating a channel
of water along the b axis. Although the presence of water
channels often is characteristic of nonstoichiometric hydrates,
MH-I is a stable stochiometric monohydrate (see Figure 4b)
and it this most likely due to the strong interactions between
dantrolene and water molecules (water is involved in the
formation of three strong H bonds, see Figure 7 and Table S3).
After the departure of water molecules from the structure the
hydrogen bond network collapses and the unstable isomorphic
dehydrate (form IV) without any conventional hydrogen
bonds is obtained.

In the structure of MH-II water molecules are located in
isolated pockets and are bonded only to dantrolene molecules
via three hydrogen bonds (see Figure 7 and Table S3). During
the dehydration molecules of dantrolene move closer together
without any notable rearrangement in molecular packing by
forming new, effective hydrogen bonds between dantrolene
molecules, thus forming the relatively stable anhydrous form V.
In the structure of MH-III water molecules are also located in
isolated pockets but, in contrast to the other two
monohydrates, water molecules are not a part of the main
strong hydrogen-bond network in this structure but rather
work as space fillers and provide a secondary hydrogen-
bonding network by forming two hydrogen bonds (but note
that these are rather weak hydrogen bonds; see Table S3). As a
result, in the dehydration of this structure form VI with no
significant differences in packing and hydrogen bonding is
obtained. Nevertheless, the role of the water in MH-III is
significant enough for this hydrate to be a very stable
monohydrate (see Figure 4d), which could be explained by
the relatively low stability of the respective anhydrate form VI
(see below).
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Crystal Structure Prediction. The predicted crystal
energy landscape for dantrolene (Z' = 1) structures with two
different conformations was calculated in CrystalPredictor and
CrystalOptimizer (see in the Supporting Information)
followed by reoptimization of most of the low-energy
structures (138 Z < 4 structures) with the PBE-D2
computational approach. The same procedure (CrystalOptim-
izer + PBE-D2) was applied also for the six experimental
structures of dantrolene polymorphs. The obtained crystal
structure landscape is given in Figure 8 (the crystal structure

26
24

Conformation A

S N A O

Conformation B

66 67 68 69 70 71 72 73 74 75

Packing index/ %

7% 77 78

Figure 8. Crystal structure landscape of dantrolene, where each
triangle and square represents a stable lattice energy minimum,
generated in the CSP study after DFT-D geometry optimization. The
identified experimental structures of polymorphs are colored and
labeled. The landscape is complemented with the experimental
structure of form III after an identical computational protocol. The
horizontal dashed line designates the typical polymorph range of 10 kJ

mol ™.

https://dx.doi.org/10.1021/acs.cgd.0c01508
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Figure 9. (a) DSC curves of dantrolene neat polymorphs (I-VI) recorded at a heating rate of 10 °C min™". (b) FSC curves of dantrolene neat

polymorphs I-1III, V, and VI recorded at a heating rate of 000 °C s™".

landscape including all structures after optimization in
CrystalOptimizer is given in Figure S18 in the Supporting
Information). This computational approach was successful in
identifying five of the six experimental crystal structures of
anhydrates by comparing RMSD,s values between the
experimental and the predicted structures. The geometry of
the corresponding predicted structures of forms I, II, and IV—
VI are in reasonably good agreement with the experimental
structures (RMSD;g < 0.35 A), while form III is not present
among the generated structures. Although in the crystal energy
landscape there is a crystal structure (B1) with the same
conformation and space group and similar lattice parameters
and energy, it has a different hydrogen bonding pattern (B1
has R%(8) b, whereas form III has an R%(8) a hydrogen-
bonding pattern, see Figure Sc), resulting in a quite high
RMSD; value of 0.66 A. The absence of form III among the
predicted structures could possibly be because of a low-
temperature phase transformation between the predicted
structure B1 and form III, as a rearrangement of molecule
layers would result in a different hydrogen-bonding motif. An
existence of a plastic phase and reorganization of sufficiently
weak hydrogen bonding for a molecule also containing the
C(=0)NHC=0 moiety have been reported previously.*””
Form I was determined to be the global minimum structure,
and polymorphs II and III fall within the typical polymorph
range® of 10 kJ mol ™", while the structures that correspond to
the dehydrate forms VI, V, and particularly form IV (note that
no conventional hydrogen bond is present in form IV) had
even higher energy.

The already mentioned R%(8) b is the most common (36%)
H-bonding pattern in the top 47 computationally generated
crystal structures (fitting in the typical polymorph range of 10
kJ mol™"), while the second most common (30%) hydrogen-
bonding pattern is C';(15) formed by a N2-H10--O5
interaction (see Figure S19 in the Supporting Information).
Despite the common appearance of this hydrogen-bonding
motif in the lowest energy predicted structures, it was not
observed in any of the experimental structures. This could be a
result of the overprediction of polymorphs or be caused by a

potential scenario that structures containing such a hydrogen-
bonding motif could be inaccessible because of notably slower
nucleation in comparison to other structures.>* It can also be
added that in this study only crystallizations from solvent and
desolvation in ambient pressure were covered, while notably
different techniques likely to allow the preparation of
structures containing notably different intermolecular inter-
actions, e.g., crystallization from melt or in the presence of
additives, were not explored. The hydrogen-bonding pattern
R2,(8) a as in polymorphs I and III is present only in 9% of the
top 47 computationally generated crystal structures. An
additional analysis of the difference between patterns R%(8)
a and R%(8) b did not give a solid explanation for the
preferential appearance of the second pattern in the computa-
tionally generated crystal structures, as the pairwise interaction
energy between hydrogen-bonded dantrolene molecules
(calculated usin4g Crystal Explorer 17.5 at the B3LYP-D2/6-
31G(dp) level®®) in forms I and 111 containing R%(8) a is in
fact more negative (~—59 kJ mol™*) than that in II and Bl
containing R*%(8) b (~—51 kJ mol™) (see Table S4). An
analysis of the crystal structures of molecules containing a 2,4-
imidazolidinedione ring (including all N1- and C3-substituted
derivatives) deposited in the CSD revealed that both of these
hydrogen-bonding patterns are observed with similar proba-
bility (42 hits for structures with R%,(8) a and 45 hits for
structures with R%,(8) b).

Thermal and Thermodynamic Stability. Thermal
properties of dantrolene polymorphs were examined by
conventional and FDSC analysis. The conventional DSC
traces of forms I and III show no thermal events (Figure 9a)
prior to the melting/decomposition endotherm. Polymorph II
displays an endothermic peak at about 250 °C attributed to a
transition to form III as confirmed by a PXRD analysis. This
substantiates the enantiotropic relationship between these
polymorphs on the basis of the heat of transition rule.
Polymorph IV shows an exothermic phase transition to form II
at temperatures above 105 °C, which substantiates the
monotropic relationship between these polymorphs on the
basis of the heat of transition rule. Interestingly, if polymorph

H https://dx.doi.org/10.1021/acs.cgd.0c01508

Cryst. Growth Des. XXXX, XXX, XXX—XXX

85



Crystal Growth & Design

pubs.acs.org/crystal

1I is obtained from polymorph IV in the solid-state transition,
then an exothermic phase transition to form I is observed in
the DSC traces, not the endothermic phase transition to form
1II as observed for form II obtained in the crystallization. This
may be related to the fact that more crystalline form II is
obtained in the crystallization, as confirmed by the PXRD
analysis (see Figure S20 in the Supporting Information). Also,
polymorphs V and VI show an exothermic phase transition
prior to the melting/decomposition event, with both forms
transforming to polymorph I at about 235 and 115 °C,
respectively, and thus being monotropically related to form 1.

As demonstrated in Figures S21 and S22 in the Supporting
Information, melting of polymorphs I and III is accompanied
by degradation and there is a shift of the onset by using
different heating rates, implying that part of the endothermic
peak corresponds to decomposition. In order to avoid the
degradation upon melting and to overcome the phase
transitions before the melting, FSC at a high scanning rate
(2000 °C s7!) was used for polymorphs I-1II, V, and VI (see
Figure 9b). In an FSC experiment, the sample is usually
premelted to ensure uniform thermal contact between the
sample and the chip. However, premelting is impossible when
the properties of the polymorphs are researched, as the fusion
process is irreversible for all but the most stable polymorph.
The FSC data for polymorphs thus were gathered by averaging
results from different (at least four) individual samples of each
polymorph. A melting point of 294 + 1 °C was recoded for
form I, 281 + 3 °C for form 11, 292 + 2 °C for form III, 279 +
3 °C for form V, and 196 + 6 °C for form VI. As can be seen,
form VI is the only polymorph with a significantly lower
melting point (80—100 °C) and a recrystallization, most likely
to form 1, after the melting. Unfortunately, FSC does not allow
a straightforward quantitative determination of the melting
enthalpy, since it is not possible to determine the sample mass.
However, the sample mass can be calculated by the ratio of the
absolute heat capacity of the sample on the chip obtained from
the reference scans and the specific heat capacity of crystalline
dantrolene independently determined by conventional
DSC.***® Using this approach, the melting enthalpy of form
I has been estimated as 79 + 2 kJ mol™, 71 + 2 kJ mol™ for
form II, 73 + 6 kJ mol™! for form III, and 84 + 4 kJ mol™ for
polymorph V. Unfortunately, the calculated heat of fusion
values have too large an uncertainty for complete character-
ization of the thermodynamic relationships among all
polymorphs and the largest enthalpy of fusion for polymorph
V contradicts the results from conventional DSC. The fusion
enthalpy of form V, however, might be overestimated due to
the notably different shapes of the melting peaks. Also, the
exothermic transition from form V to from I is a reflection of
the relative enthalpies of both forms at the temperature of the
transition. Thus, the difference between fusion enthalpies may
change due to a temperature variation of the respective
enthalpies,67 Nevertheless, this information is sufficient to
conclude that polymorphic pairs II/1 and III/I are monotropi-
cally related on the basis of the heat of fusion rule, which also
means that form IV has a monotropic relation to form I.

To verify the results from DSC and FSC measurements and
to determine the thermodynamic transition temperature of
polymorphs II and III, polythermal solubility determination
experiments in cyclohexanone and pentanol-1 using a
Crystal16 parallel reactor system were performed. Polymorphs
IV and VI were too unstable for solubility measurements, as
solvent-mediated phase transformations were faster than the
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dissolution. Form IV transformed to polymorph II and form VI
transformed to polymorph I during the solubility measure-
ments. Also, above 45 °C the solvent-mediated phase
transition of polymorph V to polymorph II occurred before
the complete dissolution. As shown in Figure 10 and Figure
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Figure 10. Temperature dependent solubility curves (mg mL™") of
dantrolene polymorphs I-III and V in cyclohexanone.

§23, in the Supporting Information, the solubility of form I is
lower than those of forms II and III in the investigated
temperature range (10—140 °C for cyclohexanone and 90—
130 °C for n-pentanol), additionally confirming that form I is
the most thermodynamically stable polymorph. The inter-
section of solubility curves of forms II and III confirmed the
enantiotropic relationship between these polymorphs with the
transition point of these polymorphs lying between 105 and
110 °C. Unfortunately, solvent-mediated phase transformation
experiments to more precisely determine the thermodynamic
transition temperatures of this polymorph pair failed, as a
transition to form I was preferred over the transformation
between both polymorphs in the corresponding temperature
range. An additional intersection of solubility curves was
observed at about 15—20 °C as the solubility of form V
became lower than the solubility of polymorph III, indicating
that polymorph V is more stable at lower temperature than
polymorph III. This transition point also explains the lower
(more negative) lattice energy of form V.

The experimental thermodynamic stability order was
complemented by calculations of lattice energy values using
different periodic DFT-D methods. Figure 11 shows that the
energy ranking with various dispersion correction methods is
consistent, while the intermolecular potential method used in
the CrystalOptimizer misranks polymorph III as the most
stable (lowest energy) polymorph instead of polymorph I, as
determined by other approaches.

The results from DSC, FDC, solubility measurements, and
lattice energy calculations can be summarized by concluding
that the order of the thermodynamic stability of dantrolene
polymorphs at ambient temperature is I > II > IIl > V > VI >
IV, while because of the enantiotropic polymorph pairs of III
and V as well as IT and III this order is different below 15 °C
and above 110 °C.

https://dx.doi.org/10.1021/acs.cgd.0c01508
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Figure 11. Relative energy ranking of the dantronele polymorphs
using different periodic DFT+D methods in comparison to the
ranking obtained using CrystalOptimizer.

B CONCLUSIONS

Dantrolene represents yet another interesting example of
abundant molecular crystal polymorphism existing in at least
six different neat polymorphs, three of which can be obtained
via crystallization (I-1III) and an additional three (IV—VI) via
solid-state dehydration from three different monohydrates
(MH-I-MH-III). Thermodynamic stabilities and interrelation-
ships among all neat polymorphs have been successfully
clarified by combining various experimental and computational
techniques. The results confirmed that form I is the most
thermodynamically stable polymorph, while polymorphic pairs
II/1II and V/III are enantiotropically related. Structural aspects
of the formation of the highly polymorphic system have been
rationalized by analyzing experimental crystal structures as well
as computationally generated structures of neat polymorphs.
The main reasons appear to be at least two energetically
favorable conformations and the possibility to form different
hydrogen bonds as well as the stability of the remaining host
framework after withdrawal of water molecules from the
monohydrate structures.
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ABSTRACT: In a study of the solid form landscape of R-
encenicline hydrochloride (Enc-HCl), it was found that this
compound is dodecamorphic and presents the first published
example of polymorphism with a record-breaking 10 solved crystal
structures. In addition to the four known polymorphs, eighth new
polymorphs and their precursor solvates as well as several new
hydrates have been characterized. The polymorph formation
behavior is investigated by analyzing crystal structures of
polymorphs and solvates used in their preparation. Molecular
packing in crystal structures of the polymorphs is highly similar to
that in the precursor solvates, whereas conformations in all
structures are nearly identical and correspond to the same energy

Solvates with
different packin

2

Structurally similar

\ desolvates V4

minimum.

H INTRODUCTION

Exploring the solid-state landscape of pharmaceuticals has
become an essential part of drug development as different
crystal forms have different stabilities, mechanical proper-
ties,”> and bioavailabilities.* Moreover, the relationships
between these solid phases also must be established to ensure
the correct choice of a given phase including polymorphs” and
solvates/hydrates.(’

The complexity of the solid form landscape can be very
different, as 10 or more polymorphs and, moreover, dozens”*
or even more than 100 solvates’ can be formed by a particular
compound. Currently the most abundant polymorphic systems
are aripiprazole and ROY, both having 12 reported
polymorphs, nine of which are structurally characterized.'°™*?
The closest follower, flufenamic acid, has seven polymorphs
with determined structures."* The formation of such a large
number of different structures for these compounds is achieved
by different possible packings of several notably different
conformers. Meanwhile, to the best of our knowledge, the
highest number of structurally characterized polymorphs
among organic salts belongs to 1,4-diazabicyclo[2.2.2]octane
hydroiodide (dabcoHI), which has six ambient pressure
polymorphs, with four additional polymorphs obtained under
pressure,'” differing mainly with the arrangement of the chains
of cations and iodide anions. Moreover, according to the
Cambridge Structural Database,16 molecular solids with four or
more polymorphs with determined structures are very rare.
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A high tendency to form solvates can limit the possible
routes for preparation of unsolvated phase(s). However,
particularly stable solvates, typically but not exclusively
hydrates, can be used as the marketed form. Meanwhile the
desolvation processes can be applied to discover and prepare
new polymorphic forms that might have been previously
inaccessible via conventional crystallization techniques.'” "’
Although preparation of new polymorphs via desolvation is
quite common,”’ crystal structures of these phases often
remain unknown, as single crystals of such phases cannot be
prepared. However, the determination of crystal structure is an
important part of understanding the physicochemical proper-
ties of crystalline materials. Recently, structure determination
from powder diffraction has been successfully employed as the
closest alternative to the general method of choice, single
crystal X-ray diffraction, particularly in cases when single
crystals of suitable size and quality are impossible to grow or
solids can be obtained only as microcrystalline powders,
including those prepared by solid-state desolvation pro-
cesses.” >

Here, we report a structural and experimental study of
polymorphs of encenicline hydrochloride (Figure 1), a partial,
selective agonist of the @-7 nicotinic acetylcholine receptor
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Figure 1. Chemical structure of encenicline hydrochloride.

which was developed for the treatment of cognitive deficits in
schizophrenia and Alzheimer’s disease. In solid form screening,
numerous solvates have been obtained, and their desolvation
produced eight polymorphs of R-encenicline hydrochloride
(Enc-HCI). For seven of them, crystal structures were
determined. Together with the previously discovered and
described four polymorphs of Enc-HCI, this increases the
number of neat polymorphs of this compound to 12, with 10
of these forms having the crystal structure solved, which allows
this compound to break a record for the highest number of
structurally characterized polymorphs.

B EXPERIMENTAL SECTION

Materials. R-Encenicline hydrochloride (purity >99%) was
obtained from JSC Olainfarm (Olaine, Latvia). The sample consisted
of monohydrate (MH-II) phase. Inorganic compounds and organic
solvents of analytical grade were purchased from commercial sources
and used without further purification.

Sample Preparation. Standard solvate screening was performed
by cooling a hot solution of Enc-HCl in a selected solvent to room
temperature or by evaporation of saturated solution at ambient
temperature with relative humidity <5%. Acetonitrile monosolvate 1
(Sacn.1) was prepared by evaporation of a hot concentrated solution
of Enc-HCI in acetonitrile at ambient temperature with relative
humidity <5%. Acetonitrile disolvate (DSucy) was prepared by
cooling of a hot concentrated solution of Enc-HCl in acetonitrile to §
°C. Acetonitrile monosolvate 2 (Sycy.y) was obtained by storing
DS,y in a desiccator with P,O;. Formic acid disolvate (DSg,), acetic
acid disolvate (DS,,), i-butanol monosolvate (Sips), ethanol
monosolvate (Sgon), and benzyl alcohol monosolvate (Sg,on) were
obtained by cooling a hot saturated solution of Enc-HCI in the
respective solvent to room temperature. Formic acid monosolvate
(Sga) was obtained by desolvation of DSg, in air at ambient
temperature. Polymorphs Vp, VIIp, and IXp were prepared by
desolvation of Siga, Sea, and DS, at 80 °C, respectively. Polymorphs
VI, VIIIy, XIp, and XIIj, were obtained by storing Sycn.;; DSaa, Spar
and Sycny in a desiccator with P,Os, respectively. Polymorph IV,
was obtained by cr ion from dimethylfor ide or by heating
any form at 200 °C. All anhydrous polymorphs were stored in a
desiccator over P,O; to prevent the absorption of water. Single
crystals of IV}, were prepared by cooling a hot solution of Enc-HCl in
DMEF to —5 °C and storing it in mother liquor. Single crystals of Sg,on
and DS, ¢y were prepared by cooling a hot solution of Enc-HCl in the
respective solvent to —5 °C and storing it in mother liquor. Similarly,
single crystals of DS,, were obtained by cooling a hot solution of
Enc-HCl in acetic acid to ambient temperature and stored in mother
liquor.

Powder X-ray Diffraction (PXRD). Routine PXRD measure-
ments were performed on a Bruker D8 Advance diffractometer using
copper radiation (Cu Ka = 1.54180 A) with Bragg—Brentano
geometry and a LynxEye (1D) detector. The tube voltage and current
were set to 40 kV and 40 mA, respectively. The divergence and
antiscattering slits were set at 0.6 mm and 8 mm, respectively. The
patterns were recorded from 3° to 30° on the 26 scale, using a scan
speed of 0.2 s/0.02°. When necessary, to prevent the atmospheric
humidity effect, samples were covered with a 10 um polyethylene film.

Variable temperature (VT) PXRD experiments were performed on
a Bruker D8 Discover diffractometer equipped with an MRI
temperature chamber and controller. Copper radiation (Cu Ka =
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1.54180 A) with Bragg—Brentano geometry and a LynxEye (1D)
detector was used. The diffractometer incident beam path was
equipped with a Gobel mirror, Soller slit, and a 0.6 mm divergence
slit, while the diffracted beam path was equipped only with a Soller
slit. The patterns were recorded from 4.5° to 30° on the 20 scale,
using a scan speed of 0.4 5/0.02°.

For structure determination, PXRD patterns were recorded on a
Bruker D8 Discover diffractometer using copper radiation (Cu Ka =
1.54180 A) in transmission mode and a LynxEye (1D) detector. The
tube was employed with voltage and current settings of 40 kV and 40
mA. The sample was loaded into a special glass number 10 capillary
(0.5 mm diameter). A capillary spinner (60 rpm) and upper and lower
knife edges were used. The diffractometer incident beam path was
equipped with a Gobel mirror, Soller slit, and a 0.6 mm divergence
slit, while the diffracted beam path was equipped only with a Soller
slit. The diffraction patterns were recorded on the 26 scale from 3 or
4.5 to 70° at a 0.01° step size using a scan speed of 36 s per step.

Single Crystal X-ray Diffraction (SC-XRD). Single-crystal
intensities of Enc-HCl IVy, DS,,, and Spoy were collected on a
MAR34S diffractometer equipped with an image plate detector
(sample-to-detector distance of 100 mm was chosen). A rotating
anode X-ray generator was used with a wavelength of 0.56089 A
(silver anode). The samples were cooled down to 171 K in an open-
flow nitrogen cryostat. Crystals of sizes around 0.20 X 0.15 x 0.10
mm® were glued on a glass fiber and mounted on the goniometer
head. Data indexation and integration was performed with the
CrysAlisPro 39.46 software.

Structure solution and refinements were performed with the
JANA2006 software suite.”**® Non-hydrogen atoms were refined
anisotropically. Hydrogens were added geometrically or located from
the difference Fourier maps; riding ADPs were applied. A rigid body
approach for the quinuclidine moiety was used in the structure of
encenicline polymorph IVp, where it was found to be disordered over
two orientations.

Single-crystal intensities of Enc-HCl Spcy were collected on an
XtaLAB Synergy-S dualflex diffractometer (RIGAKU Oxford
Diffraction) equipped with a HyPix6000 detector and microfocus
sealed X-ray tube with Cu Ka radiation (1 = 1.54184 A). A single
crystal with approximate dimensions of 0.08 X 0.08 X 0.06 mm* was
fixed with oil in a nylon loop of a magnetic CryoCap and set on a
goniometer head. The sample was cooled down to 150 K, and @-scans
were performed with a step size of 0.5°. Data collection and reduction
were performed with the CrysAlisPro 1.171.40.35a software. Structure
solution and refinement were performed with AutoChem3.0 and
SHELXL™® software that are parts of the CrysAlisPro suite. Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
added geometrically and refined using a “riding” model.

Structure Determination from PXRD Data. Indexing, space
group determination, and structure solution were performed using
EXP02014.”” The unit cell dimensions were determined by applying
the N-TREOR09”® and Dicvol06>” indexing procedures with a set of
20-25 reflections found in 4.5-30° 20 range. Space group
determination was carried out using a statistical assessment of
systematic absences, and Z' was determined based on density
considerations. The cell and diffraction pattern ]‘)roﬁle parameters
were refined according to the LeBail algorithm.***' The background
was modeled by a 20th-order polynomial function of the Chebyshev
type; peak profiles were described by the Pearson VII function.

The initial geometry of the encenicline cation was taken from the
crystal structure of monohydrate MH-IL*' The Monte Carlo/
Simulating Annealing technique was used to constantly adjust the
conformation, position, and orientation of the trial model in the unit
cell to maximize the agreement between calculated and measured
diffraction data.

The final Rietveld refinement was performed using EXP0O2014 or
Topass®” software. In EXPO2014, soft constraints on bond distances
and angles were used. The planar phenyl ring was treated as a rigid
body, and restraints on bond distances and angles were used. For the
Rietveld refinement in Topas5, the encenicline cation and solvent
molecules were treated as rigid bodies.
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Differential Scanning Calorimetry/Thermogravimetric
Analysis (DSC/TGA). DSC/TGA analyses of Enc-HCl solvates
were performed with a Mettler Toledo TGA/DSC2 instrument. Open
or closed 100 yL aluminum pans were used. Heating of samples from
25 to 310 °C was performed at a heating rate of 10 °C-min~" under a
100 mL-min™" nitrogen flow. The sample mass was approximately 7—
1§ mg.

DSC analyses of EnC-HCI polymorphs were performed with a TA
DSC 25 instrument. Closed 70 4L aluminum pans were used. Heating
of samples from 25 to 320 °C was performed at the heating rate of §
°C-min"" under a 50 mL-min~" nitrogen flow. The sample mass was
approximately 5—8 mg.

Dynamic Water Vapor Sorption and Desorption Studies.
Dynamic vapor sorption—desorption experiments were performed on
the Surface Measurement Systems DVS Advantage. All samples (S—
12 mg) were initially dried under a 200 mL stream of N, to establish
the equilibrium dry mass under 25 °C. Samples were studied over a
selected humidity range from 0—90% RH with step of 5% at 25 °C.
Each humidity step was taken with equilibration set to dm/dt
0.002%/min on a 5 min time frame (with a minimum hold time of 10
min and maximum of 300 min).

Theoretical Calculations. The geometry optimization and the
resulting calculation of total energy of Enc-HCl polymorphs and
solvates was performed in CASTEP plane wave code by relaxing
positions of all atoms. Calculations were performed with the PBE
exchange correlation density functional and on-the-fly generated
ultrasoft pseudopotentials, with the addition of a semiempirical
Grimme D2 dispersion correction. K-points were chosen to provide a
maximum spacing of 0.07 A, and the basis set cutoff was 570 eV.

The 1D relaxed potential energy surfaces (PES) were calculated in
Gaussian 09** at the M06-2X/6-31++G(d,p) level by scanning all
three flexible torsion angles (see Figure 1) of the encenicline cation
with a step size of 10°.

Crystal Structure Comparison and Analysis. Mercury 3.9
software®* was used for crystal structure analysis and simulation of
PXRD patterns based on crystal structure data. Detailed analysis of
the molecular packing was performed using CrystalCMP.”> The
packing coeﬂiments in crystal structures were calculated by
PLATON.*® Crystal structures for quantitative molecular packing
comparison in Crystal CMP and calculation of packing coefficients
were used after geometry optimized with periodic boundary DFT
code for more reliable results.

B RESULTS AND DISCUSSION

Solid Form Screening. Previous studies of solid Enc-HCl
forms have reported four monohydrates designated here as
MH-I, MH-II, MH-III, and MH-X, and in our previous article
we described that dehydration of each of the four
monohydrates produces a different polymorph (I, Ilp, Iy,
Xp), each being structurally related to the resgectlve
monohydrate by keeping the main packing features.”"*” In a
crystal form screening of Enc-HCl, over 30 new solvates were
obtained. All the obtained solvates were characterized using
PXRD patterns and DSC/TGA analysis; phase transformations
upon desolvation were studied by identifying the desolvation
routes and products. On the basis of the results from indexing
of the respective PXRD patterns, most of the Enc-HCl solvates
can be classified into three solvate types, see Table S1,
Supporting Information, with half of the solvates crystallizing
as type 2 solvates. In the present work, only selected solvates
that are precursors to the new polymorphs and/or represent
each solvate type are characterized in detail: isobutanol
monosolvate (Sgs), formic acid disolvate (DSg,), formic
acid monosolvate (Sg,), acetic acid disolvate (DSsa),
acetonitrile disolvate (DS,cy), acetonitrile monosolvate 1
(Sacna) and monosolvate 2 (Sycn.y), ethanol monosolvate
(Sgeon), and benzyl alcohol monosolvate (Spyom). The
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desolvation of these solvates produced eight new polymorphs
(IVyp, Vp, VI, VII,, VIIL, IX;, XI,, and XII;) named in
consecutive order of appearance. In Figure 2, there is a

<Enc-HCi>

Crystallization

ACN IBA DMF  |FA IAA Other
22°C solvents.
|SACN-I| | Siea | FA I Ds,, OtharJ

f;v\gl

\_Y  —drygasfloworp,0,
—— elevated temperature

Figure 2. Enc-HCl phase transitions upon desolvation/heating.

flowchart illustrating the different polymorphs and the path for
their preparation—the respective solvate and desolvation
conditions. The only polymorph which can be obtained in
crystallization is IV}, and only from one solvent—dimethylfor-
mamide, whereas all the other known polymorphs can be
obtained only through desolvation of a specific solvate (or
solvate type for Vp). Moreover, polymorphs VIII,, XIp, and
XIIy, can be obtained only by desolvation in a desiccator over
P,0;. Upon heating, all polymorphs transform to form IVy,

Powder X-ray Diffraction. Each crystalline form has a
unique and distinguishable PXRD pattern (Figure 3) showing
no similarity between precursor solvates and their respective
desolvated phases. In the PXRD pattern of XIp, part of the
peaks are narrow while other parts are wide. Such a
characteristic was also observed in the PXRD patterns of
MH-X and Xp,.”" It seems that in the crystal structures of these
phases, only two directions are well-determined, as all the
narrow peaks can be indexed with only two axes, with the
structure in the third direction largely undetermined. Although
such behavior is unusual for pharmaceuticals, it can be
attributed to stacking faults, which are common in materials
that have a strongly layered character, and such behavior has
been observed in structures of Enc-HCl MH-I, MH-II, MH-
11, Tp, II, and Ty,

Thermal and Thermodynamic Stability. The results of
the TGA and DSC investigations of the eight Enc-HCl solvates
as well as DSC plots of polymorphs are shown in Figure 4.
Guest loss temperature and observed weight loss confirmed the
stoichiometry of each solvate; data are given in Table S2, SI,
together with the desolvation products. According to the mass
loss, DSgs (24.0%), DSas (21.6%), and DS,cy (18.5%) are
disolvates, whereas Spzy (16.5%), Sxcna (9-8%), Sacn.n
(10.6%), Sga (11.6%), Spaon (24.9%), and Syon (11.2%)
are monosolvates. The TGA and DSC curves show that for all
solvates, except for the DSg,, desolvation is a single step
process. Despite two acetonitrile monosolvates having been
obtained (Sxcn-p Sacnnr), DSC/TGA traces of DS,cy did not
contain any evidence of two step desolvation, although partial
desolvation to Sycy.y is visible in the VT-PXRD experiment
(see Figure S1, SI). The measured DSC peak temperature of
the desolvation process was 60 and 120 °C for DSg, and Sgy

DOI: 10.1021/acs.cgd.9b00648
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20/°

Figure 3. PXRD patterns of presented Enc-HCI solvated (black) and
neat (red) crystalline forms.

(Figure 4a), 120 °C for DSy, (Figure 4b), 79 °C for DSycy
(Figure 4c), 138 °C for Sy, (Figure 4d), 84 °C for Spycng
(Figure 4e), 72 °C for Sycy.q (Figure 4f open pan), 123 °C for
Spaon (Figure 4g), and 99 °C for Sy (Figure 4h). The
thermal desolvation product of all three acetonitrile solvates,
Spnom and Sg,oy are polymorph IV, while desolvation of Sygy,
Sga, and DSy, gives polymorphs Vp, VIIp, and VIII,,
respectively. When heating Sycn.p in a closed pan in the
DSC/TGA experiment, before the desolvation, an endother-
mic effect at 70 °C without mass loss was observed (Figure 4f,
closed pan). This endothermic peak is attributed to a solid-
state phase transition from Sycn.r to Sacn.n as confirmed by
the PXRD analysis. This endothermic solid-state phase
transition indicates that solvates Sycn.g and Spcny are
enantiotropically related, where S,cy. is thermodynamically
more stable at higher temperatures. This statement is
supported by total energy calculation using CASTEP, as the
energy of Sycn. is higher than that of Sy (+6 kJ-mol™).

DSC data confirmed that form IVy, exhibits the highest
melting point (286 + 1 °C), while all the other polymorphs
convert to form IVp during the heating (Figure 4i) in three
different ways: (1) via endothermic phase transition (V), (2)
via exothermic phase transition (VIp and XIp), or (3) in
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exothermic recrystallization from an amorphous state (VIIp,
VI, IXp, and XII,,).

It is worth it to mention that the endothermic process that
leads to an amorphous state, as confirmed by PXRD, has very
small enthalpy (2—7 kJ-mol™), and the onset temperature
tends to shift with different heating rates. So, it is reasonable to
conclude that this process is not attributed to the melting of
the respective phase. As the melting process of form IVy, is
accompanied by mass loss (see Figure 4a—h), it is certain that
there is a degradation upon melting, and the integration of the
apparent melting peaks provides erroneous melting enthalpy.
Nevertheless, this allowed the establishment of the thermody-
namic relationship between only three polymorphic pairs:
according to the heat of transition rule polymorphs Vi, and
IV}, have an enantiotropic thermodynamic relationship, but
polymorphic pairs IVy, /VI, and IV}, /XTI, are monotropically
related.

In slurry bridging experiments under ambient conditions in
n-heptane, all polymorphs converted to form IVy. Thus, at
room and elevated temperatures, form IV}, is the most stable
polymorph of Enc-HCI. Stability of the polymorphs was also
investigated by comparing the computed total energies of
structures after geometry optimization either by relaxing only
positions of all atoms or by relaxing positions and unit cell
parameters using periodic DFT calculations, representing low-
temperature (approaching 0 K) stability. Total energies after
relaxing only atomic positions (Table 1) indicate that form Vy,
is the most stable form, followed by VIIy, (+4.9 kJ-mol™!), IVy,
(+6.3 kJ-mol™), IXp, (+9.6 kJ-mol™), VI, (+11.3 kJ-mol™"),
and VIII, (+12.4 kJ-mol™"), whereas form XIIy, is the least
stable polymorph with +14.1 kJ-mol™. After full geometry
optimization (positions + unit cell), the energy range is
narrower but energy ranking between polymorphs is similar
(Table 1).

The effect of relative humidity on the stability was also
investigated. Figure S illustrates a comparison of representative
sorption isotherms of Enc-HCI polymorphs recorded from 0 to
90% RH with a step of 5%.

It was found that the most stable polymorph against
moisture is IV, showing no significant mass change in the
range from 0 to 85% RH. A further, steep increase of the slope
with a mass change of 5.8% can be observed at 90% RH,
attributed to the hydration by forming monohydrate form
MH-], as confirmed by PXRD. Polymorphs Vy, and VIj, start
to take up a significant amount of water at 70% RH and 50%
RH, respectively, also transforming to the monohydrate MH-1.
The two least stable polymorphs against moisture—VIII;, and
IX;, already start to take up a significant amount of water
(2.2%) at 10% RH, transforming to a new hydrated phase with
hemihydrate stoichiometry (HH), which further at 20% RH
transforms to a new monohydrate (MH-V), meaning that
polymorphs VIII}, and IXy, are stable only at <5% RH. At 65—
70% RH, recrystallization from MH-V to MH-I is observed.
Moreover, polymorph VIIy, at 55% RH produces yet another
new monohydrate (MH-VI), but in contrast to relatively stable
MH-V (stable at 20—60% RH), MH-VI is stable in a very small
RH range (55—60%). At higher RH, MH-VI transforms to
MH-I. Polymorphs XIp, and XIIy, are hygroscopic and, until
50—60% RH, gradually absorb up to 6% water by further
recrystallizing to MH-I at higher RH. PXRD patterns, cyclic
DVS isotherms, DSC, and TGA data of MH-V and MH-VI are
given in Figuers S6—S9, SI. The crystal structure of MH-V was
determined from PXRD data. It is worth it to mention that
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Figure 4. (a—h) DSC/TGA traces of Enc-HCl solvates. d, desolvation; pt, phase transition; am, amorphization; r, recrystallization; m/dec, melting
with decomposition (10 °C/min heating rate). (i) Overlay of DSC curves of Enc-HCI polymorphs at 5 °C/min heating rate.

when DSC measurements of MH-V and MV-VI were
performed using sealed crucibles, exothermic phase transition
was observed for both monohydrates prior the melting (see
Figure S9¢). As confirmed by PXRD measurements of stopped
DSC/TGA experiments and the onset temperature of the
following incongruent or congruent melting event, MH-V
transforms to monohydrate MH-X, but MH-VI transforms to
MH-], indicating that MH-V and MH-VI are less stable than
the previously reported monohydrates.”" This statement is also
supported by the total energy calculation in CASTEP, as MH-
V has the highest energy among the Enc-HCI monohydrates
(+12 KJ-mol™").

Characterization of Enc-HCl Crystal Structures. Crystal
structures of IV, DSscn, DSaa, and Sgio were determined by
SCXRD, whereas those of all other solvated and unsolvated
phases are from the PXRD data. Crystallographic data for neat
polymorphs is given in Table 1 and for solvated phases in
Table S3, SI. The correctness of the structures calculated from
the PXRD data was confirmed by the good agreement between
the experimental and calculated diffraction patterns (Rietveld
fit for polymorph Vp, is shown in Figure 6 and for the rest of
the structures in Figures S10—S19, SI), as well as by the DFT
geometry optimization, after which the RMSD with the
experimental structures was always acceptable®® (see Figures
$20-S30, SI).
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In this study, all the determined crystal forms of Enc-HCl
crystallize in two most frequent Sohncke space groups: P2, and
P2,2,2,. The space groups of the polymorphs are the same as
those of the corresponding precursor solvates, and even the
lattice parameters in most of the solvate—desolvate pairs are
similar. Although encenicline has three flexible dihedral angles,
analysis of the crystal structures revealed that the conformation
of the encenicline cation in all crystal structures is highly
similar and also similar to that in the previously published
monohydrates and their dehydrates (see Table $4). The largest
conformation difference (up to 30°) arises due to the rotation
of the chloro-benzothiophene group around the C1-C10
bond (71) and quinuclidine group around the N12—C16 bond
(73). To ascertain that the conformation in all crystal
structures corresponds to the same energy minimum, geometry
optimization and a 1D PES scan with respect to the
corresponding torsion angles were performed (Figure S31,
SI). Results showed that, in all structures, 71 corresponds to
the second lowest local energy minimum (AE ~ 5 kJ mol™);
72 corresponds to the global energy minimum and 73 to the
third local energy minimum (AE up to 25 kJ mol™). The
occupation of a conformation different from the global
minimum appears to be associated with the possibility of
forming more efficient intermolecular interactions. Also, the
energy-minimized in vacuo geometry was highly similar to the
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Table 1. Crystallographic Data for Enc-HCI Polymorphs

1V, Vo VI, VII, VIII, IXp XII,
formula C6H,5CLN,08
formula weight, g-mol ™" 357.3
sample type crystal powder powder powder powder powder powder
crystal system orthorhombi horhombi Jini orthorhombi lini lini thorhombi
space group P2,2,2; P2,2,2, P2, P2,2,2, P2, P2, P2,2,2,
a, A 7.4165(3) 6.6885(7) 9.8043(17) 28.0018(18) 13.533(4) 17.049(2) 26.523(2)
b A 13.0667(7) 11.4163(12) 8.8566(16) 16.8624(12) 6.8230(16) 6.9599(8) 9.2661(6)
oA 18.2772(10) 21.6990(2) 10.4080(17) 7.1411(4) 10.703(4) 14.5383(18) 6.9971(3)
a, deg 90 90 90 90 90 90 90
f, deg 90 90 106.496(3) 90 106.554(9) 92.914(4) 90
7, deg 90 90 90 90 90 90 90
v, A3 1771.23(15) 1656.9(2) 866.6(3) 3371.9(4) 947.3(5) 1722.9(4) 1719.65(18)
Peae gem™> 134 143 137 141 125 138 1.38
z/7' 4/1 4/1 2/1 8/2 2/1 4/2 4/1
temperature, K 174 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
26,i3—20,4x /increment, © 4.5-70/0.01 4.5-70/0.01 5.0-70/0.01 5.0-70/0.01 5.0-70/0.01 5.0-70/0.01
Rwp 0.05122 0.04661 0.02740 0.03188 0.02498 0.03426
Rp 0.03945 0.03458 0.02013 0.00558 0.01760 0.02428
Ry 0.01098 0.00916 0.00935 0.01879 0.00900 0.00754
Ry (wR,) 0.0464 (0.0620)
energy, kJ-mol ™" 63 0 113 49 12.4 9.6 14.1
energy, kJ-mol™'” 63 0 8.8 LS 8.9 9.3 124
packing index, %° 66.7 726 708 73.7 64.9 704 714
CCDC no. 1895196 1895197 1895199 1895194 1895188 1895193 1918036

“Relative energy by relaxing positions of all atoms (relative to Vy,). "Relative energy by relaxing positions of all

atoms and unit cell parameters

(relative to Vp). “After geometry optimization by relaxing positions of all atoms and unit cell parameters.
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Figure S. Water vapor sorption isotherms of Enc-HCI polymorphs at
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Figure 6. Final Rietveld fit for Enc-HCI polymorph Vp: red crosses,
measured data points; blue line, calculated profile; black line,

initial geometry observed in the crystal structures and identical
for all of the crystal structures. Therefore, it is reasonable to
conclude that the conformation in all crystal structures is the
same. Thus, we can point out that in contrast to the other most
polymorphic molecules, aripiprazole, ROY, and flufenamic
acid, conformation variability is not the main driving force for
formation of the high number of polymorphic forms by Enc-
HCL

Analysis of intermolecular interactions and packing revealed
that different crystal structures can form as a result of different
packing possibilities. This is partly associated with the
possibility of forming different characteristic hydrogen bonding
motifs, as three different hydrogen-bonded building blocks can
be identified in all structures (Figure 7): Chain 1 C,!(7) in
forms DSacn) Sacw Sacn-w Spaow Serow IVp, VIp, and XIIp;

4770

diffe curve; green tick marks, calculated peak positions.

Chain 2 C,'(7) in forms DS,,, Sgs VII,, VIII,, and IX,
formed by N12—H12--CI23 and N14—H--CI23 interactions;
and Chain 3 C,(7) in forms Sy, and Vy, formed by N14—H--
O11. Interestingly, the relative arrangement of encenicline
cation and chloride anion in all of the structures is very similar,
and hydrogen bonds N12—H:--CI23 with similar geometry are
always present. Moreover, interaction N14—H--CI23 is also
always present, although in polymorph Vi, its length is
relatively large and angle significantly deviated from 180°.
The packing similarity of the Enc-HCI polymorphs with
their respective parent solvate are shown in Figure 7 and in
Figures $32—837, SL It can be clearly seen that the packing of
Enc-HCI moieties in solvates and in polymorphs obtained in
their desolvation is similar: a comparison of structures

DOI: 10.1021/acs.cgd.9b00648
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1D - Chain1 C}(7)
DSacn, Sacn, Sacniy Secon, Sezon Vo, Vo, Xllo

1D - Chain2 C}(7)
Sa, DSaa,Vllo, Vo, IXo
— — -solvate packing

1D - Chain3 C}(7); D
S, Vo

DSacy/Sacnn

-desolvation- -+ — — |— — — —|
Y

Xl

1Xo

Figure 7. Hydrogen bonding and packing similarity of Enc-HCI solvates and respective neat polymorphs. Hydrogen atoms are omitted for clarity.

confirmed that in all cases the characteristic packing features
and hydrogen-bonding linkage are maintained after the
desolvation even in those cases when larger structure
rearrangement is observed. This observation is also confirmed
by the packing similarity tree diagram generated in
Crystal CMP software (Figure 8). From the packing similarity
dendrogram, it can be identified that in all cases the closest
packing characteristics are between precursor solvates and their
respective desolvated phases.

The desolvation of most of the other discovered solvates
produced polymorph IVy,. This can be associated both by the
packing similarity of IVy, with the solvates (which is confirmed
for Spon and Sgon) and also by the fact that IVp is
thermodynamically the most stable polymorph under the
desolvation conditions.
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The driving force for the formation of the analyzed solvates
mainly seems to be the incorporation of solvent molecules to
reduce the void space.’”*” Even in cases when solvent forms
hydrogen bonds, it is just bonded to the CI™ anion, and the
hydrogen bonded chain existing in the respective structurally
similar polymorph or any other hydrogen bond formation
characteristic is not affected by the solvate formation. The
exception from this is hydrates, particularly MH-V (see Figure
$38, SI), where water compensates for the unsatisfied
hydrogen bond acceptors present in the dehydrates and
forms more complex hydrogen bonding networks. Although on
numerous occasions, this results in formation of similar
structures (see Table S1, SI), the inclusion of some particular
solvents results in the possibility for different packing, which is
maintained when the solvent molecules are removed from the

DOI: 10.1021/acs.cgd.9b00648
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EtOH

|6A86 |13472 |zoA55 |27A44 I34Aso |41A16 |48402 |54.es |e1.74 |55,60

Figure 8. Dendrogram showing packing similarity of solid forms of Enc-HCL. The horizontal axis corresponds to the PSab value (similarity).

structure by producing an exceptionally high number of
polymorphs. In this light, particularly interesting is water, as
apparently because of its different hydrogen bonding
possibilities with Enc-HC], it is able to form several different
monohydrates, four of which now are structurally charac-
terized. Moreover, as the packing features are kept during the
desolvation, each hydrate produces a differently packed

polymorph.”!

W CONCLUSIONS

Overall, 10 structurally characterized polymorphs of Enc-HCl
can be accessed, six of which here are described for the first
time. This allows Enc-HCI to set a record for having the
highest number of published structurally characterized
polymorphs as well as, to the best of our knowledge, the
most published polymorphs among organic salts under
ambient pressure. All thermodynamically metastable poly-
morphs can be accessed only through desolvation of various
solvates, and in this process the characteristic hydrogen bond
network and packing present in the solvates are always
maintained. Meanwhile, the conformation in all structures is
nearly identical and corresponds to the same energy minimum.
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ABSTRACT: Encenicline hydrochloride (Enc-HCl) crystal-
lizes in four different monohydrate phases, but at the same
time crystallization in a nonsolvated phase is not observed,
indicating that water plays a crucial role in guiding the
crystallization process and ensuring structure stability. All
monohydrate phases show exceptionally high stability, and the
main structural motif stays intact even after dehydration,
leading to isostructural (for I and II) or isomorphic (for III)
desolvates. Three monohydrate phases with determined crystal
structure information consists of Enc-HCl-water hexamers that
are stacked into similar slabs, that are further packed identically
in monohydrates I, II, and III. The features of these hexamer

XD

slabs determine the properties of the Enc-HCI monohydrates and dehydrates, the dehydration mechanism, and stability of each
phase. It was justified that in the Enc-HCI system efficient intermolecular interactions provided by the incorporation of water in
the crystal structure play a crucial role in stabilization of the structures.

1. INTRODUCTION

Polymorphism—the ability of a compound to crystallize in
more than one crystalline phase—is a well-known phenomen-
on.'™ Additionally, it is common that in the crystallization
solvent molecules are incorporated into the crystal lattice in a
stoichiometric or unstoichiometric ratio."® The largest number
of solvates contain water (thus are hydrates), and it is reported
that at least one-third of gharmaceutica] compounds are
capable of forming hydrates.”” The identity of the solid form
obtained in the manufacturing process has particular
importance for pharmaceutical molecules as different poly-
morphs, and, particularl}', solvates have different stabi]itiy,‘s
mechanical properties,” ' and bioavailability (linked to the
different solubility’®).

The main structural driving forces of solvate formation are
the ability of the solvent to compensate for unsatisfied potential
intermolecular interactions, Panicularly hydrogen bonds,
between the host molecules,'*"* and the ability to decrease
the void space and/or lead to more efficient pack.ing,ls_18 with
most solvates including contributions from both of these
driving forces.'>'? Thus, the ability of water to form multiple
hydrogen bonds along with its small size leads to the observed
high prevalence of hydrates, both if there is an imbalance in the
number of acceptors and donors in the host molecule,”® and
also if the incorporation of water molecules just leads to more
efficient intermolecular interactions.”’”> Meanwhile, the
frequent presence of water in the crystallization process and
in the environment provides the widespread discovery of
hydrates.
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Primarily based on the moisture sorption/desorption
behavior, hydrates are divided in stoichiometric and non-
stoichiometric hydrates, where stoichiometric hydrates show
step-shaped sorption/desorption isotherms characterized by a
fixed water content over a specific relative humidity (RH)
range, whereas nonstoichiometric hydrates have a continuously
variable composition over a certain RH range not associated
with any significant change in the crystal lattice, except for
some anisotropic expansion of the network to accommodate
the water.” ™ As water molecules are essential for the
preservation of the crystal structure, dehydration of stoichio-
metric hydrates leads to different crystal structures or
amorphous phaﬂses, and commonly involves significant molecule
rearrangement.”*">* Dehydration of nonstoichiometric hy-
drates, however, mostly produces isomorphic dehydrate—a
one-component phase that exhibits the main structural features
of its parent phase,””*" although often such dehydration leads
to loss of crystallinity, and the obtained phase is partially
amorphous.*®

While about two-thirds of all the organic compounds are
shown to exist in more than one crystalline phase,™’
polymorphism of multicomponent systems (solvates and
cocrystals) is reported and studied less often than that in
single component systems.”** The most studied polymorphic
multicomponent system is gallic acid monohydrate because of
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its fivepolymorphic forms: I, II, III, IV, and V.**** Olanzapine
has three polymorphs of its dihydrate with reported crystal
structures (forms B, D, and E).” Here we are presenting a
study of another multicomponent system crystallizing in
multiple polymorphic forms. Encenicline (N-[(3R)-1-
azabicyclo[2.2.2]oct-3-yl]-7-chloro-1-benzothiophene-2-carbox-
amide) hydrochloride (Enc-HC, Figure 1) is a partial, selective

23
14 cr
NH*
19 Noo
1
21

Figure 1. Molecular structure of encenicline hydrochloride (Enc-HCI)
with the numbering of non-hydrogen atoms.

agonist of the a-7 nicotinic acetylcholine receptor. It is being
developed for the treatment of cognitive deficits in schizo-
phrenia and Alzheimer’s disease. Enc-HCl is reported to exist in
three monohydrate phases (I, II, and X)* with phases I and II
being related enantiotropically, and phases I and X being
related monotropically. However, no information on their
crystal structures or phase transformations upon dehydration is
available.

In this study we now report a fourth polymorph of Enc-HCl
monohydrate (form III) and present crystal structures for three
Enc-HCl monohydrate polymorphs and the respective
dehydrated phases. The aim of this study was to use the
obtained crystal structure information to explain and rationalize
the relative stability of the Enc-HCI monohydrate polymorphs,
try to understand the structural features leading to formation of
the four obtained structurally similar hydrates, and study the
dehydration mechanism of Enc-HCl monohydrates.

2. RESULTS AND DISCUSSION

2.1. Crystallographic Characterization of Enc-HCl
Monohydrates and Their Dehydrates. Our research
revealed that besides the three reported monohydrate phases
(I, 11, and X), Enc-HC] monohydrate also exists in form IIL
The desolvation (over P,05 at 30 °C or at elevated
temperature) of each polymorph of monohydrate results in a
different phase with a powder X-ray diffraction (PXRD) pattern
similar to that of the respective hydrate. The desolvates are
designated as Ip, Ilp, IIIp, and X, respectively. In high relative
humidity, a nonstoichiometric hydrate II with a PXRD pattern
similar to that of monohydrate II is obtained. Crystal structures
for three of these Enc-HCl monohydrate polymorphs, their
respective dehydrates, and nonstoichiometric hydrate were
determined from the PXRD data (form I, I, IIp, and III,) or
from single crystal X-ray diffraction (SCXRD) data (forms II,
11I, and II). Crystallographic data for all forms are shown in
Table 1. The correctness of the structures calculated from the
PXRD patterns was confirmed by the good agreement between
experimental and calculated diffraction patterns (Rietveld fit for
form I is shown in Figure 2, and for the dehydrated phases in
Figure S3), as well as by the geometry optimization in
Quantum ESPRESSO®’ introducing only small changes
(RMSD < 0.13 A)* in the crystal structures (comparison of
solved and optimized crystal structures are given in Figure S4).
Structural information on the fourth monohydrate polymorph

2101

and its dehydrate was not determined due to its disordered
nature (as suggested by the wide peaks in PXRD patterns, see
Figure S1). However, the highly similar solid-state NMR
spectra for all four Enc-HCl monohydrates (Figure S2) suggest
that building blocks in the crystal structure of the X form is
highly similar to those in the remaining monohydrates.

Enc-HCl monohydrate form I crystallizes in the P3,21 space
group, whereas forms II and III crystallize in the C2 space
group, with identical space groups maintained for the
corresponding dehydrate forms Ip, IIp, and III,. Also II
crystallizes in the C2 space group, with the crystal structure
nearly identical to that of II. Thus, II can be considered a
limiting structure of nonstoichiometric II' with water content
corresponding to monohydrate stoichiometry (see Section
2.3.3).

Although encenicline cation has three flexible dihedral angles,
conformation of the encenicline cation in all crystal structures
shows only small differences (Figure 3, see more details in the
Supporting Information), with the same conformation also
maintained in the Enc-HCl dehydrates. Therefore, all three
Enc-HCl monohydrates can be considered as packing
polymorphs.

2.1.1. Intermolecular Interactions and Packing in Enc-HCI
Monohydrates. The main building blocks in all monohydrate
crystal structures are hexamers. Form I consists of Enc-HCl
hexamers 1 (Figure 4), where two encenicline cations (through
quinuclidine groups) interact with two chloride anions and two
water molecules through N12—H--022, 022—-H--CI23, and
N14—H--CI23 hydrogen bonds (graph set RE(18)), thus
employing water as hydrogen bond acceptor and donor.
Form II consists of hexamers 2 (Figure 4), where the water
forms hydrogen bond with carbonyl group (O11), instead of
the amide group (N12—H) as in hexamer 1; thus hexamer 2 is
connected through N14—H:--Cl23, 022—H---CI23, and 022—
H--O11 hydrogen bonds (R§(22)), with water employing both
hydrogen bond donors.

Unlike form I and II, form III crystallizes with two cations
and anions in the asymmetric unit. One of the encenicline
cations forms the previously mentioned hexamer 1 (an overlay
of hexamers 1 in form I and form III is given in Figure S6). The
second encenicline cation of the asymmetric unit forms
hydrogen bonded hexamer 3, where two encenicline cations
are connected through N35—H:--O46—H---Cl45--H—N37 and
N37-H:--Cl45--H—046—H--034 hydrogen bonds (R{(20)).
Unlike hexamers 1 and 2 that have symmetrical graph sets,
hexamer 3 is not bonded in a symmetrical graph set ring, and
each of the two water molecules employ different hydrogen
bonding functions. Both hexamers formed from the symmetri-
cally different encenicline cations in form III are not hydrogen
bonded with each other.

Additional to connecting Enc-HCl moieties within the
hexamers, the water molecules also interconnect these
hexamers through hydrogen bonds O22—H---O11 or N12—
H--022 forming chains C3(6) along the b axis in form I, and
along the a axis in form IL Such a hydrogen bonding pattern
results in individual hexamer slabs that are stacked in the (001)
direction (along the ab plane) in all monohydrates (see Figure
5). Thus, Enc-HCl monohydrate I is constructed from hexamer
1 molecular slabs (further identified as slab 1), monohydrate II
— slabs formed from hexamers 2 (slab 2), whereas form III —
from alternating slabs 1 and slabs 3 (constructed from
hexamers 3). In Figure S the identical slabs 1 in forms I and
III are marked with a light blue rectangle. By considering the

DOL 10.1021/acs.cgd.7b01561
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Figure 2. Final Rietveld fit for encenicline hydrochloride form I: red
crosses - measured data points; blue line - calculated profile; black line
- difference curve; green tick marks - calculated peak positions.

Figure 3. Overlay of the encenicline hydrochloride cation in I (blue),
I (black); III molecule A (brown); III molecule B (green); I
(orange); 1T, (pink); Il molecule A (red); III, molecule B (yellow).

arrangement of water molecules and their involvement in the
hydrogen bonding pattern, all these Enc-HCI monohydrates are
classified as isolated site hydrates.

There are no hydrogen bonds between the described
hydrogen bonded slabs, and the adjacent slabs interact with
dispersion interactions (CH-+x) and halogen bonds C—Cl---Cl
formed by the benzothiophene groups (indicated with red
rectangle in Figure 5). Analysis of packing similarity in XPac*’
identified that this two-dimensional (2D) layer of interacting
benzothiophene moieties is identical in all Enc-HCl mono-
hydrates and, in fact, appears also in all structures of the
dehydrated phases. This suggest that this stacked motif plays a
crucial role in formation and stabilization of Enc-HCI crystal
structures, or is by far the best way to effectively pack these
differently stacked layers of hexamers.

The observed molecule stacking pattern partly could be
attributed to the fact that the best proton donor and acceptor
groups are located in one side of the molecule, and while these
groups are involved in intermolecular hydrogen bonds, thus
forming the previously mentioned hexamers, the other side of
the molecule is electrostatically rather neutral and have an
ability to form only weaker intermolecular interactions, like the
observed dispersion interactions and halogen bonds.

2.1.2. Intermolecular Interactions and Packing in Enc-HCI
Dehydrated Phases. Although usually isostructural/isomorphic
desolvates arise from desolvation of nonstoichiometric
solvates,” the dehydrates of Enc-HCl monohydrates are
structurally very similar and shares the main structural
characteristics with the respective hydrates (see Figure 6),
even though the Enc-HCl monohydrates are all stoichiometric
(see Section 2.3.3). Analysis of packing similarity in XPac
confirmed that Enc-HCl monohydrates I and II dehydrates into

2103

respective isostructural dehydrated phases (3D structural
similarity is maintained), while differences of III and III}, are
slightly higher with 2D structural similarity between these
forms, which therefore can be considered isomorphic.

Upon the dehydration the hexamer 1 motif in both forms I
and III loses the water molecule “bridge” and changes to
tetramer (Rj(14)) where two proton donor groups of two
encenicline cations are connected through two chloride anions
(Figure 4). The dehydration leads to a drop of packing
efficiency (calculated using Platon*’) from 68.0% in form I to
66.8% in form Ip. The drop of the packing efficiency is also
present for the dehydration of form II (from 69.4% to 66.6%),
whereas a slight increase is observed during the dehydration of
form III (68.2 to 69.0%).

During the dehydration hexamer 2 and hexamer 3 motifs
undergo more significant changes of hydrogen bonding pattern:
the bonding between amide group of encenicline cation and
carbonyl group of another encenicline cation through chloride
anion and water molecule changes into bonding between two
amide groups of encenicline cations connected through a
chloride anion (Figure 4). These new hydrogen bonding
patterns do not form any cyclic motifs, but chains Cy(7) along
the b axis in both forms II;, and III, (Figure 4) are formed
instead. These chains are cross-linked to each other along the a
axis by a weak hydrogen bond C9=01--H—C8 (with O1--H
distance 2.28 A in I, and 2.27 A in III}).

While the hydrogen bonding pattern in all dehydrated phases
changes if compared to that in the monohydrates, the
dispersion interactions between the benzothiophene groups
(indicated with red rectangle in Figure $) remain the same (see
structure overlay in Figure 6), thus being one of the factors
proving the high structural similarity between the monohy-
drates and the respective dehydrates.

The higher difference between III and III, is caused by more
significant changes of the encenicline cation position during the
loss of the water from hexamer 3 present in form III (as seen in
Figure S6) compared to only minor changes of encenicline
cation position in the rest of the hexamers.

This in fact is consistent with the observed increase of the
packing efficiency upon the dehydration of form III, in contrast
to Enc-HCl monohydrates I and IL Since slab 1 in forms I and
II rearranges identically, the observed packing efficiency
increase must have been at the expense of a more significant
rearrangement of Enc-HCl moiety within the slab 3. This
assumption is additionally supported by volume of solvent
accessible voids located between two encenicline cations; see
the Supporting Information.

2.2. Dehydration Mechanism. Analysis of dehydration
kinetics in isothermal mode (at 50, 60, 70, 80, and 90 °C)
indicated that all four Enc-HCl monohydrates lose the water
according to 2D phase boundary model R2 (dehydration
kinetic curves are given in Figure $12).*' More on dehydration
kinetic models and their identification can be found else-
where.*>* The observed dehydration behavior can easily be
rationalized if we take a look at the crystal structures of Enc-
HCI monohydrates. In crystal structures of all monohydrates
water molecules and voids are situated in the ab plane between
two encenicline cations forming the hexamers, and transport of
water molecule in and out from the structure along the ¢ axis
direction is very unlikely. This means that water molecules
most likely will escape in the a or b direction, and move
through the available void space (see Figure 7).

DOL 10.1021/acs.cgd.7b01561
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Figure 4. Characteristic hydrogen bonding patterns in Enc-HCI monohydrates and the respective dehydrates.

Such dehydration behavior results in crystal structures of
dehydrates that are similar to the respective monohydrates.
This is rather unusual (but have been observed previously%“s)
for isolated site hydrates where water molecules are segregated
in the pockets of the crystal structure. Typically, in isolated site
hydrates, removal of the water molecules requires an
appreciable driving force to ensure a disruption of the hydrate
crystal structure and ensure the escape of the water molecules.
While the thermal stability of all Enc-HCl monohydrates is
indeed high (see Section 2.3.1), the dehydration activation
energy is not particularly high (55—81 kJ-mol™, see Table S4),
as the energy barrier for phase transformation between such
structurally similar phases is expected to be relatively low.

While water molecules are removed from the structure
through void filled plane in-between hydrogen bonded
encenicline cations, the slab of stacked benzothiophene group
stays intact, and, in fact, might be the reason why the main
crystal structure carcass is retained. That is, the stacked
benzothiophene group slab might act as a backbone that keeps
Enc-HCl moieties arranged during escape of the water
molecule and changes of hydrogen bonding pattern occurring
at the other end of Enc-HCl moieties.

2.3. Thermodynamic and Thermal Stability of Enc-HCI
Crystal Forms. 2.3.1. Thermal Stability of Enc-HCI hydrates.
First, thermal analysis (differential scanning calorimetry (DSC)
and thermogravimetric (TG)) were used to evaluate the
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relative stability of monohydrate phases. The DSC curves of
Enc-HCI monohydrates I, II, III, and X are given in Figure 8,
and the corresponding thermal data are compared in Table 2.
Each DSC curve has an endothermic effect between 70 °C and
~145 °C associated with a weight loss of ~5.0% in the TGA
and thus corresponding to the dehydration of Enc-HCI
monohydrates. The observed slightly increased weight loss
(5.0% compared to the theoretical 4.8%) most likely is due to
water adsorbed on the sample surface. Dehydration results in
the respective dehydrate forms Ip, IIp, III,, and Xp,. Further, the
obtained dehydrates partially melt (small endothermic effect at
~140—160 °C) and recrystallize (exothermic effect at ~185
°C) to another anhydrous form. The newly acquired high
temperature anhydrous form IV melts at ~285 °C. The partial
melting of polymorphs I, Ilp, III,, and Xy, is confirmed by
visual inspection of the DSC pan and by thermo-microscopy
measurements (see Section 6 in Supporting Information).
Additionally, a comparison of the thermal stability and phase
transitions of Enc-HCl monohydrates at elevated temperature
was performed by variable-temperature PXRD (VT-PXRD, see
$16—S19 in SI). VI-PXRD patterns show that upon heating
form I is stable up to 80 °C, forms II and III are stable up to 70
°C, and form X is stable up to 90 °C. The dehydration
initiation observed in the VT-PXRD data is consistent with
dehydration peak temperatures in DSC and indicates that the
thermal stability decreases in a row X > I > II & IIL After the

DOL 10.1021/acs.cgd.7b01561
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Figure 5. Comparison of crystal structure fragments from Enc-HCI
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structures is indicated with a red rectangle.

dehydration all monohydrates transform to their respective
dehydrated phases which are stable up to the melting, observed
as appearance of an amorphous pattern (150—170 °C for Xp
and 170 °C for Ip, II, and III;,). Further heating of all samples
at 180 °C led to the appearance of characteristic peaks of
polymorph IV, with complete transformation to IV occurring at
190 °C. The PXRD pattern of the obtained form IV was
unchanged until the end of the experiment at 250 °C.
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Figure 6. Overlay of structure fragments from Enc-HCl monohydrates
and the respective dehydrates (dehydrate phases are green).

2.3.2. Thermodynamic Stability of Enc-HCl Forms. The
relative thermodynamic stability of monohydrates was expected
to be assessed on the basis of the enthalpy of fusion rule;*®
however, the lack of information on the melting behavior
(incongruent or congruent) of the Enc-HCl monohydrates
prevented use of the obtained melting points (see Table 2) and
enthalpies (see Table S4 in Supporting Information) for this
purpose. Therefore, the relative thermodynamic stability of
Enc-HCI monohydrates was investigated using the computed
total energy using periodic DFT calculation in Quantum
ESPRESSO”” and solubility experiments. The total energies
(Table 1) of monohydrate forms I, II, and III indicate that the
most stable is form II, and the least stable - form III, with the
difference of the total energy of 15 kJ-mol™.

Solubility measurements were carried out at ambient
temperature (Figure 9) and illustrate that form II has the
lowest solubility while form III has the highest. The solubility
data are consistent with the theoretical calculations and indicate
that the stability of monohydrates follows the order of I > X >
1 > IIL This is also consistent with the melting points of the

DOL 10.1021/acs.cgd.7b01561
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Figure 8. DSC/TG curves of Enc-HCl monohydrate forms I, II, III,
and X in open cups under N, flow.

Table 2. Summary of Thermal Data for the Enc-HCl
Crystalline Forms

melting point water loss weight
(T.,j/gc @) C loss/%  stoichiometry
1 1514 115¢ 5.0¢ 1:1
I 146 105 5.0 1:1
it 141 109 5.0 L:1
X 144 122 4.9 1:1
Iy 162
1, 151
1p 150
Xp 139

“For monohydrates, the melting point was determined in closed cups,
while water loss was characterized in open cups under N, flow.

hydrates and the available information that I and II are related
enantiotropically, while I and X — monotropically,*® and the
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Figure 9. Dissolution profiles of Enc-HCl monohydrates in water at
ambient temperature.

transition point between I and II is between the ambient
temperature and melting point.

The theoretical calculations of Enc-HCl anhydrous form
relative stability indicate that forms I, and III;, are equally
stable, whereas form IIy, is less stable (total energy is higher by
8 IJ-mol ™). This means that upon the dehydration the relative
stability of form III noticeably increases, whereas that of form II
decreases. This, alongside the increase of the packing efficiency
and only 2D structural similarity between III and IIIp, indicates
that the highest structural rearrangement upon the dehydration
results in the most significant improvement in stability of the
structure.

Since dehydrated phases I, and III, have the same
anhydrous slab 1 in their crystal structures, the noticeable
stability improvement of form IIl, in a pair Ip—III, (if
compared to that in pair I-III) must be at the expense of
increase of packing efficiency in slab 3 upon the dehydration.
Besides, the fact that form I, and III, have the same total
energy indicates that dehydrated slabs 1 and 3 must have
similar slab energy (as slab—slab interaction energies in the
respective phases are nearly identical, see Section 3 in
Supporting Information).

Form II, on the other hand, undergoes the smallest structure
alterations among all Enc-HCI monohydrates (as confirmed by
the XPac dissimilarity index). Such retaining of the structure
upon the dehydration results in the most significant decrease of
packing efficiency and relative stability compared to the other
dehydrated phases.

2.3.3. Water Sorption/Desorption Study. The stability of
the monohydrates was also evaluated by dynamic vapor
sorption (DVS) of water at 30 °C. DVS experiments (Figure
10) revealed that all Enc-HCl monohydrates are very stable and
lose structurally bound water only in relative humidity below
6%, by transforming into the respective dehydrates. In the
relative humidity region from 10% to 50% the water content in
all hydrates correspond to 1:1 stoichiometry, whereas, by
increasing the relative humidity above 50%, water content in
forms I, I1I, and X increases up to approximately 1:1.2. As no
changes in the PXRD patterns are observed during the water
sorption, it is safe to assume that these hydrates are
stoichiometric, and the weight increase in these hydrates
could be attributed to water sorption on the sample surface.
When the relative humidity exceeds 90% for forms I and X, and
73% for form III, irreversible transformation to more stable
form II/II" (see below) occurs.

DOL 10.1021/acs.cgd.7b01561
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Figure 10. Water sorption/desorption isotherms of Enc-HCl at 30 °C.
Solid points represent water sorption/desorption from monohydrate
phase, empty points - water sorption by the dehydrate phase.
Horizontal line shows water content corresponding to the
monohydrate stoichiometry.

‘While forms I, I1I, and X were identified as stoichiometric in
all RH range from 10% up to the observed transformation into
form II/II', the most stable Enc-HCl monohydrate form II
exhibits stoichiometric behavior only up to relative humidity of
50%, while in higher relative humidity form II starts to
incorporate additional water in a nonstoichiometric manner by
reaching Enc-HCI/H, O ratio of 1:1.9 at 95% RH. This water
sorption in RH above 50% results in minor changes in the
crystal structure, reflected as changes in the PXRD pattern (see
Figure S1). The obtained phase is indicated as form II’, and the
incorporated additional 0.9 mol of water is situated in the
lattice in positions where there are voids in form II (Figure 11).
The incorporation of the water results in increase of cell
volume only by 0.7%, with increase of the b-axis length by 0.3%
being the most significant. In form II' no hydrogen bonds or
other significant weak interactions were identified between the

Figure 11. Structure fragments of form II and II". Hydrogen atoms are
omitted for clarity. The yellow translucent spheres in form II represent
voids; red spheres in II' represent the water molecules incorporated in
nonstoichiometric manner.
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additionally incorporated water molecules and the other
molecular moieties.

The absence of hysteresis in all sorption/desorption
isotherms can be related to the fact that the water molecules
are situated in the crystal lattice in a way allowing fast water
egress/ingress without significant distortion of the overall
crystal structure (see Section 2.2, Figure 7).

As demonstrated, the water sorption/desorption behavior of
all monohydrate phases is very similar (except for the II at high
RH). This is due to highly similar crystal structures of the 3
monohydrate phases (and also X, as suggested by the recorded
solid-state NMR spectra, see Figure S2). All crystal structures
contain similar building blocks (similar slabs formed from
hexamer building units, containing similar isolated voids just
between the hexamers near the quinuclidine group) packed in
similar way in both hydrated and dehydrated phases (see Figure
$10). Meanwhile in high RH water molecules are incorporated
in the crystal structure voids only in form IL It is believed that
in case of forms I and III (and also X) water molecules are
adsorbed on the surface, and start to penetrate the crystal
structure only in relatively high RH, but apparently because of
the different Enc-HCI building blocks this is possible only by
causing changes of the crystal structure observed as trans-
formation into II'.

While building blocks in form II do not allow noticeable
structure contraction upon the dehydration (as described
above), in high RH structure expansion of form II occurs (in a
(+0.29%) and b (+0.3%) directions) allowing it to accommodate
more water (up to 0.9 mol) than in the theoretically calculated
void volume of the original structure of II (0.42 mol). Forms I
and III, on the other hand, are prone to more noticeable void
volume and structure contraction during the dehydration (the
cell volume in pair 1/I, decreases by 3.1%, in III/III;, by 6.4%,
while in pair II/II; only by 1.3%), but does not allow structure
expansion to accommodate additional water in the structure.

2.4. Role of the Water. It can easily be seen there is an
imbalance of hydrogen bond donors and acceptors present in
Enc-HCl (two donors and three acceptors, counting chloride
anion as two acceptors). Thus, all dehydrated structures contain
an unused hydrogen bond acceptor group (carbonyl group) in
their crystal structures, and additionally appear to some extent
frustrated with respect to their packing efficiency (except for
form III,).

It is not possible to obtain the described anhydrous phases in
any other way than by dehydration of the respective
monohydrates. Moreover, no nonsolvated Enc-HCl phase
crystallized from solution has been reported so far. This leads
us to think that the solvent, water in this case, may play a
crucial role in enabling and guiding crystallization of Enc-HCIl.

The introduction of the water molecules in the system brings
additional proton donors and acceptor in the system by
providing a possibility to diversify options for hydrogen bond
formation and turn at least one of the proton acceptor sites into
proton donor. Water molecules in all three Enc-HCIl
monohydrates act as a “bridge” that connects the carbonyl
group, amide group, and chlorine anion. This is clearly visible if
we take a look at hydrogen bonding of carbonyl group—while
the carbonyl group of the encenicline cation is involved in
hydrogen bonding with the amide group of the adjacent
encenicline cation through water molecules in all monohydrate
phases, in dehydrate phases a similar connection is not present.
Thus, the main role of the water here is to form an efficient
hydrogen bond network and compensate the mismatch
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between the hydrogen bond donor and acceptor groups in Enc-
HCI, while only in II' the nonstoichiometrically incorporated
water can be considered as a space filler (see Section 2.3.3).

Despite the fact that water molecules provide better
opportunities for the hydrogen bonding and ensure higher
packing efficiency of Enc-HCI hydrates if compared to the
respective dehydrated phases (except for III), monohydrates
also have larger solvent accessible voids between the
encenicline cations than the respective anhydrous phases (see
Section 4 in Supporting Information). This apparently is
because the hexamer motifs having water molecules in-between
Enc-HCl moieties are bigger than the analogue dehydrated
motifs, and particularly this part of the structure cannot pack as
close, by compensating it with significantly more efficient
intermolecular interactions.

3. CONCLUSIONS

Enc-HCl crystallizes in four different monohydrate phases, but
at the same time crystallization in a nonsolvated phase is not
observed, indicating that water plays a crucial role in guiding
the crystallization process and ensuring structure stability.
Interestingly, all the obtained hydrates show very high stability,
and lose structural water in rather harsh conditions (both in the
DVS experiments and thermal dehydration), leaving the main
structural motifs intact by dehydrating into respective
isostructural (I and II) or isomorphic (III) desolvates. To the
best of our knowledge, this is rather unusual behavior for
stoichiometric hydrates.

The available hydrogen bond donors and acceptors and the
hydrogen bond forming capability of water results in several
possibilities to form efficient hydrogen bond network, leading
to the different polymorphs of Enc-HCl. Meanwhile, there
appears to be only one efficient way for stacking the aromatic
rings, leading to high similarity of the crystal structures for all
Enc-HCI monohydrates.

Despite having some conformational freedom, the enceni-
cline cation has the same conformation in all crystalline phases.
All three monohydrate phases with determined crystal structure
information consist of Enc-HCl-water hexamers that are
stacked into similar slabs which in all forms are packed in an
identical way. Crystal structures of Enc-HCl monohydrates 1
and II consist of different Enc-HCl-water hexamers (hexamer 1
and hexamer 2, respectively), while form III, having two
different Enc-HCI moieties in asymmetric unit, consists of two
different hexamer motifs: the hexamer 1 and hexamer 3.

The slabs formed from these hexamers determine properties
of the Enc-HCl monohydrates and dehydrates, including the
stability of each phase and dehydration mechanism. Hexamer 2
makes the most stable monohydrate structure, which expands
in high relative humidity allowing incorporation of additional
water in the structure leading to nonstoichiometric hydrate II’,
whereas such an arrangement does not allow effective structure
contraction upon the dehydration. Hexamer 1 and 3 motifs, on
the other hand, allow better structure contraction during the
dehydration leading to more stable dehydrated phases, but it
does not allow crystal structure expansion and water molecule
incorporation in their structures in high relative humidity.
Therefore, in high relative humidity Enc-HCI form I and III
transforms to form II'. The least stable is the hexamer 3 motif
in form III, having the lowest packing efficiency and largest void
space, making form III the least stable of the monohydrates,
whereas during dehydration this motif undergoes the most
significant structural changes by transforming in a motif that is
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as stable as the motif obtained by dehydrating hexamer 1,
making anhydrous form IIIj, as stable as form Ip.

In general, higher packing efficiency is observed for the Enc-
HCI hydrates. However, at the same time they also have larger
solvent accessible voids between the encenicline cations. This,
together with the fact that all Enc-HCl monohydrates are
exceptionally stable, while the dehydrates are rather unstable,
indicates that in the Enc-HCI system efficient intermolecular
interactions provided by the incorporation of water in the
crystal structure play a crucial role in structure stabilization.

All monohydrate phases dehydrate according to the 2D
phase boundary model R2, meaning that escape of water
molecule from the structure takes place in two directions—
through the available void space in the 001 plane.

4. EXPERIMENTAL SECTION

4.1. Materials. R-Encenicline hydrochloride (purity >99%) was
obtained from JSC Olainfarm (Olaine, Latvia). The sample consisted
of monohydrate form II. Inorganic compounds and organic solvents of
analytical grade were purchased from commercial sources and used
without further purification.

4.2. Crystal Phase Preparation. Enc-HCl monohydrate I was
obtained by crystallizing from mixture of acetonitrile/water (95/5 v/
v), form III — from mixture of methanol/water (95/5 v/v), and form
X — from mixture of ethanol/water (95/5 v/v). Form II was obtained
by crystallizing form water or solvent mixtures, where water content
was above 5%. Dehydration of forms I, II, III, and X at 80 °C for 30
min (or over P,Og at 30 °C for 3 days) resulted in respective
isostructural dehydrated phases I, IIp, Illp, and Xp.

4.3. Single Crystal X-ray Diffraction (SCXRD). The single-
crystal X-ray diffraction data for II, II', and III were collected at 173 K
on a Nonius Kappa CCD diffractometer using Mo Ka radiation (4 =
0.71073 A) and Oxford Cryostream open-flow nitrogen cryostat for
sample temperature control. The structures were solved by direct
methods in OLEX2* software and refined by full-matrix least-squares
on F* using SHELXL'® All non-hydrogen atoms were refined
anisotropically. Mercury 3.8" software was used for crystal structure
analysis and simulation of powder X-ray diffraction patterns based on
the crystal structure data.

4.4. Powder X-ray Diffraction. For routine measurements, the
PXRD patterns were recorded on a Bruker D8 Advance diffractometer
using copper radiation (CuK, = 1.54180 A) with Bregg-Brentano
geometry and LynxEye (1D) detector. The tube voltage and current
were set to 40 KV and 40 mA respectively. The divergence and
antiscattering slits were set at 0.6 mm and 8 mm, respectively. The
patterns were recorded from 3° to 30° on the 26 scale, using a scan
speed of 0.2 s/0.02°. When necessary, to prevent the atmospheric
humidity effect, samples were covered with a 10 ym polyethylene film.

For structure determination, PXRD patterns were recorded on a
Bruker D8 Discover diffractometer using copper radiation (CuK, =
1.54180 A) in transmission mode and LynxEye (1D) detector. The
tube voltage and current were set to 40 kV and 40 mA. The sample
was loaded into a special glass Nr. 10 capillary (0.5 mm diameter),
mounted in-between upper and lower knife edge, and rotated at 60
rpm throughout the measurement. The diffractometer incident beam
path was equipped with a Gobel mirror, Soller slit, and a 0.6 mm
divergence slit, while the diffracted beam path was equipped with only
a Soller slit. The diffraction patterns were recorded on the 26 scale
from 3 or 4.5 to 70° at scan speed of 36 5/0.01°.

VT-PXRD experiments were determined on a Bruker D8 Discover
diffractometer equipped with MRI temperature chamber and Asyco
controller. Copper radiation (CuK, = 154180 A) with Bregg-
Brentano geometry and LynxEye (1D) detector was used. The
divergence and antiscattering slits were set at 0.6 mm and 8 mm,
respectively. The patterns were recorded from 3° to 30° on the 260
scale, using a scan speed of 0.5 5/0.02°.

4.5. Thermal Analysis Methods. DSC/TGA analysis were
performed with a Mettler Toledo TGA/DSC2 instrument. Open
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100 pL aluminum pans were used. Heating of samples from 25 to 310
°C was performed at the heating rate of 10 °C/min under a 100 mL/
min nitrogen flow. The sample mass was approximately 7—15 mg.

Sealed cup experiments were performed on a Setaram DSC 111
instrument from 70 to 200 °C at the heating rate 5 °C/min.

Thermomicroscopy experiments were performed on a Leica
Laborlux 12 POL S microscope, equipped with hot stage (temperature
control unit Newtronic), and Leica DFC430 digital camera. Heating
rate was 10 °C/min.

Isothermal dehydration studies were carried out at 50—90 °C using
a Mettler Toledo TGA/DSC2 apparatus. The heater unit was preset to
the required temperature allowing fast stabilization of the necessary
temperature at the start of the experiment. The sample mass was 8.0 +
1.0 mg, and the nitrogen flow rate was 100 + 10 mL-min~".

4.6. Solid-State NMR Measurements. High-resolution solid-
state NMR spectra were obtained using a Bruker Avance III HD
spectrometer operating at 125.67 MHz for *C (499.72 MHz for 'H)
with a 4.0 mm (rotor o.d.) MAS probe. The spectra were recorded at
ambient temperature under MAS conditions using cross-polarization
with a sample spin rate of 10 kHz. Spectra were referenced with
respect to external neat TMS by setting the high-frequency signal from
a replacement sample of adamantane to 38.4 ppm.

4.7. Solubility Determination. The solubility studies for powder
samples of Enc-HCl monohydrate were performed in aqueous media
at 25 °C. Excess amounts (~20 mg) of samples were suspended in 2.5
mL of water in a 10 mL vial, and the slurries were stirred at 70 rpm
using a magnetic stirrer. The suspensions were withdrawn with a 1 mL
syringe and passed through a nylon filter (0.2 um). The filtered
aliquots were sufficiently diluted, and the content of encenicline was
assayed using HPLC (Waters 2690) equipped with an ACE C18
column (5 um, 3.0 mm X 150 mm), temperature of the column was
set at 35 °C. Separations were conducted using the mobile phases: A -
pH 5.5 phosphate buffer and acetonitrile (4:1), B - acetonitrile, at
isocratic elution of 0.8 mL-min~' with eluent composition A:B =
88:12. An injected volume of 10 4L was used. Detection wavelength in
the UV—visible was set at 307 nm. A linear calibration curve was
constructed at a concentration range of approximately $—100 yg-mL ™
and with an R* of 0.99. All measurements were made in triplicates.

4.8. Water Vapor Sorption/Desorption Studies. Water vapor
sorption and desorption were studied in desiccators with controlled
relative humidity. PXRD was used to analyze the phase transitions
taking place. To provide a variety of RH values, saturated salt solutions
and P,0O5 were used. The salts used for this experiment and the
corresponding RH values were LiBr (6%), LiCl (11%), CH;CO,K
(23%), MgCl, (32%), NaBr (S6%), KI (68%), NaCl (75%), KCI
(84%), K,S0, (97%), and also P,Oj (~0%).°

4.9, Structure Determination from Powder X-ray Diffraction
Data. Indexing, space group determination, structure solution, and
Rietveld refinement were performed using EXPO2014.%" The unit cell
dimensions were determined by applying the N-TREOR09** and
Dicvol06”* indexing procedures with a set of 20—25 reflections found
in the 4.5—30° 26 range. Space group determination was carried out
using a statistical assessment of systematic absences, and Z' was
determined based on density considerations. The cell and diffraction
pattern profile parameters were refined according to the LeBail
algorithm.** The background was modeled by a 20th-order polynomial
function of the Chebyshev type; peak profiles were described by the
Pearson VII function.

The initial geometry of molecules was taken from the crystal
structure of form II. The Monte Carlo/Simulated Annealing technique
was used to constantly adjust the conformation, position, and
orientation of the trial model in the unit cell in order to maximize
the agreement between calculated and measured diffraction data.

The Rietveld refinement was carried out using soft constraints on
bond distances and angles. In the Rietveld refinement, profile and cell
parameters, isotropic thermal vibration, and preferred orientation
parameters (using March-Dollase model*>*®) were optimized to get an
optimum crystal structure. The planar phenyl ring was treated as a
rigid body. The final Rietveld refinement showed a good agreement
between the observed and the calculated profiles (see Figure S3).
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Relevant crystal data and refinement details for I, Ip, IIp, and IIIj, are
summarized in Table 1.

4.10. Theoretical Calculations. Crystal structures of forms I, II,
1I', 111, I, 11, and III;, were ogtlmized using the DFT PWiscf package
within Quantum ESPRESSO.”” Calculations were performed with the
PBE”’ exchange correlation functional with vdW interactions treated
according to the D2 method of Grimme,*® using ultrasoft
pseudopotentials with a wave function cutoff of 44 Ry. Pseudopoten-
tials as well as energy and force thresholds for structural relaxation
were used as described in the literature.’” A k-point grid of 2 X 2 X 2
was used.

Conformer energies were calculated in Gaussian09 at the B3LYP/
6-311G(d,p) level for molecular geometries directly extracted from the
crystal structures after the geometry optimization in Quantum
ESPRESSO.
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ABSTRACT: In this study, detailed analysis of crystal
structures was used to rationalize the observed stability and
phase transformations of sequifenadine hydrochloride poly-
morphs and hydrates, as well as to understand the observed
structural diversity. The performed polymorph and hydrate
screening revealed the existence of six polymorphs and four
hydrates. Crystal structures of these phases were determined
either from single crystal or from powder diffraction data. The
different possibilities for packing of sequifenadine cations were
found to be the main reason for the observed structural
diversity of polymorphs. The hydrate structures were found to
be structurally similar and related to those of particular
polymorphs, which was consistent with the observed easy
phase transitions among the related pairs.

1. INTRODUCTION

Active pharmaceutical ingredients (APIs) can exist in different
crystalline modifications, such as polymorphs and solvates/
hydrates. Polymorphism is the ability of solids to crystallize in
two or more distinct crystalline forms. Pseudopolymorphs or
solvates (including hydrates) are crystalline solids that contain
one or more solvent molecules in the crystal lattice in either
stoichiometric or nonstoichiometric ratio.”” In some cases,375
solvates may be the only way to obtain certain polymorphs or
hydrates. Screening for crystalline forms is important, because
polymorphic and pseudopolymorphic transformations have
been shown to affect the physicochemical properties of a
compound, such as density,6 sta‘bility,7 solubility,s and
dissolution rate,” due to the differences in crystal structures.

In general, knowledge of polymorph and pseudopolymorph
crystal structures is a prerequisite for understanding phase
stability, transformations, and physicochemical properties.
Although single crystal X-ray diffraction is the ultimate
technique for determining the crystal structure of APIs, the
main limitation of this method is the requirement of a single
crystals of suitable size, quality, and stability, which is not
always feasible. Many crystalline solids can be obtained only as
microcrystalline powders, for example, phases prepared by
solid-state desolvation processes'® and by solid state grind-
ing."”"> In such circumstances, powder X-ray diffraction
(PXRD) becomes the first choice method for structural
analysis. Crystal structures can now be determined relatively
easily from laboratory PXRD data through the development of
the direct-space approach.'>"*

< ACS Publications — © 2017 American Chemical Society
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Sequifenadine (1-azabicyclo[2.2.2]oct-3-yl[bis(2-methyl-
phenyl) ]-methanol) hydrochloride (Figure 1) is a Hj-receptor
antagonist which also inhibits 5-HT, receptors of serotonin,
thus decreasing the activity of allergy mediators histamine and
15,

. 15,16 ; . AT A .
serotonin. Sequifenadine is a quinuclidine derivative, which

is structurally related to quifenadine.'” To the best of our

25
cr

Figure 1. Molecular structure of sequifenadine hydrochloride with the
numbering of non-hydrogen atoms and labeling of flexible dihedral
angles.
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knowledge, there are no reports on the existence of polymorphs
or solvates of sequifenadine hydrochloride.

The aims of this study were to (1) perform screening of the
polymorphs and hydrates, determine their crystal structures,
stability, and phase transformations between them; and (2) use
the obtained crystallographic information and the experimental
data to rationalize the phase transformations and stability as
well as packing similarities. Screening of polymorphs and
hydrates was carried out using the crystallization in various
solvents and by solid state transformation at different
temperatures and relative humidity conditions. Stability and
phase transformations among the obtained crystalline forms
were investigated by PXRD, differential scanning calorimetry
(DSC), thermogravimetry analysis (TGA), variable temper-
ature X-ray diffraction (VT-XRD), and dynamic vapor sorption
analysis. Slurry-bridging experiments at room temperature were
carried out in order to ascertain the relative thermodynamic
stability of the polymorphs. Crystal structures of six
polymorphs and three hydrates are presented. The phase
transformations and stabilities were rationalized based on the
obtained data.

2. EXPERIMENTAL SECTION

2.1. Materials. Racemic Sequifenadine hydrochloride (purity
>99%) was obtained from JSC Olainfarm (Olaine, Latvia). The
sample consisted of the commercial dihydrate (DH) phase. Inorganic
compounds and organic solvents of analytical grade were purchased
from commercial sources and used without further purification.

2.2. Sample Preparation. Polymorph A was obtained by
recrystallization from THF or by dehydration of DH at 80 °C/0%
relative humidity. Polymorph B was prepared by slow evaporation of
the solution of sequifenadine hydrochloride in acetone at room
temperature with relative humidity <5%. Polymorph C was obtained
by desolvation of methanol solvate at 70 °C or by dehydration of DH-
II at 80 °C/0% relative humidity. Polymorph D was prepared by
slurring other anhydrous forms in n-propanol. Polymorph E was
obtained by desolvation of n-propanol solvate at 50 °C. All anhydrous
polymorphs were stored in desiccator with P,Os. Polymorph of
dihydrate (DH-II) was obtained by hydration of the form C at 22%
relative humidity. Storing forms C or DH-II in a desiccator with
saturated CsF solution (RH = 3%) yielded monohydrate (MH), but
nonstoichiometric hydrate (NSH) was obtained by hydration of the
form E at 6—32% relative humidity. For structure determination of
NSH with monohydrate stoichiometry, the sample was loaded and
sealed in capillary at RH = 32%. Single crystals of DH were obtained
by slow evaporation of a mixture of acetonitrile/water (95/5 v/v) and
stored at ambient conditions. Methanol solvate (Syop) Was prepared
by slow cooling of hot concentrated solution of sequifenadine
hydrochloride in methanol and was stored in mother liquor at
ambient conditions. Slow evaporation of n-propanol solution at room
temperature with relative humidity <5% yielded n-propanol solvate

Speon)-

2.3. Slurry-Bridging Experiments. Slurries were prepared by
adding equimolar amounts (0.28 mmol) of two polymorphs (A/B, B/
C, etc.) to § mL of acetone or ethyl acetate. The slurries were shaken
for 24 h at ambient temperature. Samples were withdrawn, filtered,
dried over P,O;, and then examined by PXRD.

2.4. Powder X-ray Diffraction (PXRD). For routine measure-
ments, PXRD patterns were determined on a Bruker D8 Advance
diffractometer using copper radiation (CuK, = 1.54180 A) with
Bragg—Brentano geometry and a LynxEye (1D) detector. The tube
voltage and current were set to 40 kV and 40 mA, respectively. The
divergence and antiscattering slits were set at 0.6 mm and 8 mm,
respectively. The patterns were recorded from 3° to 30° on the 260
scale, using a scan speed of 0.2 s/0.02. To prevent the atmospheric
humidity effect, samples were covered with a 10 um polyethylene film
when necessary.

1147

VT-PXRD experiments were determined on a Bruker D8 Discover
diffractometer equipped with MRI temperature chamber and Asyco
controller. Copper radiation (CuK, = 1.54180 A) with Bregg-
Brentano geometry and a LynxEye (1D) detector was used. The
divergence and antiscattering slits were set at 0.6 mm and 8 mm,
respectively. The patterns were recorded from 3° to 30° on the 260
scale, using a scan speed of 0.5 s/0.02.

For structure determination PXRD patterns were recorded on a
Bruker D8 Discover diffractometer using copper radiation (CuK, =
1.54180 A) in transmission mode and a LynxEye (1D) detector. The
tube was employed with voltage and current settings of 40 kV and 40
mA. The sample was loaded into a special glass nr. 10 capillary (0.5
mm diameter). To capillary spinner (60 rpm) was used to minimize
instrumental and sample packing aberrations. An upper knife edge was
used to reduce the background produced by air scattering, and a lower
knife edge was used to block the primary beam. The diffractometer
incident beam path was equipped with a Gobel mirror, Soller slit, and
0.6 mm divergence slit, while the diffracted beam path was equipped
with only a Soller slit. The diffraction patterns were recorded on the 26
scale from 3 or 5 to 70° with 0.01° increments, using a scan speed of
36 s per step.

2.5. Single Crystal X-ray Diffraction (SCXRD). The single-
crystal X-ray diffraction data for sequifenadine hydrochloride DH was
collected at 173 K on a Nonius Kappa CCD diffractometer using Mo
Ka radiation (4 = 0.71073 A) and Oxford Cryostream open-flow
nitrogen cryostat for sample temperature control. The structures were
solved by direct methods in OLEX2'® software and refined by full-
matrix least-squares on F using SHELXL." All non-hydrogen atoms
were refined anisotropically. Mercury 3.7° software was used for
crystal structure analysis and simulation of PXRD patterns, based on
the crystal structure data.

2.6. Differential Scanning Calorimetry/Thermogravimetric
Analysis (DSC/TGA). DSC/TGA analyses were performed with a
Mettler Toledo TGA/DSC2 instrument. Open and closed 100 uL
aluminum pans were used. Heating of samples from 25 to 350 °C was
performed at a heating rate of 10 °C-min~" under a 100 mL-min™"
nitrogen flow. The sample mass was approximately 7—15 mg. To
identify the phase that is formed after the thermal event, the DSC/TG
experiment was stopped just after this event, and PXRD analysis of the
sample was performed.

2.7. Water Vapor Sorption and Desorption Studies. Dynamic
vapor sorption experiments were performed on a Surface Measure-
ment Systems DVS Advantage. All samples (5—12 mg) were initially
dried under a 200 mL stream of N, to establish the equilibrium dry
mass at 25 °C. The samples were studied over a selected humidity
range (from 0—35% RH to 0—100% RH) at 25 °C. Each humidity step
was taken with the equilibration set to dm/dt 0.002%/min on a S min
time frame (with the minimum hold time of 10 min and the maximum
of 300 min).

Additionally, water vapor sorption and desorption were studied in
desiccators with controlled relative humidity (RH) by using PXRD to
analyze the phase transitions taking place. To provide a variety of RH
values, saturated salt solutions and P,05 were used. The salts used in
this experiment and the corresponding RH values were CsF (3%),
LiBr (6%), LiCl (11%), CH,COK (23%), MgCl, (32%), NaBr
(56%), KI (68%), NaCl (75%), KCI (84%), K,SO, (97%), and also
P,05 ("0%)»11

2.8. Structure Determination from Powder X-ray Diffraction
Data. Indexing, space group determination, structure solution, and
Rietveld refinement were performed using EXP02014.”> The unit cell
dimensions were determined by applying the N-TREOR09™ and
Dicvol06>* indexing procedures, with a set of 20—25 reflections found
in 4.5—30° 26 range. Space group determination was carried out using
a statistical assessment of systematic absences, and Z’ was determined
based on density considerations. The cell and diffraction pattern
profile parameters were refined according to the LeBail algorithm.”
The background was modeled by a 20th order polynomial function of
the Chebyshev type; peak profiles were described by the Pearson VII
function.

DOL 10.1021/acs.cgd.6b01534
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Figure 2. Final Rietveld fit for SQ-HCl forms A, B, B’ C, D, E, MH, and NSH: red crosses - measured data points; black line - calculated profile; blue
line - difference curve; green tick marks - calculated peak positions. With asterisks impurities of unknown phase in MH sample are shown.

The initial geometry of molecules was taken from the crystal
structure of DH. The Monte Carlo/Simulating Annealing technique
was used to constantly adjust the conformation, position, and
orientation of the trial model in the unit cell in order to maximize
the agreement between calculated and measured diffraction data.

The Rietveld refinement was carried out using soft constraints on
bond distances and angles. In the Rietveld refinement, profile and cell
parameters, isotropic thermal vibration, and preferred orientation
parameters (using March-Dollase model’®”) were optimized to get
the optimal crystal structure. The planar phenyl ring was treated as a
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rigid body, and soft constraints on bond distances and angles were
used. The final Rietveld refinement showed a good agreement between
the observed and the calculated profiles (Figure 2). Relevant crystal
data and refinement details for A, B, B/, C, D, E, NSH, MH, and DH
are summarized in Table 1.

2.9. Theoretical Calculations. Geometries of the A, B, B, C, D,
and E crystal structures were optimized using the DFT PWscf package
within Quantum ESPRESSO.*® Calculations were performed with the
PBE” exchange correlation functional with vdW interactions treated
according to the D2 method of Grimme,*® and ultrasoft

DOL 10.1021/acs.cgd.6b01534
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pseudopotentials with a wave function cutoff of 44 Ry. Pseudopoten-
tial files C.pberrkjus.UPF, H.pbe-rrkjus.UPF, N.pbe-rrkjus.UPF,
O.pberrkjus.UPF, and Clpbe-n-van.UDF were acquired from the
Quantum ESPRESSO pseudopotential database.>® Pseudopotentials,
energy and force thresholds for structural relaxation were used as
described in the literature.” A k-point grid of 2 X 2 X 2 was used.
Conformer and pairwise interaction energies were calculated in
Gaussian09*® using B3LYP/6-311G (dp) level set to molecular
geometries directly extracted from the crystal structures after the
geometry optimization in Quantum ESPRESSO. The basis set
superposition error was corrected using the counterpoise method.
The interaction energy was calculated as the difference between the
total energy of the dimer and the corresponding isolated moieties.

3. RESULTS AND DISCUSSION

3.1. Screening. The crystal form screening experiments
reveal the existence of at least six SQ-HCI polymorphs (A, B,
B’, C, D, E), two dihydrates (DH and DH-II), a monohydrate
(MH), a nonstoichiometric hydrate (NSH), and numerous
solvated forms which will be reported in a following paper. The
polymorphs and the dihydrates were designated according to
their chronological order of discovery. Figure 3 shows a

Crystallization

Crystallization
H,0

RH>45%
DH | g
[RH>10% [RH>35%
RH>43% [RH>20% | [RH>10% RH=394 [RH>3%
" RH=3%
RH<6%) | 2°0°C | RH<3%
¥
© @ A) 0
50°C 70°C
PrOH Acetone THF PrOH MeOH

Figure 3. Preparation and phase transformations of SQ-HCI
polymorphs and hydrates.

flowchart illustrating the different polymorphs and hydrates
discovered, their preparation, and observed phase transitions
(n-propanol and ethanol solvates Spoy and Sy.oy are also
included, since polymorphs E and C are obtained by their
desolvation).

It can be seen that polymorphs A and B are crystallized from
different solvents, polymorph D is obtained by slurring
anhydrous SQ-HCI in n-propanol, two other polymorphs E
and C are obtained by desolvation of particular SQ-HCl
solvates, whereas polymorph B’ is obtained by exposing other
SQ-HCI polymorphs (except for the D) to an elevated
temperature. All of the hydrates are obtained by exposing
particular SQ-HCI polymorphs or lower stoichiometry hydrates
to a specific relative humidity.

Overlay of the PXRD patterns of SQ-HCI crystalline forms is
depicted in Figure 4. Each form has a unique and distinguish-
able PXRD pattern, except for pairs B/B’ and E/NSH, where
the PXRD patterns are distinguishable only by small peak shifts
to lower or higher 26 values. Note that highly similar PXRD
patterns suggested very high structural similarity between forms
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Figure 4. PXRD patterns of SQ-HCI crystalline forms A, B, B/, C, D,

E, NSH, MH, DH, and DH-IL The signals of impurities of unknown
phase are marked with black asterisks.

B/B’ and also between forms E/NSH. The sample of MH
contains an impurity from an unknown phase (marked by black
asterisks in Figure 4).

3.2. Thermal Characterization. Figure S shows the DSC
curves for the polymorphs of SQ-HCL. All polymorphs (except
B and C) display two overlapping endothermic effects
associated with the melting process, immediately followed by
decomposition. These results indicate that the melting
temperatures (determined from the onset of the respective
peaks) of polymorphs A, B, B/, D, and E range from 286 to 298
°C. Interestingly, the structurally closest polymorphs B and B’
(see section 3.53.5) have the most diverse melting temper-
atures. For the form C, an exothermic peak at 210 °C is
observed prior to the melting/decomposition peaks. This
exothermic peak corresponds to a phase transition from C to
B’, as confirmed by PXRD analysis, which substantiates the
monotropic relationship between these polymorphs on the
basis of the heat of transition rule.** However, it was not
possible to determine the thermodynamic relationships for
other polymorphic pairs due to the coinciding melting and
decomposition processes (making it impossible to directly
measure the enthalpy of fusion).

Simultaneous DSC/TGA analyses of forms DH, DH-II, MH,
and NSH were performed by using both open and closed pans,
for more comprehensive characterization of the transformations
taking place during the dehydration. The observed weight loss
confirmed the given stoichiometry and are given in Table 2
together with the dehydration products.

A single dehydration endotherm of form DH was observed
under both conditions with a peak temperature of 70 °C in the

DOL 10.1021/acs.cgd.6b01534
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Figure 5. (A—E) DSC curves of the SQ-HCl polymorphs (heating rate
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Table 2. Observed and Calculated Weight Loss, and
Dehydration Products of SQ-HCI Hydrates

dehydration
hydrate  stoichiometry ~observed, % calculated, % product
DH 1:2 8.9-9.0 9.1 A
DH-II 1:2 8.7-8.8 9.1 C
MH 1:1 4.6 4.8 C
NSH 1:1 3.7-39° 4.8 E

“When stored in ~25% RH at 25 °C.

open pan and 140 °C in the closed pan (Figure 6a). The
observed weight loss confirmed the dihydrate stoichiometry.
The dehydration product in the open pan was polymorph A,
while in the closed pan it was form B’, as confirmed by the
PXRD analysis.

When form DH-II was dehydrated using the open pan
(Figure 6b), two-step dehydration was observed as two
overlapping endothermic peaks, with peak temperatures of 79
and 96 °C. Despite the absence of distinct steps in TGA plot,
the presence of two endothermic peaks is due to the formation
of an intermediate monohydrate MH, with the final
dehydration product being the polymorph C, as confirmed by
the PXRD analysis. Following an exothermic event with a peak
temperature of 200 °C a phase transition from the form C to B
is already observed. When heating was performed using a
closed pan, a different thermal plot was obtained. Before the
dehydration an exothermic effect at 107 °C was observed. This
exothermic peak is attributed to a solid-state phase transition
from form DH-II to DH, as confirmed by the PXRD analysis.
This observation substantiates that DH is thermodynamically
more stable than DH-IL Following an endothermic peak at 140
°C (peak temperature) is attributed to the dehydration of DH.
The dehydration product under these conditions is also the
form B’. Therefore, in closed pans dehydration of DH always
produced B'.
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Simultaneous DSC/TGA curves of MH are shown in Figure
6¢. In an open pan dehydration of MH was observed as a single
broad endothermic peak in the DSC with a peak temperature of
97 °C and an associated weight loss of 4.6% in the TGA.
However, in a closed pan a sharp endothermic signal
immediately followed by an exothermic signal was observed
just before the dehydration. We suggest that the sharp
endothermic effect with a peak temperature of 123 °C is
attributed to congruent melting or decomposition and the
following exothermic effect with peak temperature of 128 °C is
associated with crystallization of a mixture of forms DH and B’
as confirmed by the PXRD analysis. The final endothermic
peak at 138 °C is attributed to the dehydration of DH by
producing polymorph B’ as the dehydration product.

Simultaneous DSC/TGA curves of NSH are shown in Figure
6d. In an open pan a single broad dehydration endotherm
between room temperature and 80 °C was observed. Within
this interval, the associated weight loss for NSH with maximum
water content was 3.7%. However, in a closed pan NSH
showed an exothermic peak at around 100 °C and broader
endothermic peak at around 140 °C. The exothermic peak is
attributed to the decomposition of NSH to a mixture of forms
DH and B’, as confirmed by the PXRD analysis. The
endothermic peak, associated with a weight loss of 3.9%, was
due to the dehydration of DH to B'.

3.3. Thermodynamic Stability of SQ-HCI Polymorphs.
The thermodynamic stability order of polymorphs was
established by comparing computed total cell energies, using
periodic DFT calculations in Quantum ESPRESSO and phase
transitions occurring in slurry-bridging experiments. Total cell
energies (Table 1) of forms A, B, B/, C, D, and E indicate, that
the form D is the most stable form, whereas the form C is the
least stable form, having the highest total cell energy of 20.0 kJ-
mol ™! (relative to form D). Total cell energies of forms A, B, B,
and E (7.9, 10.2, 8.0, and 8.3 k_]-molfl, respectively) are too
close to infer the stability relationships. Slurry-bridging
experiments were carried out at ambient temperature. Because
of the solvate formation with numerous different solvents,
mixtures of polymorphs were slurred only in acetone and ethyl
acetate to avoid the solvate formation. A summary of the results
from the slurry-bridging experiments is given in Table 3. These
observations demonstrate that the form D is the most
thermodynamically stable form at ambient temperature,
followed by forms B and A having progressively lower stability.
However, relative stability between the forms B’, C, and E is
unclear, but by a combination of results from experimental and
computational studies it is reasonable to conclude that
thermodynamic stability at ambient temperature follows the
order of D>B>A>E>C.

Additionally, a comparison of the thermal stability of forms
A, B, C, D, and E at an elevated temperature was performed by
VT-PXRD (see S1-SS, Supporting Information). VT-PXRD
patterns show that upon heating all polymorphs, except for the
D, transformed to B’. The polymorph A is relatively stable
between 30—220 °C; however, as the sample was heated at 220
°C for 2 h, characteristic peak of polymorph B’ appeared, and
complete transformation to B’ was observed in 16 h. PXRD
profile of the form C was relatively unchanged between 30—140
°C, after which the sample transformed to B" at 150 °C. The
polymorph E was relatively stable between 30—100 °C, after
which the sample gradually transformed into B’, with complete
transformation occurring at 190 °C.

DOL 10.1021/acs.cgd.6b01534
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Figure 6. Simultaneous DSC and TGA curves (10 C-min™") of the SQ-HCI hydrates (a) DH, (b) DH-II, (c) MH, and (d) NSH in open pan (op)

and closed pan (cp).

Table 3. Results of the Slurry-Bridging Experiments
mixture
A/D
B/D
B'/D
C/D
D/E
A/B
A/B’
B/B’
B/C
B/E
B'/C
B'/E
C/E
A/C
A/E

resulting phase
D

P roEEEwEwE g oy

3.4. Dynamic Vapor Sorption (DVS) Experiments. The
hydration and dehydration behavior of A/DH, C/MH/DH-II,
and E/NSH was investigated by moisture sorption/desorption
experiments by determining both the weight change (using
DVS) and the phase composition (using PXRD) of the
samples.

As shown in Figure 7a, form A undergoes full hydration to
DH at 14% RH with a weight gain of 9.4%, consistent with the
formation of dihydrate. No significant mass change was
observed with a further increase of RH. The dehydration of
DH occurs only at RH = 8%, indicating the high stability of
DH. The single step hydration and dehydration, as well as the
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stoichiometric number of incorporated water molecules, are
characteristic of stoichiometric hydrates. Small hysteresis (~6%
RH) between the sorption and desorption isotherms shows
that there is almost no kinetically controlled delay between the
hydration and dehydration, and this reversible phase transition
has a low energy barrier, suggesting that crystal structures of
these two forms are likely to be similar.

The moisture sorption/desorption isotherms of forms C/
MH/DH-II (Figure 7b) show one-step stoichiometric hydra-
tion and two-step dehydration. Anhydrous form C is stable in
the 0—6% RH range. When RH is increased to 10%, the mass
increases by 8.5%, consistent with the formation of dihydrate. A
small mass increase up to 9.3% from the initial mass was
observed with a further increase of RH. Form DH-II is stable
only up to 45% RH, and at higher RH it irreversibly transforms
to DH. The first dehydration step of DH-II occurs at RH = 3%,
and lower hydrate is obtained in these conditions. The
observed weight change of 4.1-4.9% is consistent with
monohydrate stoichiometry, and using PXRD analysis the
dehydration product was confirmed to be MH. MH is stable
only in a narrow RH range (3—1%). When RH was decreased
to 0% further dehydration process was observed and anhydrous
form C was obtained. Similar to the A/DH system, there is only
a small kinetically controlled delay between hydration and
dehydration as observed by the small hysteresis (~7% RH)
between the sorption and desorption isotherms.

Figure 7¢ shows sorption/desorption isotherms for forms E/
NSH. During the sorption/desorption experiment the mass
gradually changed depending on the RH, indicating that NSH
is a nonstoichiometric hydrate. The maximum weight gain of

DOL 10.1021/acs.cgd.6b01534
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Figure 7. Moisture sorption and desorption isotherms of SQ-HCI
forms A/DH (a), C/MH/DH-I (b), and E/NSH (c) at 25 °C.

5.4% was observed in 35% RH, which corresponds to ~1.2 mol
of water per mol of SQ-HCL Under higher RH, NSH
irreversibly transforms to DH. PXRD analysis of the sample
in variable humidity was performed to confirm that form NSH
is a nonstoichiometric hydrate, and that the continuous change
of mass in the sorption/desorption experiments is not caused
by the adsorption of water in the sample. The results showed
that peak positions and intensities changed by changing the
relative humidity (Figure. 8). Such variation of the PXRD
pattern is characteristic for nonstoichiometric hydrates, where
water molecules can absorb and desorb from the crystal
structure without introducing any significant changes, and
confirms that form E is its isostructural dehydrate.

Moisture sorption analysis of forms B and D showed that
these forms were stable up to 22% and 43% RH, respectively.
Under higher RH, irreversible transformation to form DH was
observed.
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Figure 8. PXRD patterns of the SQ-HCI form NSH under different
relative humidity conditions.

3.5. Crystal Structures. In this work, the crystal structures
of A, B, B/, C, D, E, and MH have been determined from
PXRD data because numerous attempts to grow single crystals
were unsuccessful, with only microcrystalline powders being
obtained, while the structure of DH was determined using
SCXRD data. Unfortunately, no acceptable structure solution
was found for the form DH-II, thus only the unit cell
parameters determined after indexing are given. The crystallo-
graphic data for all forms are summarized in Table 1. In order
to validate the crystal structures of SQ-HCI determined from
the PXRD data and obtain the total cell energy, relaxation of
the positions of all atoms with fixed unit cell parameters was
carried out, using periodic DFT calculations in Quantum
ESPRESSO software. The optimized and experimentally
determined crystal structures were in good agreement (see
Figures S6—S12), Supporting Information) indicating that the
determined structures are close to the energy minima within
the given space group and unit cell parameters. Crystal
structures of forms A, B, B/, and DH were solved in the
triclinic system with PT space group and contain one
sequifenadine cation and one chloride anion in the asymmetric
unit, except for DH, which has two additional water molecules
in the asymmetric unit. Forms C, D, and E crystallize in the
monoclinic system with P2,/c, P2;/n, and C2/c space groups,
respectively, and contain two sequifenadine cations and two
chloride anions in the asymmetric unit. Hydrates MH and DH-
1I crystallize in the monodlinic system C2/c space group with
Z'=1.

3.5.1. Conformation. The overlay of the all symmetry-
independent sequifenadine cations from the crystal structures is
shown in Figure 9, and the torsion angle values are summarized
in Table 4. In sequifenadine cation conformational difference
arises mainly due to rotation of the methylphenyl groups and
quinuclidine moiety around bonds C(1)—C(2), C(1)—C(3),
and C(1)—C(5). However, molecular conformations in most of
the crystal structures were found to be nearly identical, except
for the conformer 1 in form C (designated C1) and for the
conformer 2 in form D (D2), colored light blue and red in
Figure 9, respectively. Moreover, in conformer D2 the only
major conformation difference is that one methylphenyl group
is rotated by ~180°, while in the conformer C1 both
methylphenyl groups are rotated by 95—110°. To determine
which of the conformers (C1, D2 or the one observed in all
other crystal structures) has lower energy (i.e.,, is more stable),
full in vacuo geometry optimization for all the 11 starting

DOL 10.1021/acs.cgd.6b01534
Cryst. Growth Des. 2017, 17, 1146—1158

123



Crystal Growth & Design

Figure 9. Superimposition of the sequifenadine cation geometries
extracted from the crystal structures of A (black), B (green), B’
(yellow), C1 (light blue), C2 (violet), D1 (blue), D2 (red), El
(brown), E2 (orange), MH (lime), and DH (pink).

geometries was performed. Energy-minimized geometry was
highly similar to the starting geometry taken from the crystal
structures and identical for all similar conformers (all except for
C1 and D2). It was found that the energies of the conformers
C1 and D2 are almost identical, while the conformer observed
in all other crystal structures is lower in energy by 8.6 kJ-mol ™.

Therefore, the observation that form D (containing less
favorable conformer D2) is the most stable polymorph
(according to both slurry bridging experiments and full energy
calculation in Quantum ESPRESSO) means that intermolecular
interactions in this form are significantly energetically more
favorable than those in other polymorphs.

PES scans with respect to flexible torsion angles, performed
in Gaussian 09, were complicated by the fact that other torsion
angles changed significantly during these scans. Nevertheless,
based on the obtained data it was confirmed that conformer
observed in most cases is the most stable (designated GM),
while confomers D2 and C1 correspond to one of the local
energy minima (designated LM1 and LM2).

3.5.2. Intermolecular Interactions. The hydrogen bonding
patterns in SQ-HCI forms A, B, B, C, D, E, MH, and DH are
shown in Figure 10, while the intermolecular hydrogen bond
geometry is summarized in Table S1, Supporting Information.
Forms A, B, and B’ are characterized by identical intermolecular
hydrogen bonding pattern, where two chloride anions interact
with two sequifenadine cations through N21-H:--CI25 and
0O4—H:CI2S bonds, and forming a tetramer with the graph set
R3(16). Formation of the same hydrogen bonding pattern was
also observed in form E; however, as the tetramer was formed
by two symmetrically different SQ_cations and two different
chloride anions, four different hydrogen bonds are present
(N21-H:---CI50, O4—H---Cl25, N46—H--CI25, and 029—H-
CI50). Although in forms A, B, B and E strong N—H:---Cl, and
O—H:-Cl hydrogen bonds are very similar, there are
differences in formation of the weak intermolecular C—H:--Cl
hydrogen bonds (for details see Table S1, Supporting
Information). There are two weak intermolecular hydrogen
bonds in B and B’ structures, whereas three in the structure of
form A and five in the structure of form E. The main structural
difference between polymorphs B and B’ is the location of the
chloride anion with respect to the SQ cation, resulting different
C—H:Cl interaction. In polymorphic form C, however, there
is only one strong hydrogen bond between NH* group and CI~
anion in each asymmetric moiety (graph set D), while the other
potential hydrogen bond donor (OH group) does not form any
conventional hydrogen bonds; however there are six weak
intermolecular C—H---Cl bonds that compensate for a lack of
the O—H:---Cl hydrogen bonds. In form D sequifenadine
cations and chloride anions do not form tetramers, but instead
are connected by one-dimensional (1D) infinite chains of
hydrogen bonds along the g-axis, characterized by graph set
C3(16). Each chloride anion is connected to two symmetrically
different sequifenadine cations through N21-H--Cl25, 04—
H---CI50, N46—H:--CI50, and 029—H:ClI25 bonds. In form
MH there is a similar hydrogen bonding configuration as in
forms A, B, B’ and E, although, due to the incorporation of
water molecules, a hexamer is formed instead. Two
sequifenadine cations, two chloride anions, and two water
molecules form a hexamer with graph set R#(20) through
N21-H---CI25, O4—H:--026, and 026—H:--CI25 interactions.
In DH structure, six different conventional hydrogen bonds are
present. As in form MH, two sequifenadine cations, two

Table 4. Torsion Angles (°) for Conformers in Structures of A, B, B/, C, D, E, MH, and DH as well as for Optimized
Conformers in Local Minima (LM1 and LM2) and Global Minimum (GM)

conformer 7, (C5—C1-C2—C6)
A 108.3
B 113.3
B 1115
2 103.8
D1 110.9
El 105.4
E2 106.6
MH 100.6
DH 105.8
optimized geometry GM 105.1
C1 —0.4
optimized geometry LM2 -22
D2 —65.7
optimized geometry LM1 =711
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7, (C5-C1-C3-C12) 7, (C3—C1-C5-C18)

5.1 —1753
24 —170.2
5.1 —1752
=05 —167.2
4.7 —1725
63 —1749
150 —1743
=70 —171.9
64 -1714
845 —172.0
100.6 -172.5
104.6 —166.8
18.1 —178.6
15.13 —174.5
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Figure 10. Hydrogen bonding patterns in SQ-HCI forms A, B, B, C, D, E, MH, and DH.

chloride anions, and two water molecules form a hexamer with
graph set R¢(20), but the hydrogen bonds formed are different
(04—H--CI25, N21-H--+027, and 027-H27A:--CI25). In
fact, DH is the only SQ-HCI structure where the N—H--Cl
hydrogen bonds are not present. Besides, the CI” is the
acceptor for two additional hydrogen bonds with water
molecules: 026—H26A---CI25 and 026—H26B---CI2S, forming
a hydrogen bonded ring, characterized by graph set R}(8).
Additionally, water molecules and chloride anion form 1D
infinite hydrogen bond chains C;(16) along the a-axis. It
appears that this complex hydrogen bond network in DH
structure is very efficient and therefore explains the observed
stability of this form.

To investigate the energetics of the characteristic inter-
molecular interactions observed in SQ-HCI polymorphs,
interaction energies corresponding to ions interacting via
conventional hydrogen bonds were calculated. The obtained
data are given in Table S2, Supporting Information. It shows
that the most efficient interactions are in the structure of the
form D which are 12—36 kJ/mol of SQ-HCl more efficient
than in other SQ-HCI polymorphs, where sequifenadine cations
form two hydrogen bonds. This is probably one of the main
reasons leading to D as the most stable polymorph.
Nevertheless, in this case it is not possible to distinguish
whether this is due to stronger hydrogen bonds or more
efficient electrostatic interactions resulting from different
molecular packing. Besides, because of these electrostatic
interactions, different molecular packing can strongly alter the
intermolecular interaction energy between other SQ moieties as
well.

Evidently, one of the main reasons for low thermodynamic
stability of C is the formation of only one hydrogen bond by
the sequifenadine cations.

3.5.3. Molecular Packing in SQ-HCI Polymorphs. Repre-
sentation of molecular packing in SQ-HCI polymorphs and
solvates is given in Figure S13, Supporting Information. The
XPac®® and Mercury software were used to establish the
relationship between all crystalline forms with regard to their
molecular packing similarities. On the basis of the characteristic
hydrogen bonding motifs three building blocks for all five SQ-
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HCI polymorphs can be identified: already mentioned R}(16)
tetramers, SQ_cation, and Cl anion pair further forming
tetramer R;(10) by additionally employing weak hydrogen
bonds (both 0D building blocks), as well as already mentioned
C3(16) chains (1D building block), all shown in Figure 11. 3D
packing of these building blocks results in formation of
structures of polymorphs E, C, and D, while R}(16) tetramers
can additionally form 2D layers, by stacking of 1D chains of
such tetramers (see layer 1 in Figure 11). Parallel stacking of
such layers above each other results in the structure of
polymorph A (stacking mode 1-1—1 in Figure 11), whereas
stacking of such layers, so that adjacent layers are shifted by 1
SQ cation, results the structures of B and B (stacking mode 1—
1’—1 in Figure 11). As expected, forms B and B’ have very
similar crystal packing due to similarity in the 3D arrangement
of the ions, with the most important difference being shift in
the location of chloride anion. In a more detailed analysis of
common building elements in SQ-HCI structures four 0D
building blocks were identified: already mentioned R3(16)
tetramers and R3(10) tetramers, as well as two SQ cation
dimers interacting via dispersion or other weak intermolecular
interactions; see Figure S14, Supporting Information.

3.5.4. Incorporation of Water Molecules in SQ-HC/
Structures. Comparison of molecular packing in SQ-HCI
polymorphs and hydrates reveals that all hydrate structures
appear as derived from those of particular polymorphs, by
incorporation of water molecules between layers or in structure
voids. As can be seen in Figure 11, layer 2 is observed in both
structures of A and of DH, while layer 3 is common for
structures of C and MH (although here half of the molecules
have different molecular conformation). The water molecules
are incorporated between these layers by thus introducing no
other significant change in the molecule packing except for the
increase of the space between the layers. This packing similarity
explains the observation that the dehydration of DH leads to
form A and dehydration of MH leads to form C. Therefore,
these reversible transformations require only minor molecular
reorganization, which explains very easy and reversible
transformation between the hydrates (DH and MH) and the
respective anhydrous forms (A and C respectively).

DOL 10.1021/acs.cgd.6b01534
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red, and layer 4 is colored orange).

As expected, NSH and its isostructural dehydrate E share an
identical 3D packing, as water molecules are situated in the
voids of structure of polymorph E; see Figure 12. Additionally,
layer 4 is common for both structures of E and of NSH, and is
the most invariable and characteristic part of these structures.
Water molecules in NSH form hydrogen bond with the
chloride anion, while only dispersion interactions are formed
with SQ _cation.

Typically, the unit cell of nonstoichiometric hydrates expands
during sorption and contracts during desorption,®** but in
this case the volumes of fully dehydrated structure (form E)
and NSH structure, containing the maximum detected amount
of water (at RH = 32%), are almost the same (see Table 1).
Figure 12 shows that form E contains 8 water accessible voids
with a total volume of about 645 A® (calculated in Mercury with
default parameters using contact surface), which is about the
same as the volume occupied by the 16 water molecules (2 per
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asymmetric unit) in the NSH structure with the monohydrate
stoichiometry. As the positions of the voids in form E and the
positions of the water molecules in NSH are identical, the voids
are created due to the loss of the water molecules. Interestingly,
after the dehydration the structure does not shrink, explaining
almost identical volumes of both forms. However, there are still
small voids in the NSH structure because only part of the voids
in the E structure are filled by the water molecules. More
detailed analysis, however, showed that insertion of water
molecules increases the distance between layers 4 (increase of
lattice parameter ¢ by 1.4% and shift of peaks (202) and (404)
to higher d values, see Figure 8), whereas the packing in other
crystallographic directions becomes more compact (decrease of
lattice parameters a and b by 0.5% and 0.3% and shift of peak
(400) to lower d values; see Figure 8).

Similar incorporation of water molecules in structures of B
and D is not possible since there are no structure voids nor

DOL 10.1021/acs.cgd.6b01534
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Figure 12. Crystal structure of form E with structure voids highlighted
in brown and the crystal structure of NSH with water molecules
enlarged for clarity.

layers, between which water molecules could squeeze in with
retention of efficient packing. The obtained crystallographic
data (see Table 1) and observed phase transformations suggest
that the crystal structure of DH-II is similar to that of MH (and
therefore also C), with additional water molecules in the crystal
structure.

4. CONCLUSIONS

In the present work, six new anhydrous polymorphs (A, B, B/,
C, D, and E), two dihydrates (DH and DH-II), a monohydrate
(MH), and a nonstoichiometric hydrate (NSH) of SQ-HCI are
reported. Polymorph A is obtained by dehydration of the
dihydrate DH or by recrystallization from tetrahydrofuran.
Polymorph B is obtained by recrystallization from acetone, and
polymorph D is obtained by slurring anhydrous SQ-HCl in n-
propanol. The methanol and n-propanol solvates are used as
precursors to obtain C and E polymorphs through the thermal
desolvation, whereas polymorph B’ is obtained by exposing
other SQ-HCI polymorphs (except for the D) to elevated
temperature. All of the hydrates are obtained by exposing
particular SQ-HCI polymorphs or lower stoichiometry hydrates
to a particular relative humidity.

Thermodynamic stability of polymorphs has been established
from thermal analysis, slurry-bridging experiments, and DFT
calculations, confirming that stability at ambient temperature
follows the order of D > B > A > E > C, while form B’ is stable
at elevated temperature. DVS and DSC analysis confirms that
DH is the most stable hydrate.

Although three different conformations of sequifenadine
cation are observed in SQ-HCI polymorph structures, structural
analysis showed that the major difference between all
polymorphs is the mode of packing of the SQ and chloride
ions in the crystal structures, with three different hydrogen
bonding patterns being one of the building elements resulting
in different molecular packing. All hydrate structures appear as
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derived from those of particular polymorphs by incorporation
of water molecules between layers or in structure voids. The
products of phase transformations during the hydration and
dehydration confirm the observed structural similarities, while
the ease of these transformations shows the limited structural
change involved in this process, as suggested by the structure
analysis.
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Three anhydrous forms and a dihydrate form of
quifenadine hydrochloride: a structural study of
the thermodynamic stability and dehydration
mechanism+
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Crystal structures of dihydrate (DH) and three anhydrous forms (A, B and C) of quifenadine
(1-azabicyclo[2.2.2]oct-8-yl-diphenyl-methanol) hydrochloride are presented, and crystal structure
information is used to explain and rationalize the relative stability of polymorphs and observed phase
transformations. The dehydration mechanism of the hydrate is provided by interpreting the results
obtained in studies of crystal structures, dehydration kinetics and thermal analysis. Structural analysis is
used to explain the observed relative stability of the anhydrous phases and the hydrate. The crystal
structures have been determined either from single crystal (form DH) or from powder diffraction data
(forms A, B and C). All three polymorphs consist of similar hydrogen bonded tetramers, and the structural
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Introduction

Polymorphism is the ability of compounds to crystallize into
different crystalline modifications. If solvent molecules are
incorporated in the crystal lattice along with the host mole-
cules in either stoichiometric or nonstoichiometric ratio, then
the resulting phase is called a solvate or pseudopolymorph.
Polymorphism and pseudopolymorphism of an active phar-
maceutical ingredient (API) have an influence on its solubil-
ity, bioavailability and stability. Therefore, identification of
polymorphs and pseudopolymorphs, comparison of their
physicochemical properties and understanding conditions of
transformations between crystalline forms are very important.’™

From pharmaceutical and supramolecular points of view,
the knowledge of polymorph and pseudopolymorph crystal
structures gives general information about their stability, for-
mation pathways and also physicochemical properties. More-
over, studies on the polymorphism of organic systems can
lead to generalization of the fundamental aspects of the
structure-property relationship.”® Therefore, crystal structure

“Faculty of Chemistry, University of Latvia, Kr. Valdemara iela 48, Riga, Latvia.
E-mail: artis.kons@lu. v.

" Formulation and Drug Delivery Research Group, School of Pharmacy and
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1 CCDC 1051731, 1051732, 1051733, and 1051734 contain the supplementary
crystallographic data for the structures of DH, A, B, and C, respectively. For
crystallographic data in CIF or other electronic format see DOIL: 10.1039/
c5¢ce00426h
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differences arise due to differences in conformation or/and molecular packing.

determination of pharmaceutically active compounds during
the crystalline phase screening process is advisable.

Commonly, the crystal structure is determined from
single-crystal X-ray diffraction data. However, many crystal-
line solids cannot be prepared in the form of an appropriate
single crystal. In such a case, powder X-ray diffraction
methods can be used to extract structural information. The
development of direct-space approaches for structure solu-
tion has given the opportunity to solve crystal structures even
from diffraction data recorded using laboratory X-ray powder
diffraction instrumentation.*”

Quifenadine (1-azabicyclo[2.2.2]oct-8-yl-diphenyl-methanol),
a quinuclidine derivative, is an antihistaminic agent that
decreases the impact of histamine by blocking histamine H1-
receptors in the peripheral tissues and activates the enzyme
diamine oxidase (histaminase).*’ To the best of our knowl-
edge, there are no reports on the existence of polymorphs or
solvates of quifenadine hydrochloride.

In the present paper, thermal analytical techniques (differ-
ential thermal analysis, thermogravimetric analysis and hot-
stage microscopy), powder and single-crystal X-ray diffractom-
etry, and gravimetric moisture sorption studies were
employed to characterize the solid state forms of quifenadine
hydrochloride. Crystal structures of three anhydrous forms
and a hydrate are presented, and crystal structure information
is used to explain and rationalize the relative stability of poly-
morphs and observed phase transformations. Structural
transformations during the dehydration process of hydrate

CrystEngComm, 2015, 17, 3627-3635 | 3627
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have been interpreted and the relative stabilities of anhydrous
phases and the hydrate have been evaluated.

Experimental section
Materials

Quifenadine hydrochloride (purity >99%) was obtained from
JSC Olainfarm (Olaine, Latvia). The sample consisted of a
commercial racemic mixture of polymorph A. Inorganic com-
pounds and organic solvents of analytical grade were pur-
chased from commercial sources and used without further
purification.

Sample preparation

Dihydrate DH was prepared by recrystallizing quifenadine
hydrochloride from water and stored under ambient condi-
tions. Single crystals of DH were obtained by slow evapora-
tion from a mixture of acetonitrile/water (95/5 v/v) and stored
in mother liquor under ambient conditions. Anhydrous form
B was obtained by dehydration of DH at 80 °C or 0% relative
humidity and stored over a desiccant. Anhydrous form C was
prepared by recrystallizing from n-butanol or iso-butanol and
stored under ambient conditions. Anhydrous form A was
used without further purification.

Single-crystal X-ray diffraction (SCXRD)

The single-crystal X-ray diffraction data for quifenadine
hydrochloride DH was collected at 173 K using a Nonius
Kappa CCD diffractometer with Mo K,, radiation (4 = 0.71073
A) and an Oxford Cryostream open-flow nitrogen cryostat for
sample temperature control. The structure was solved by
direct methods in OLEX2 (ref. 10) software and refined by
full-matrix least-squares on F* using SHELXL."' All non-
hydrogen atoms were refined anisotropically. The most dis-
agreeable reflections with A(F?) values greater than 5 su were
omitted (6 reflections with kkl indices: 01 2;2 -3 2;1-34;3
-3 2; -2 -2 8 and -2 -1 6). Mercury 3.3 (ref. 12) software was
used for crystal structure analysis and simulation of powder
X-ray diffraction patterns based on crystal structure data.
Crystallographic face indexing of quifenadine dihydrate was
done at room temperature. Face indexing was performed
using Collect software."?

Powder X-ray diffraction (PXRD)

For routine measurements of phase composition, the PXRD
patterns were recorded on a Bruker D8 Advance diffractome-
ter using copper radiation (CuK, 2 = 1.54180 A) with Bragg-
Brentano geometry and LynxEye (1D) detector. The tube volt-
age and current were set to 40 kV and 40 maA, respectively.
The divergence and antiscattering slits were set at 0.6 mm,
and the receiving slit was set at 8 mm. The patterns were
recorded from 3° to 30° on the 26 scale, using a scan speed
of 0.2 s per 0.02°.

For structure determination, PXRD patterns were recorded
on a Bruker D8 Discover diffractometer using copper

3628 | CrysttngComm, 2015, 17, 3627-3635
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radiation (CuK, / = 1.54180 A) in transmission mode and
LynxEye (1D) detector. The tube was employed with voltage
and current settings of 40 kV and 40 mA. The sample was
loaded into a special glass Nr. 10 capillary (0.5 mm diame-
ter). A capillary spinner (60 rpm) was used to minimize
instrumental and sample packing aberrations. The incident
beam path of the diffractometer was equipped with a Gobel
mirror, Soller slits, and a 0.6 mm divergence slit, while the
diffracted beam path was equipped only with Soller slits. The
diffraction patterns were recorded from 3 or 5 to 70° on the
20 scale at a 0.01° step size using a scan speed of 20 s per
step.

Structure determination from powder X-ray diffraction data

Indexing of powder diffraction patterns of quifenadine hydro-
chloride A, B and C forms was carried out with programs
Dicvol91 (ref. 14) and X-Cell'>'® using the first 25 reflections
(20 < 35°). All forms were indexed with a triclinic unit cell.
The cell and diffraction pattern profile parameters were
refined using the Pawley method'” (R, = 2.29%, R, = 1.40%
for A; Ryp = 1.09%, R, = 0.75% for B and Ry, = 2.33%, R, =
1.77% for C). The space group for all forms was assigned to
P1 with Z = 2.

The trial geometry model was generated by optimizing the
quifenadine molecule using DFT-D within the DMol® mod-
ule'® in Materials Studio 7 using the PBE functional'® and a
dispersion correction according to Grimme.*

The Monte Carlo/Simulating Annealing search algorithm
in the MS Powder Solve package was used to constantly
adjust the conformation, position, and orientation of the trial
model in the unit cell in order to maximize the agreement
between the calculated and the measured diffraction data.
The structural solution obtained from the Powder Solve was
refined by Rietveld refinement based on the measured pow-
der X-ray diffraction pattern. In the Rietveld refinement, cell
parameters, the position and orientation of motion groups,
torsion angles, thermal vibration, and preferred orientation
parameters (using March-Dollase model®"**) were optimized
to get the optimum crystal structure. Aromatic rings were
treated as rigid groups. The final Rietveld refinement showed
a good agreement between the observed and the calculated
profiles (Fig. 2). Relevant crystal data and refinement details
for A, B, C and DH are summarized in Table 1.

Calculation of lattice and interaction energy in PIXEL

The crystal lattice and interaction energy calculations were
performed according to the semiempirical PIXEL methodol-
ogy (with code provided in the CLP software suite). Empirical
parameters were used as provided in the literature.”® The
atom positions for the purposes of this calculation were
obtained by a standard procedure using RETCIF and
RETCOR modules. The hydrogen atom positions were
renormalized. Molecular electron density calculations were
performed in Gaussian 09 (ref. 24) at the MP2/6-31G(d,p)

This journal is © The Royal Society of Chemistry 2015
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Table 1 Crystal structure data for quifenadine hydrochloride forms

Cell
parameters A form B form C form DH form
Chemical C20H24NOCI  C0H24NOCI  C0H24NOCI  C,,H,4NOCI-
formula 2H,0
Formula 329.86 329.86 329.86 365.88
weight
Sample type  Powder Powder Powder Single
crystal
Crystal Triclinic Triclinic Triclinic Triclinic
system
Space group P Pi Pi Pi
Temperature  293(2) 293(2) 293(2) 173(2)
a, A 6.372(2) 6.408(5) 6.449(2) 6.339(1)
b, A 12.699(5)  9.281(6) 12.951(3)  8.601(2)
oA 10.759(4)  18.356(2)  11.222(2)  18.404(5)
@ ° 96.03(2) 113.09(3)  97.60(1) 100.02(2)
Be 98.88(2) 83.62(3) 106.61(2)  92.32(3)
7O 80.68(2) 116.50(3)  75.25(2) 103.45(2)
Vv, A® 845.9(1) 895.8(1) 862.9(1) 957.5(3)
Pealey g €M 0 1.295 1.223 1.270 1.269
Z(Z) 2(1) 2(1) 2(1) 2(1)
Rup (Rp)/R: 2.81(1.89)  1.41(0.99) 3.12(2.32) 4.8 (14.8)
(WRy), %

level using standard grid parameters. The condensation level
4 and a calculation cutoff value of 40 A were used.

Differential thermal 1

(DTA/TG)

5.2 5 s
lysis/thermog; ric

DTA/TG analysis was performed using an Exstar6000 TG/
DTA6300 (SII) instrument. Open aluminium pans were used.
Heating of samples from 30 °C to 320 °C was performed at a
heating rate of 10 °C min™ under 100 mL min" nitrogen
flow. The sample mass was approximately 5-7 mg.

Gravimetric determination of water content

The water sorption and desorption processes of B and DH
were measured in desiccators with controlled relative humid-
ity (RH). To provide a variety of RH values, saturated salt
solutions and P,0; were used. The salts used for this experi-
ment and the corresponding RH values were LiBr (6%), LiCl
(11%), CH3CO,K (23%), MgCl, (32%), NaBr (56%), KI (68%),
NaCl (75%), KCI (84%), K,S0, (97%), and also P,0; (~0%).>*

Dehydration kinetics

Nonisothermal experiments were performed at heating rates
0f 0.5, 2, 3, 4, 5 and 10 °C min~', and isothermal studies were
carried out at 30-70 °C using an Exstar6000 TG/DTA6300 (SII)
apparatus. For isothermal studies, the heater unit was preset
to the required temperature allowing fast stabilization of the
necessary temperature at the start of the experiment. The
sample mass was 6.0 + 0.5 mg, and the nitrogen flow rate

was 100 + 10 mL min "

This journal is © The Royal Society of Chemistry 2015
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Hot stage microscopy (HSM)

For thermo-microscopic investigations, a Laborlux 12 PolS
(Leitz) polarized light microscope equipped with a heating
stage and a Newtronic heating control module was used. The
heating rate was 5° min ', Images were collected using Leica
Application Suite software from a DFC450 (Leica) digital
microscope camera.

Results and discussion

An initial polymorph screening of quifenadine hydrochloride
was performed by recrystallization from 16 solvents (water,
methanol, ethanol, n-propanol, iso-propanol, n-butanol, iso-
butanol, acetone, ethyl acetate, acetonitrile, dichloromethane,
chloroform, toluene, 1,4-dioxane, dimethylformamide and
dimethyl sulfoxide) at variable temperatures. Through the
screening process, quifenadine hydrochloride was found to
crystallize in three crystalline modifications: two polymorphs
(A and C) and dihydrate (DH). Additional polymorph B was
obtained by dehydration of DH.

Thermal analysis
The DTA and TG thermal profiles of all crystalline forms are
illustrated in Fig. 3. No thermal event was observed for forms
A and C in the temperature range prior to the degradation
near 320 °C, confirming that these forms are unsolvated. One
small exothermal event (at 168 °C) was observed for form B
in the temperature range until the onset of degradation. This
exothermal effect is attributed to a solid-state phase transi-
tion from form B to A as confirmed by PXRD analysis, which
substantiates the monotropic relationship between these
polymorphs on the basis of the heat of transition rule.*
Dehydration of form DH was observed as an endothermic
peak in the DTA over a temperature range from 40 °C to
80 °C and associated weight loss of 9.5% in the TGA. A mass
loss of 9.5% corresponds to 1.92 mol of water, which is only
slightly below the theoretical value of 2 mol of water per mole
of quifenadine hydrochloride. No further weight loss was
observed until the material began to degrade at 320 °C. The
dehydration product was polymorph B, as confirmed by the
PXRD analysis. After the dehydration, an exothermic effect
observed at 171 °C corresponds to phase transition from
polymorph B to form A.

Thermodynamic stability of quifenadine hydrochloride
polymorphs

To better understand the relative thermodynamic relation-
ships of quifenadine hydrochloride polymorphs, solvent-
mediated slurry-bridging (SMSB) experiments were carried
out at various temperatures. Mixtures of forms A/B, A/C and
B/C were slurried in acetone and tetrahydrofuran at 5 and
25 °C, in acetonitrile at 60 °C and in butyl acetate at 120 °C.
That resulted in conversion of mixtures of A/B and A/C to
pure form A at all temperatures and similarly a mixture of
polymorphs B/C converted to form C. These observations

CrysttngComm, 2015, 17, 3627-3635 | 3629
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indicate that form A is the most thermodynamically stable
form at all studied temperatures and form C is more thermo-
dynamically stable than form B.

On the basis of the density rule,?® the most stable crystal
structure should have the highest density. As shown in
Table 1, the density values calculated from crystal structure
data for forms A, B, and C indicate that the stability follows
the order of A > C > B. Additionally, a comparison of the
stability of forms A, B and C was performed using calculation
of the crystal lattice energy for these forms with PIXEL soft-
ware. As expected, form A has the most negative total lattice
energy of -382.7 kJ mol™" and therefore is the most stable
form at 0 K, followed by form C (-371.4 kJ mol ") and form B
with the highest lattice energy of -361.5 kJ mol *. Therefore
the lattice energy calculations correlate with conclusions
obtained from SMSB experiments and crystal density results.

These observations indicate that form A is the most ther-
modynamically stable form at all temperatures and has a
monotropic relationship with both forms B and C. Poly-
morphs B and C also have a monotropic relationship with
form C being thermodynamically more stable than form B.

Moisture sorption experiments

In moisture sorption/desorption experiments, both the
weight change and the phase composition of the samples
were determined. The moisture sorption/desorption iso-
therms of quifenadine hydrochloride forms B/DH (Fig. 4)
show that the anhydrous form B is stable (ie., does not
absorb water) up to 11% relative humidity (RH). Under
higher moisture conditions, the sample takes up water and
transforms to DH. The measured mass increase of 9.5% is in
agreement with thermogravimetric measurement (1.92 mol of
water). By decreasing the humidity, when the RH is less than
6%, the dehydration of DH occurs and polymorph B is
obtained. The distinct steps and the presence of hysteresis
between the sorption and desorption isotherms are character-
istic of stoichiometric hydrates. However, small hysteresis
(~5% of RH) shows that this reversible phase transformation
has a low energy barrier suggesting that crystal structures of
these two forms can be similar. The sorption/desorption iso-
therms show that DH is a very stable hydrate, which releases
water only at very low relative humidity, whereas form B is an
unstable anhydrous phase, absorbing water already at
11% RH.

Moisture sorption analysis of form C showed that it was
stable up to 89% RH (for 2 months), while at higher RH
it transformed to form DH, but form A was stable up to
100% RH and transformation to DH was not observed after
2 months.

Analysis of the crystal structures

Structures of polymorphs A, B, and C were determined using
powder X-ray diffraction data, but the structure of DH was
determined using single-crystal X-ray diffraction data. Crystal-
lographic data for all forms are shown in Table 1. All these
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crystalline modifications crystallize in the P1 space group.
The crystal structure of each polymorph contains one
quifenadine cation and one chloride anion in the asymmetric
unit, whereas dihydrate contains additional two water mole-
cules in the asymmetric unit.

Overlay of powder X-ray diffraction (PXRD) patterns of
quifenadine hydrochloride polymorphs and dihydrate is
depicted in Fig. 5. Each form has a unique and distinguish-
able PXRD pattern. A comparison of PXRD patterns shows
that forms A and C have similar positions and intensities of
first four peaks suggesting structural similarities. The agree-
ment between the experimental and crystal structure simu-
lated PXRD patterns of DH confirms the identity of the poly-
crystalline phase.

A quifenadine molecule consists of two terminal phenyl
groups, one quinuclidine moiety and one hydroxyl group
linked together by a quaternary carbon. The conformational
state of the quifenadine cation in all four structures is com-
pared in Fig. 6, and the torsion angle values are summarized
in Table 2 (numbering of atoms is given in Fig. 1). This analy-
sis was carried out using the molecules of identical enantio-
mers in a quifenadine hydrochloride racemic mixture. It can
be seen that the molecular conformation in all four forms is
very similar and only minor conformational differences arise
mainly due to rotation of phenyl groups and quinuclidine
moiety around C(3)-C(1), C(4)-C(1) and C(2)-C(1) bonds. The
torsion angle ~C2-C1-C3-C8 in the DH structure is closest
to the corresponding angle found in the cation of form B,
whereas the torsion angles #C2-C1-C4-C10 and ~£C3-C1-
C2-C6 in the DH structure are closest to the corresponding
angles found in the cation of form C.

In quifenadine hydrochloride, the only easily acessible
strong hydrogen bond acceptor is the CI” anion, and the pos-
sible donors allowing the formation of strong hydrogen
bonds are the NH" group and the hydroxyl group. As shown
in Fig. 7, all three polymorphs have the same hydrogen bond-
ing pattern where two chloride anions interact with two
quifenadine cations through N14-H'-Cl24 and O5-H'-Cl24
bonds and form a tetramer with the graph set R3(16). Slight
differences were observed in the hydrogen bond geometry
and interaction energy between hydrogen bond donor and
acceptor moieties in each of these three forms (see Table 3).
Form A has the most negative interaction energy between cat-
ion and anion moieties, but interaction energy in forms B
and C is almost equal. The hydrogen bonding pattern in the
quifenadine hydrochloride dihydrate structure is more com-
plex due to the presence of two water molecules increasing

Table 2 Torsion angle values describing conformational states of
quifenadine cations in crystalline forms A, B, C and DH

£C2-C1-C3-C8 £C2-C1-C4-C10 £(C3-C1-C2-C6

A -36.9(3) 16.2(3) 174.0(2)
B -24.0(6) 60.5(10) 179.3(4)
c -44.1(4) 59.0(4) 172.2(2)
DH -15.9(2) 61.9(2) 169.88(14)
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Fig. 1 Molecular structure of quifenadine hydrochloride with the
numbering of non-hydrogen atoms.
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Fig. 4 Moisture sorption and desorption isotherms of quifenadine
hydrochloride forms B/DH at 30 °C.
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Fig. 2 Final Rietveld fit for quifenadine hydrochloride forms A, B and C:
red crosses - measured data points; blue line - calculated profile; black
line - difference curve; green tick marks - calculated peak positions.

the number of possible hydrogen bond acceptor and donor
sites. In this structure, hydrogen bonds are formed between
NH' group and water molecules. The CI” is involved in
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Fig. 3 Stacked plots of the DTA and TG curves of quifenadine
hydrochloride forms A, B, C and DH.
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Fig. 5 PXRD patterns of quifenadine hydrochloride forms A, B, C and DH.

H-bonding with the three water molecules and also with the
—-OH group attached to Cl. H-bonds between water molecules
are also observed. Two quifenadine cations, two chloride
anions and two water molecules form a hexamer with the
graph set Rg(20) through N14-H---025, O5-H--Cl24 and
025-H:--Cl24 bonds (see Fig. 7). Two other water molecules

Fig. 6 Overlay of the quifenadine cations extracted from the crystal
structures of A (black), B (blue), C (red) and DH (green) with
superimposed quifenadine moieties.
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A,B,C
Fig. 7 The hydrogen bonding patterns in quifenadine hydrochloride forms A, B, C and DH.

Jodo o 4444

Table 3 Geometry and energy data for hydrogen bonds in quifenadine
hydrochloride forms A, B, C and DH

Interaction energy,

Interaction DA A D-H:A, ° IJ mol™
Form A

O5-H---Cl24 3.096(4) 156 —423.5
N14-H:--Cl24 3.010(4) 153 ~446.6
Form B

05-H---Cl24 3.152(5) 159 -413.9
N14-H---Cl24 3.042(5) 150 -442.2
Form C

05-H--Cl24 3.177(7) 151 -411.5
N14-H---Cl24 3.034(7) 151 ~444.6
Form DH

05-H:---Cl24 3.197(2) 165 —
N14-H:-026 2.727(2) 166 —
025-H48---Cl24 3.171(2) 172 —
025-H49---Cl24 3.177(2) 179 .
025-H:+026 2.732(2) 165 —
026-H:--Cl24 3.179(2) 171 —

“ It was not possible to perform interaction energy calculation using
PIXEL code because of four chemical entities in the asymmetric unit.

form a hydrogen bonded ring with chloride anions with the
graph set Rj(8). All of the water molecules are also involved
in the formation of a hydrogen bonded chain including a
chloride anion (C3(6)) perpendicular to the H-bonded
hexamer Rj(8) ring. Therefore the dehydration induces break-
age of the hydrogen bond network and six hydrogen bonds
are replaced with two new ones. Obviously, the water mole-
cules play a stabilizing role in the quifenadine hydrochloride
dihydrate structure by forming an efficient hydrogen bonding
network, which explains its stability.

As shown in Fig. 8, forms A and C have the same mono-
layered molecular packing pattern where all neighboring mol-
ecules are in antiparallel orientation. The 2D pattern is
defined by the same type of layers. However, there are
marked differences between the packing of forms A and C
and form B. The molecular packing of form B has a bilayered
pattern where neighboring molecules are in the same direc-
tion and molecules in each layer are in opposite orientation
to those in an adjacent layer. The molecular packing of form
B has more distinguishable hydrophobic and hydrophilic
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Fig. 8 The molecular packing in quifenadine hydrochloride forms
A, B, C and DH (hydrogen atoms have been omitted for clarity).

layers than in forms A and C where tetramers are packed
more efficiently.

The molecular packing of form DH shares common fea-
tures with that of form B. The 2D structural pattern of DH is
defined by the same molecular orientation and the same
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Fig. 9 Dehydration E, values as a function of fraction dehydrated « in
isothermal (left) and non-isothermal (right) modes.
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Fig. 10 Experimental and theoretical representation of the
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different temperatures in isothermal mode.

Fig. 11 Photomicrographs of the dehydration process of DH form.

arrangement of the layers with respect to each other. The
only difference is the inclusion of water molecules, which
are located in structural channels between hydrophilic
quinuclidine groups and chloride anions. Therefore DH is a
channel hydrate. Besides, water molecules are involved in the
main hydrogen bonding network, which makes this hydrate
stoichiometric. Due to the high structural packing similarity,
it is clear why the dehydration of DH leads to form B instead
of A or C. This transition does not change the parallel orien-
tation of quifenadine cations in the crystal structure, and it
only decreases the distance between the quifenadine moie-
ties. Transformation of DH to A or C requires a significant
amount of molecular reorganization, and therefore, this tran-
sition is unfavourable, as is the reverse process, explaining
the observations in moisture sorption experiments.

To compare the packing efficiency and therefore the sta-
bility in all four forms, calculation of the packing index for
these forms has been performed with the PLATON? software.
PLATON calculations yielded 73.1, 71.7, 69.1 and 68.4% pack-
ing indices for forms A, C, B and DH, respectively, which are
in agreement with thermodynamic stability results for these
polymorphic forms. The lowest packing index of form DH,
however, suggests that the presence of water molecule chan-
nels does not lead to very efficient packing, but the stability
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Fig. 12 Determined crystal morphology of DH crystal showing water
channels along the a-axis.

of this crystal structure is provided by an energetically effi-
cient hydrogen bonding network provided by the insertion of
water molecules.

In order to better explore the differences between very
similar forms A and C, full geometry optimization of these
two crystal structures was performed using the DFT-D
method within Quantum Espresso.® The obtained results
indicated that between forms A and C there is only a small
energy barrier because after geometry optimization of both
experimental structures an almost identical structure was
obtained. Therefore the only explanation why form C was
obtained from n-butanol or iso-butanol instead of very simi-
lar form A can be based on the presence and strength of
some specific interactions between the solvent molecules and
the quifenadine and chloride moieties during the crystalliza-
tion, resulting in slightly different molecular packing, which
interestingly was not able to regroup to very similar but ther-
modynamically more stable structure A.

Dehydration kinetics

The dehydration kinetic model and activation energy (E,)
were determined in isothermal and non-isothermal modes to
better understand the dehydration mechanism of DH. It is
recommended to analyze the solid-state kinetics over selected
fraction dehydrated (&) values because errors are usually
higher at very low and high fraction dehydrated values;*
therefore, determination of activation energy and model
fitting were performed for the data 0.2 < « < 0.8. The iso-
thermal and nonisothermal dehydration kinetics of DH were
first analyzed by Friedman's isoconversional method. Fig. 9
gives calculated E, values as a function of fraction dehydrated

CrystEngComm, 2015, 17, 3627-3635 | 3633
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o for dehydration of DH in isothermal (left) and non-
isothermal (right) modes. The activation energy was deter-
mined to be 59 + 4 k] mol™ and 62 + 5 k] mol " in isothermal
and non-isothermal modes, respectively. The matching values
of E, calculated for both isothermal and nonisothermal
modes suggest that the dehydration mechanism in both
modes is the same. To identify an acceptable kinetic model,
linear regression correlation coefficient (R*) for the plot of
g(a) versus t was calculated for the most common solid state
kinetic models. Equally high correlation coefficients were
found for both one-dimensional phase boundary reaction
model R1 (R* = 0.9995) and two-dimensional phase boundary
reaction model R2 (R* = 0.9994). Then the reconstruction of
the dehydration curves was performed to identify the most
appropriate reaction model between R1 and R2. Fig. 10 gives
the experimental and theoretical dehydration isotherms
(fraction dehydrated versus time) obtained from TGA in iso-
thermal mode at different temperatures. As shown in Fig. 10,
model R1 provides a good description of the isothermal dehy-
dration kinetics over the 0.2 < « < 0.8 range of the fraction
dehydrated. Besides, R1 is a rational dehydration model for
channel type hydrate with structurally close dehydration
product, as the dehydration process most likely occurs by the
movement of the phase boundary in the direction of the
water channels. At « > 0.8, experimental isothermal o-time
plots deviated from the linear relationship (and therefore
from kinetic model R1) because the dehydration process
became slower. Although similar deviation is characteristic
of kinetic model R2, in this case R2 provides the worse fit to
the experimental data (see Fig. 10). Therefore the observed
deviation indicated that at the end of the dehydration the
mechanism was changing, which probably could be caused
by the presence of particles with different sizes, as large
particles dehydrate slower than smaller particles.

Hot stage microscopy

The direct microscopic observations can provide useful infor-
mation to identify and substantiate the best fitting kinetic
model obtained from mathematical analysis of the kinetic
data. As many solid-state kinetic models are based on geo-
metric model functions, adequacy of these models can be
verified by visual observation of the dehydration reaction.>**

Photomicrographs taken during the dehydration of DH
using hot stage microscopy are shown in Fig. 11, and crystal
morphology determined by single crystal face indexing is
shown in Fig. 12. From Fig. 12, it can be seen that there are
channels containing water molecules along the g-axis in the
DH structure, and during the dehydration, water escapes
through these channels. This result fits with the observations
from hot stage microscopy in Fig. 11, where the dehydration
process initiates from both ends of the crystal, and by
increasing the temperature, the reaction boundary slowly
moves inwards to the center of the crystal. Therefore the
microscopic observations confirm the R1 reaction model,
where the dehydration process is in one dimension, and
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water molecules escape through the water channels along the
a-axis.

Conclusions

Crystallization of quifenadine hydrochloride from 16 differ-
ent solvents produced two anhydrous forms (A and C) and a
dihydrate (DH), while the dehydration of DH produced
another new polymorph (B). The same hydrogen bonding pat-
tern (hydrogen bonded tetramer consisting of two
quifenadine cations and two chloride anions) was observed
in the crystal structures of all three polymorphs. Thermody-
namic stability of the polymorphs was established by SMSB
experiments and calculation of the crystal lattice energy.
These results demonstrated that form A is the most thermo-
dynamically stable form, followed by form C and then form
B; besides, all three polymorphs have a monotropic relation-
ship to each other.

In DH, hydrogen bonds form a complex network, with water
molecules playing a stabilizing role. Water molecules are
located in structure channels and dehydration produces struc-
turally similar polymorph B. Therefore the solid-state hydra-
tion/dehydration transformation DH «— B is reversible under
ambient conditions and depends on the relative humidity.

The dehydration of form DH was studied using various
experimental methods. It was determined that the dehydra-
tion proceeds by the one-dimensional phase boundary reac-
tion model (R1) in which the water molecules escape through
the structure channels along the a-axis.
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