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ANOTACIJA

Promocijas darba pétita vairaku modelvielu, 2,6-dimetoksibenzoskabes, 2,6-dimetoksifenil-
borksabes un izonikotinamida, kristalizacija. Modelvielas izvéletas pamatojoties uz to spgju
kristalizacija veidot polimorfas formas ar dazadiem molekularajiem sintoniem, t.i., dim&ru un
kéZzu struktiiras. Izpétita So modelvielu kristalisko fazu daudzveidiba, veicot modelvielu
kristalizaciju no dazadiem S$kidinatajiem ar dazadam kristalizacijas metodém. legitas
kristaliskas fazes raksturotas ar rentgdendifraktometriju un termiskas analizes metodeém.
Stabilakajam formam noteikta Skidiba un relativa stabilitate. Veikta kristalizacija dazada veida
kristalizacijas piedevu — polim@ru, virsmaktivo vielu un strukturali lidzigu savienojumu —
klatieng. Izpétita kristalizacijas piedevu ietekme uz stabilako polimorfo formu $kidibu un
relativo stabilitati. No pulvera un monokristala rentgendifrakcijas datiem noteiktas kristaliskas
struktiras Cetram jaunam fazém. Veikta modelvielu kristalisko struktliru geometrijas
optimizacija un aprékinatas to kristalrezga energijas, ka ari veikta kristalrezga energijas tikla
un asimetriskaja vieniba esoSo molekulu Hirsfelda virsmu un iespg&jamo mijiedarbibu analize
un morfologijas simulacijas, lai izskaidrotu iesp&jamo kristalizacijas piedevu ietekmi uz

polimorfisma kontroles mehanismu.

Atslegvardi: polimorfisms, kristalizacija, kristalizacijas piedevas, kristaliskas struktiiras

analize, pulvera rentgendifraktometrija, termiska analize.
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IEVADS

Liela dala farmaceitiski aktivo vielu (FAV) var kristalizéties dazadas kristaliskajas
formas.! Kristaliskajai formai, kuru izmanto medikamentu razo$ana, ir jaatbilst references
prasibam, tapéc to kontrole raZoSanas procesa ir obligata prasiba.” Tomér saméra bieZi
kristalizacija no $kiduma iegiist dazadu formu maisfjumu,’ kas talak var ietekmét FAV $kidibu*
un biopieejamibu® vai citas fizikalas Tpasibas. Sada nevélama polimorfo formu maistjumu
veido§anas ir novérota vairakam zalu vielam.® Tapat biezi loti lidzigos apstaklos iesp&jams
iegiit dazadas polimorfas formas,® kas negaranté selektivitati kristalizacija un nenodrosina
atkartojamibu, lidz ar to nenodroSina industrijas prasibu ievéroSanu.

Farmaceitiskaja raZzoSana lietoSanai gatavaja zalu forma drosak ir izveleties stabilako
polimorfo formu, jo tai piemit zemaka energija, lidz ar to ta biis stabila visos razo$anas posmos.
Tomeér, ja vielas $kidiba ir zema, problémas var sagadat fakts, ka stabilakajai formai ir zemaka
skidiba. ST iemesla dél reizém gatavaja zalu forma tiek lietota metastabila forma, $adu izvéli
balstot uz labaku $kidibu’ vai dazkart ari stabilakas formas patentaizsardzibas dél.* Metastabilo
formu ieglidanas procesa ka piemaistjums bieZi veidojas termodinamiski stabilaka forma.® To
ir praktiski neiesp&jami atdalit vai parveérst vajadzigaja forma, turklat $ads piemaisijums
uzglabasanas laika var veicinat fazu pareju uz stabilako formu.® Ieprieks min&to iemeslu dél ir
nepiecieSams optimiz€t un kontrol&t kristalizacijas, razoSanas un gatava produkta uzglabasanas
procesus.” Viens no kristalizacijas optimizacijas variantiem ir piedevu izmanto$ana.!°

Kristalizacijas procesa kontrole, izmantojot kristalizacijas piedevas, arl musdienas
joprojam ir empiriska metode.'® Izmantojot pieejamos FAV molekulu iespéjamo mijiedarbibas
aprekinus, ka ari energijas izmainas konformacijas mainas rezultata, jau tagad, izmantojot
kristaliskas struktiiras prognozeésanas (CSP) metodi, ir iesp&jams paredzet, kadas ir FAV
visstabilakas kristaliskas struktiiras. Tomér paSlaik nav riku, kas lautu noteikt konkrétas
kristaliskas formas iegtiSanas iesp&jamibu, jo 1pasi, ja kristaliskas formas iznakums ir atkarigs
no kristalizacijas apstakliem. Nav arT zinamas pieejas, lai novertétu, ka kada konkréta piedeva
izmainitu konkrétas polimorfas formas iegiiSanas iesp&jamibu. S iemesla dél katrai FAV
ilgstoSos eksperimentalos pétijumos tiek izstradata selektiva metode konkrétas kristaliskas
formas iegiidanai.!! Lai varétu izstradat piedevu kontrolgtu konkrétas kristaliskas formas
kristalizaciju, ir nepiecieSama molekulara Itmena izpratne par kristalizacijas procesu un
piedevas lomu taja.!” Lai gan $kiduma esoSie vielu asociati dazkart tiek saistiti ar iegiito
polimorfo formu,'? ir pieradits, ka citos gadijumos tie neietekmé kristalizacijas iznakumu. '3
Zinatniskaja literatiira ir atrodama informacija par piedevu (tadu ka Lengmira monoslanu'* un

paSorganizgjoso monoslanu (SAM)") izmantoSanu vairaku FAV un modela vielu



kristalizacijas procesa kontrolei,'® bet bieZi vien piedevas ir dargas vai tas nav iesp&jams atdalit

no FAV kristaliem. Turklat tas biezi vien nenodroSina vienas v€lamas polimorfas formas

selektivu kristalizaciju, bet tikai veicina tas veidosanos. Ta ka kristalizacijas polimorfo formu

iznakumu noteico$ie faktori ir sarezgiti un lidz galam neizprasti, pat musdienas teorétiskie

aprekini nesniedz skaidru pieeju, ka atrast izveletas kristaliskas formas kristalizacijas apstaklus.

Tapat nav skaidri zinamas molekularas dinamikas (MD) pieejas simulaciju veikSanai, lai

noteiktu kristalisko struktiiru, kas veidotos kristalizacija no Skiduma.

Promocijas darba meérkis ir ieglt izpratni par kristalizacijas iesp€jamo mehanismu

piedevu klatieng, kuru varétu izmantot FAV kristalizacija iegiitas polimorfas formas kontrolei.

No §1 mérka izriet $adi darba uzdevumi:

1.

Izpétit modelvielu 2,6-dimetoksibenzoskabes, 2,6-dimetoksifenilborksabes un
izonikotinamida kristalizacija iegito polimorfo formu, izmantojot dazadas
kristalizacijas metodes, apstaklus un $kidinatajus;

Ar rentgendifrakcijas un termiskas analizes metodém raksturot iegiitas jaunas
kristaliskas formas un noteikt to struktiiru no monokristala vai pulvera
rentgendifrakcijas datiem;

Izpetit dazadu veidu kristalizacijas piedevu ietekmi uz modelvielu kristalizacija
iegiito polimorfo formu;

Identificét piedevas, kas potenciali spg selektivi ietekm& modelvielu
kristalizacyja iegiito polimorfo formu, un veikt eksperimentus, lai novértetu
apstaklu un citu faktoru ietekmi uz kristalizacija iegiito polimorfo formu So
piedevu klatbiitng;

Noteikt izvelétu piedevu ietekmi uz modelvielu stabilako polimorfo formu
Skidibu un relativo termodinamisko stabilitati;

Veikt iegiito fazu kristalisko struktiiru kristalografisko analizi un teor&tiskos

aprekinus, lai noteiktu iesp&jamo kristalizacijas mehanismu piedevu klatbiitne.

Zinatniska novitate un praktiska nozime

Petfjuma laika tika izstradata metode, kas kristalizacijas kontrol€ lauj izmantot izmaksu
efektivas kristalizacijas piedevas (SAM izmaksas var parsniegt vairakus simtus eiro par
katru laboratorijas méroga kristalizacijas eksperimentu, turpreti $aja pétijjuma izmantotas
vielas maksa zem desmit eiro par gramu), kuras ir viegli atdalamas vai kuras var ieklaut
zalu formas, pieméram, virsmaktivas vielas un polimerus.

Petijuma iegiitas zinasanas par faktoriem, kas nodroSina selektivu kristalizaciju, tostarp

par piedevam, kas nodroSina kristalizacija iegiitas polimorfas formas kontroli. Iegiitos



rezultatus var izmantot, izstradajot visparigas vadlinijas vai kristalizacijas procesa
kontroles modeli.

Kristalografiska analize un teorétisko aprékinu izmantoSana sniedza informaciju par
kristalisko formu atSkiritbam, kas lava izskaidrot iesp&jamo Kkristalizacija iegitas
polimorfas formas mainas mehanismu, izmantojot kristalizacijas piedevas. Turklat
teorétisko aprékinu un eksperimentalo rezultatu kombinacija veicindja izpratni par
mijiedarbibam molekulara Iiment, kas kopuma nosaka kristalizacijas rezultatu.

Izstradato kristalizacijas kontroles metodi ir potencials izmantot farmacijas riipnieciba, lai
kontrolétu dazadu strukturali [idzigu FAV kristalizaciju, pieméram, FAV, kas atbilst
mazmolekularam benzoskabém, kuras veido polimorfus, kuru struktiira ietilpst idenraza

saiSu dimeéri un kédes — pétito savienojumu veidotajiem l1dzigi Gdenraza saiSu motivi.
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1. LITERATURAS APSKATS

1.1.Farmaceitiski aktivo vielu polimorfisms

Polimorfisms ir vielu sp&ja kristaliz&ties dazadas kristaliskajas struktiiras (skat. 1.1. att.).?
Polimorfi ir kristaliskas struktiiras ar identisku kimisko sastavu, tacu dazadu molekulu
pakojumu vai konformaciju. Solvatu struktiira sastav no neitralas vielas molekulam ar
stehiometrisku vai mainigu $kidinataja daudzumu. Hidrati ir solvatu apaksveids, kuru
kristalrezgl ieklautais $kidinatajs ir Gdens. Kokristali turpreti sastav no divam vai vairak
neitralam molekulam stehiometriskas attiecibas, bet sali sastav no divam joniz€tam
molekulam.!” Cietvielam ar dazadam kristaliskajam struktiiram var piemist dazadas fizikalas
Tpasibas, pieméram, $kidiba,* §kisanas atrums,'® stabilitate!® un biopieejamiba.?’ So iemeslu d&l
kristalinZenierija paver jaunas iesp&jas iegiit FAV ar labakam fizikalam Tpasibam.?! Solvatiem
un kokristaliem var piemist labaka Skidiba un $kiSanas atrums neka tiram FAV polimorfajam
formam, ka rezultata var uzlabot medikamentu biopieejamibu un efektivitati,?> radit
sinerggtisku efektu un samazinat nepieciesamo medikamenta devu,?!' vai ari iegiit kristalisko
struktiiru ar ra¥o$anas procesam piemérotakam ipasibam.?® Papildu tam, izmainas kristaliskaja

struktiira var uzlabot FAV kimisko stabilitati.?*

AAAN AYWA n

AN ¢
ol doll
AN ¢

I forma II forma
Polimorfi Solvats / hidrats

Kokristali Sals

ﬂ Neitrala molekula ﬁ Jonizéta molekula
® Skidinatajs / adens ‘ Jonizéta molekula
‘ Neitrala molekula

1.1. att. Shematisks farmaceitiski aktivo vielu veidoto dazadu fazu attelojums.

Balstoties uz polimorfu kristaliskas struktiiru atskiribam, polimorfismu var iedalit:>

e konformacijas polimorfisma — polimorfajas formas atSkiras molekulu

konformacija; ¢’
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e sintonu jeb Gidenraza saiSu polimorfisms — polimorfo formu struktiiras ir atSkirigi
tidenraza sai$u sintoni;?**®
e konfiguracijas polimorfisms — piemit vielam, kuru dazadas konfiguracijas vai
tautomeri sp&j veidot dazadas kristaliskas struktiiras;>
e pakojuma polimorfisms — polimorfajas formas molekulu konformacija ir vienada,
bet atskiras to pakojums.*’

Kristalisko fazu kontrole ir viens no izaicino$akajiem soliem zalu raZoSanas procesa
farmacijas industrija.’® Pirms gatavas zalu formas attistiS$anas ir svarigi apzinat visas iespgjamas
kristaliskas formas un raksturot to 1pasibas, jo zalu formas izvéle, nepiecieSamas paligvielas un
pasas FAV deva ir atkariga no kristaliskas formas fizikalajam Tpasibam.>!

Vienlaiciga kristalizacija ir vismaz divu dazadas struktiiras polimorfu vienlaiciga
veidosanas kristalizacija.3? ST paradiba ir novérojama dazadu polimorfo formu konkurgjosas

nukleacijas un augSanas atrumu dél.*

Vienlaiciga kristalizacija ir saistita ar dazadiem
kin&tiskiem un termodinamiskiem faktoriem.** Visbiezak vairaku formu maisijumu paklaujot
skidinataja veicinatai fazu parejai (SMPT) gala produkta novéro tikai stabilako formu.® Turklat
ir japarbauda izvelétas kristaliskas fazes stabilitate ilgstoSas uzglabasanas laika. Veésturiski ir
bijusi vairdki gadijumi,” kuros jauns, stabilaks polimorfs ir atklats vairakus gadus péc
medikamenta izstrades, un tas ir radijis dazadas problémas pacientiem, sakot no zemakas
medikamenta efektivitates Iidz par medikamenta iznem3anai no tirgus.>¢

Pie klasiskajam kristalisko fazu kontroles metodem pieder Skiduma atdzes€Sana,
letvaic@Sana, izgulsnéSana, tvaika difuzija, pies€Sana u.c. Kristalizacija iegiita faze ir atkariga
no izmantota Skidinataja, atdzes€Sanas vai ietvaic€Sanas atruma, atdzeséSanas sakuma un beigu
temperatiiram, $kiduma koncentracijas (vielas parsatindjuma) un citiem faktoriem.’ Diemzgl
klasiskas kristalizacijas metodes ne vienmeér sp&j nodrosinat tiras polimorfas formas iegtiSanu.
Sados gadijumos piesésana ir visizplatitaka pieeja, lai nodrosinatu iegita polimorfa kontroli,
taCu arT ta ne vienmer nodroSina vélamas kristaliskas formas veidosanos. Alternativi iesp&jams
izmantot ari citas kristalizacijas metodes: kristalizacija ar ultraskanas palidzibu,®’ lazera

ierosinata nukleacija,*® kristalizacija gelos* vai kristalizacija piedevu'® un templatu*’ klatbaitné.

1.2.Kristalizacijas piedevu izmantoSana polimorfisma kontrolei

Kristalizacijas piedevu vai templatu izmantoSana ir empiriska metode, kuru var izmantot
polimorfisma kontrolei. Pastav vairaki veidi kristalizacijas piedevu izmanto§anai:*!
e kristalizacija, izmantojot neSkistoSas piedevas vai templatus:

o Lengmira monoslanus (Langmuir monolayers);'*
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o paSorganizgjoSos monoslanus (self-assambled monolayers, SAM);"°
o polimgrus;*
o nedkistosu savienojumu virsmas ka templatus;*

e kristalizacija, izmantojot $kistosas piedevas.**

Lengmira monoslani un SAM ir efektivi templati kristalizacija iegtita polimorfa kontrolei,
taCu katras kristaliskas struktiiras iegiiSanai tos nepiecieSams speciali dizain&t, pec katras
kristalizacijas tos ir nepiecieSams regeneret, ka arl ne vienmér iegiitos kristalus var attirit no
SAM materiala piemaistjumiem.* Skisto3as piedevas var biit dazada veida savienojumi: gan
strukturali [1dzigi kristaliz§jamajam savienojumam, gan ar1 atSkirigi. Homogénas piedevas ir
vienkarsak atdalit no kristaliem, tacu tas var integréties kristala struktiira.*® Strukturali Iidzigas
piedevas ir izmantotas, pieméram, lai ieglitu paracetamola,'! para-aminobenzoskabes,*’
benzamida, u.c. savienojumu metastabilas formas. Tacu strukturali Iidzigam piedevam var biit
ari farmakologiska vai toksiska iedarbiba, turklat Iidzigas struktiiras d€] tas var ieklauties
iegiitajos kristalos, pieméram, veidojot cieto §kidumu.*’ Lidz ar to ne visas strukturali lidzigas
piedevas var izmantot, lai stabilizétu farmaceitisko preparatu polimorfas formas. Ka
kristalizacijas piedevas var izmantot arl farmacija atlautas zalu formu paligvielas,* jo $adas
paligvielas nebiitu nepiecieSams atdalit no iegiitas FAV, jo potencialie zalu vielas piemaisijumi
ir atlauti izmantoSanai zalu forma, pieméram, poliméri un VAV.>

Kristalizacijas piedevu 1zmantoSana var novérst vienlaicigu polimorfo formu

! veicinat to nukleaciju,*® mainit polimorfu

kristalizaciju, stabilizét metastabilas formas,’
relativo stabilitati>? vai noverst stabilas formas nukleaciju. Kristalizaciju piedevu klatieng plasi
izmanto dabas un riipniecibas procesos, sakot no biomineralizacijas lidz materialu sintézei.>
Pastav vairakas teorijas par kristalizacijas piedevu iespgjamo mehanismu, laujot tam
nodroSinat polimorfisma kontroli, piem&ram:
e piedevas var darboties ka nukleacijas centri;'”
e piedevas var selektivi adsorbéties uz konkrétam kristala plakném, inhibgjot So
kristalu un arf attiecigi $1 polimorfa augsanu;>*
e piedevas var orientét kristaliz€jamo vielu noteikta veida, laujot iegtit vélamo
polimorfu;
e piedevas var pazeminat nukleacijas aktivacijas energiju.>

Tomeér precizs piedevu kontroles mehanisms vairuma gadijumu joprojam nav zinams.
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1.3. Kristalografiska analize un teorétiskie apréekini

Maisdienas kristalisko struktiiru salidzinasanai un kristalizacijas iznakuma pamatoSanai ir
pieejami un tiek izmantoti dazada veida kristalografiskas analizes riki un teorétiskie aprékini.

Konformeru stabilitate ietekmé& polimorfu stabilitati ka ar nosaka to, kada konformacija
molekulas pastav §kiduma, tap&c ir nepiecieSams noteikt, kuri ir stabilakie konforméri, un kada
ir kristaliskajas struktiirds ietilpstoSo konform@ru stabilitate. Konforméru stabilitates
noteikSanai nepiecieSams veikt atsevisku molekulu geometrijas optimizaciju un energijas
aprékinu vakuuma vai nepartraukta Skidinataja vidé. Pamata misdienas to veic ar kadu no
blivuma funkcionalu teorijas metodém vai elektronu korelacijas ab initio metodém, kuras
izmanto kvantu mehanikas pieeju.>®

Ne mazak biitisks faktors, kas ietekmé& polimorfu stabilitati, ir kristaliskaja struktiira
esodas starpmolekularas mijiedarbibas.’’° Sim aprékinam nepiecieSams veikt periodiskas
kristaliskas struktiiras geometrijas optimizaciju, ko misdienas iespgjams veikt ar blivuma
funkcionalu teorijas metodém. Talak aprékinot mijiedarbibas energiju starp strukttira esosajam
molekulam iesp&jams noteikt kop€jo starpmolekularo mijiedarbibu energiju, kam izmanto vai

6162 vai ab initio® metodes. Polimorfu stabilitati raksturojoso

nu empiriskas,®® pusempiriskas
kristalrezga energiju iesp&jams aprékinat vai nu summgjot kopg&jo starpmolekularo mijiedarbibu
energiju un relativo konformeru energiju, vai vienkarsi ka starpibu starp kristaliskas struktiiras
energiju un izol€tu globalajam energijas minimumam atbilstoSas geometrijas molekulu energiju
gazes faze. Janem gan véra, ka kristalrezga energija neieklauj termisko efektu ietekmi un Iidz
ar to sniedz informaciju par polimorfu relativo stabilitati 0 K temperatiira.®*

Kristalisko struktiiru salidzinasanai tiek izmantoti tadi riki ka energétiskie tikli (energy
frameworks), Hirsfelda virsmas un to 2D pirkstu nospiedumu grafiki un mijiedarbibas kartes

(skat. 1.2.att.).
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1.2. att. Kristografisko analiZzu metoZu grafisks atspogulojums. Hb — tidenraza saite;

Hb A - iidenraZa saites akceptors; Hb D — iidenrazZa saites donors.

Energétiskie tikli vizualizé starpmolekularo mijiedarbibu energiju polimorfu
kristaliskajas strukttras, papildus demonstréjot kristalrezga energijas sadalfjumu starp
dazadiem energijas ieguldijumiem (elektrostatiska, dispersijas un kopgja).*> Hirsfelda virsmas
sniedz informaciju par starpmolekularajam mijiedarbibam un elektronu blivumu struktira,
laujot labak izprast atSkiribas struktiiras esosajas tidenraza sait€s un citas mijiedarbibas, ka ar1
pakojuma.®®%” Hirsfelda virsmu 2D pirkstu nospiedumu grafiki sniedz dzilaku ieskatu par
mijiedarbibam kristaliskaja struktiira un konkrétu mijiedarbibu veidu ieguldijumu.

Mijiedarbibas kartes (fill-interaction maps, FIM) vizualizg regionus ap molekulu, kuros,
pamatojoties uz programma IsoStar ieprieks iegiitiem starpmolekularo mijiedarbibu datiem
Kembridzas struktiiru datubazé (Cambridge Structural Database, CSD) ietilpstoSajas
struktiiras,®® ir sagaidama starpmolekulara mijiedarbiba, laujot novértét, vai struktiird ir
izpilditas mijiedarbibas preferences. Pieradits, ka FIM analize lauj novértét polimorfu
stabilitati.®*”

Daudzas kristalu fizikalas Tpasibas ir atkarigas no to morfologijas. Pastav vairaki modeli
kristala morfologijas prognozesanai, bet visbiezak izmantotais ir Bravé-Fridela-Donnaja-
Harkera (BFDH) modelis, jo, salidzinajuma ar citiem modeliem, morfologijas noteikSana péc
ta ir vieglak Tstenojama. Sis modelis izmanto apgriezti proporcionalu sakaribu starp starpplaknu
attalumu un augSanas atrumu, taCu nenem véra kinétiskos faktorus un $kidinataja vai piedevu

lomu kristala augsana. ’' Ta ka var pienemt, ka, ja struktiira ir apgabali, kuros, balstoties uz
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FIM, nav apmierinatas starpmolekularas mijiedarbibas, tad piedevu nodrosinatas papildu
mijiedarbibas var stabilizet attiecigo polimorfu. Tomer $ads efekts var paradities tikai uz
kristalu virsmas, 1idz ar to tiek izmantotas uz BFDH morfologijas projicétas FIM. Neraugoties
uz minéto BFDH modela neprecizitati, FIM analize apvienojuma ar BFDH morfologiju var

paredz@t potencialas piedevu molekulu adsorbcijas vietas.®

1.4.Pétitas sistémas

Promocijas darba tika pétitas tris modelvielas: 2,6-dimetoksibenzoskabe (2,6MeOBA),
2,6-dimetoksifenilborskabe (MPBA) un izonikotinamids (INA) (skat. 1.3. att.).

2,6MeOBA MPBA
H H
O r~ \H
B INA
/ \ e \@/ ~ @)
sin-anti
™
N
} 6 o ﬁT )

anti anti

1.3. att. Promocijas darba izmantoto modelvielu struktiirformulas un to konformacijas.

Visam trim modelvielam CSD ir publicétas vismaz divu polimorfu kristaliskas struktiiras, kuras
veidojas dazadi molekularie sintoni (diméri un kédes, shematisku sintonu atSkiribu skat.
1.4. att.). Modelvielu izvele veikta balstoties tiesi uz sp€ju veidot polimorfus ar atSkirigiem
molekularajiem sintoniem, jo, pienemot, ka kontroles mehanisma bitiska loma varétu but
starpmolekularajam mijiedarbibam, secinats, ka kristalizacija piedevu klatien€ lielakas iesp&jas

biis kontrolét tadu polimorfu kristalizaciju, kuros molekularie sintoni ir atskirigi.
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1.4.att. Visu modelvielu kristaliskajas struktiiras novéroto diméru un kéZu molekularo sintonu

shematisks attélojums. A — iidenraza saites akceptors; D — tidenraza saites donors.

26,72-74 no kuram

Zinams, ka 2,6MeOBA kristaliz€jas tris polimorfo formu veida,
termodinamiski stabilaka ir I forma.’®™* Taja 2,6MeOBA molekulas ienem anti-planaru
konformaciju, un ir saistitas ar idenraza sai$u kédem, veidojot katem&rus.”*”> Turpreti I un III
forma 2,6MeOBA molekulas ienem syn-planaru konformaciju un veido karbonskabju
homodimerus.?®”*7* Ieprieks&jos péttjumos II formas iegiiSana veikta kristalizacijas piedevas
fenilborskabes klatieng.”

MPBA kristaliz&jas divas polimorfajas formas.’® Termodinamiski stabilaka no tam ir
I forma. Tas struktiira satur borskabes homodimeérus un borskabe ienem syn-anti-konformaciju.
Turpreti II forma satur netipisku ar Gidenraza saitém saistitu sintonu, ko veido tris MPBA
molekulas.

INA veido seSas polimorfas formas,””*° divus monohidratus®! un dazus solvatus:
etikskabes,”® skudrskabes,® propionskabes®® un formamida®* solvatus. Termodinamiski
stabilaka forma normalos apstaklos ir I forma,”””” kas satur amida grupas veidotus
homodimerus.”® Turpreti visas pargjas INA polimorfas formas satur dazadu INA k&zu sintonus,
kas veidojas no amida grupas un piridina slapekla atoma veidotajam Gidenraza saite.”” % Lai
gan literatiira ir pieejami petijumi par INA polimorfo formu kontroli, izmantojot kristalizacijas
piedevas, Sajos p€tijumos nav izdevies panakt selektivu un atkartojamu polimorfo formu

kontroli. 7980
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2. EKSPERIMENTALA DALA

Kristalisko fazu raksturosana un struktiiru noteiksana

Fazu identifikacija veikta ar Bruker D8 Advance pulvera rentgendifraktometru (PXRD)
ar 1D pozicijas jutigo LynxEye detektoru, izmantojot vara anoda (Cu K,) rentgenstarojumu.
Paraugi analizeti iepreséti stikla kivetes. Rentgendifraktogrammas uznemtas 20 intervala no 3°
lidz 35°, izmantojot sken€Sanas atrumu 0,2 s / 0,02°. Lai novérstu INA solvatu desolvataciju,
analizes laika paraugi tika parklati ar 10 um polietiléna plévi. Polimorfo formu kvantificéSana
tika ar Ritvelda metodi programma Profex 4.3.6.

Pulvera rentgendifraktogrammas kristaliskas strukttiras noteikSanai uznemtas ar Bruker
D8 Discover pulvera rentgendifraktometru ar 1D pozicijas jutigo LynxEye detektoru,
izmantojot caustarojoso geometriju un vara anoda (Cu K,) rentgenstarojumu. Paraugi analiz&ti,
ievietojot tos borosilikata stikla kapilara ar iek$€jo diametru 0,5 mm (Hilgenberga stikls
Nr. 10), kapilaru aizkausgjot un ievietot goniometra stativa un uznemsSanas laika rotgjot ar
atrumu 60 apgr./min. Rengendifraktogrammas uznemtas 20 intervala no 3° Iidz 70° , izmantojot
skenéSanas atrumu 36s/0,01. IndekséSana, telpiskas grupas noteikSana un kristaliskas
struktiras noteikSana no ieglitajam rentgendifraktogrammam veikta datorprogramma
EXPO2014. Labakajam struktiiras modelim veikta Ritvelda optimizacija datorprogramma
TOPASS.

Kiristalisko strukttiru noteik§ana no monokristalu paraugiem tika veikta, difraktogrammas
uznemot ar Rigaku XtalLAB Synergy-S dualflex difraktometru (SCXRD) ar HyPix6000
detektoru, izmantojot vara anoda (Cu K) rentgenstarojumu. Monokristali analiz&ti, nofiks€jot
tos ar ellu magnétiska CryoCap neilona cilpa, kas novietota uz goniometra galvinas. Strukttru
noteikSana veikta ar datorprogramma ShelXT, un optimizacija tika veikta datorprogrammu
SHELXL, izmantojot mazako kvadratu metodi. (analizes veiktas Latvijas Organiskas sintézes
institiita, Riga, Latvija)

Jauniegtito kristalisko fazu analize un solvatu stehiometrijas noteikSana veikta,
izmantojot diferenciali skeng&josas kalorimetrijas/termogravimetrijas (DSC/TG) analizi ar
iekartu Mettler Toledo TGA/DSC2. Paraugi karseti no 25 Iidz 200 °C slapekla atmosféra ar
kars&$anas atrumu 10 °C min!. Paraugu DSC analize veikta ar kalorimetru 74 DSC 25. Paraugi

karséti no 25 Iidz 200 °C slapekla atmosfera ar karsésanas atrumu 10 °C-min ! vai 2 °C-min"".
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Skidinataja un kristalizacijas piedevu izvéle
DzeseSanas un ietvaicéSanas kristalizacijai izveléti plasi lietoti organiskie §kidinataji no
daZi citi netipiski $kidinataji, jo iepriekS veiktos petijumos ir iegiiti INA etikskabes solvats
(Saa) un propionskabes disolvats (Sqpa). PEc kristalizacijas rezultatu izvertéSanas, talakiem
pétijumiem, lai novertetu parsatinajuma un atdzeséSanas atruma ietekmi uz kristalizacija iegtito
polimorfo formu, tika izvéleti dazi $kidinataji. Skidinataji tika izvéleti pec sekojosiem
kriterijiem:
e Modelvielas $kidiba taja ir starp 5 un 50 mg mL;
e Ir iespgjams iegiit vélamo metastabilo polimorfu kopa ar stabilas formas
piemaisijumu (2,6MeOBA);
e Iriespg€jams iegit tika stabilo polimorfo formu (MPBA);
e Kristalizacija vienlaicigi veidojas vairaku polimorfo formu maisijums (INA).
Tad daZzos no Skidinatajiem tika pétits dazadu kristalizaciajss piedevu ietekme uz
kristalizacija iegiito polimorfo formu. Ka kristalizacijas piedevas tika izv€létas VAV, polimeri
un dazadi molekularie savienojumi ar sp&ju veidot dazadas starpmolekularas mijiedarbibas. No
pétitajam piedevam talakiem detaliz€tiem pétijumiem tika atlasitas tikai dazas piedevas, kuras
uzradija augstako potencialu veicinat metastabilas formas kristalizaciju (2,6MeOBA un
MPBA) vai noveérst vienlaicigu kristalizaciju un veicinat metastabila polimorfa kristalizaciju

(INA).

Kristalizdcijas eksperimenti

Kristalizacijas un fazu parejas eksperimenti Skidinataja klatiene (SMPT) kontrolétos
apstaklos, ka ar1 Skidibas noteikSana veikta ar automatiskas kristalizacijas iekartu Technobis
Crystall6. Eksperimentiem tika izmantots temperattru intervals no 5 lidz 100°, karséSanas un

dzesgsanas atrums no 0,1 1idz 20 °C min™! un maisiSanas atrumu no 0 lidz 1250 apgriez./min.

Teorétiskie aprekini

CSD analize un struktiiru mekl€Sana tika veikta ar ConQuest 2022.2.0., izmantojot CSD
versiju 5.43. Kristalisko struktiiru geometrijas optimizacija tika veikta programma Quantum
Espresso 6.4.1, bet molekulu geometrijas optimizacija programma Gaussian09 Revision D.01.
P&c geometrijas optimizacijas augstaka struktiiras simetrija tika noteikta, izmantojot ISOCIF
riku (versija 3.1.0). Kristalrezga energijas aprékinasana un Hirsfelda virsmu un to 2D pirkstu
nospiedumu kar$u iegiiSana tika veikta programma CrystalExplorer21. Udenraza saiSu

identifikacija, pilnas mijiedarbibas karSu (FIM) iegiiSana un kristala morfologijas simulacija
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pec Bravé-Fridela—Donneja—Harkera (BFDH) metodes tika veikta programma
Mercury2020.3.0. Polimorfu molekulara pakojuma salidzinasana tika veikta CrystalCMP
programma, izmantojot CSD datubazé ievietotas kristaliskas struktiiras. Skidibas temperatiiras
atkariba tika aprakstita ar van't Hofa vienadojumu, izmantojot linearas regresijas analizi

Microsoft Excel Linest funkcija.
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3. REZULTATI UN DISKUSIJA
3.1.Kfristalizacija no tiriem Skidinatajiem

Pirmais, ko nepiecieSams noteikt, ir kada katra modelvielas polimorfa forma tiek iegiita,
izmantojot dazadas kristalizacijas metodes un pétjjumam izveéletos Skidinatajus. Katrai
modelvielai tika veikts plass polimorfo formu skrinings, veicot atdzes€Sanas un ietvaic€Sanas
kristalizaciju dazadas temperattiras no dazadiem skidinatajiem. Katrai modelvielai kristalizacija
izmantotie $kidinataji tika izveleti balstoties uz ieprieks kristalizacija iegtitajam fazém, vielas
Skidibu un $kidinataju pieejamibu laboratorija.

Lielakaja dala veikto 2,6MeOBA atdzeseSanas kristalizaciju tika iegiita I forma, lai gan
dazkart noveroja art III formas piemaisijumus (skat. 3.1. tab.). letvaiceSanas kristalizacijas
eksperimentos bija novérojama korelacija starp iegiito polimorfo formu un temperatiiru:
zemaka temperatiird (5 °C) lielakaja dala eksperimentu tika iegiita I forma, bieZi ar nelielu
III formas piemaisijumu, bet augstaka temperatiira (50 °C) tika iegtita III forma ar I formas
piemaisijumiem.

Turpreti, gandriz visas MPBA kristalizacijas, 1pasi no aprotoniem $kidinatajiem, tika
iegita tira I forma (skat. 3.1. tab.). Savukart no polariem protoniem $kidinatajiem (izopropanola
(IPA), metanola un izobutanola) bija iesp&jams iegiit metastabilo MPBA II formu. Papildus jau
zinamajiem polimorfiem tika iegtts jauns MPBA polimorfs (III forma). Ta kristalizgjas kopa
ar II formu ietvaic€Sanas kristalizacija no izopropanola un heptanola. Diemz&l m&ginajumi
noteikt III formas kristalisko struktiiru bija neveiksmigi, jo netika iegiiti pieméroti kristali
SCXRD analizei, bet pulvera paraugs satur€ja Il formas piemaisijumu (skat. 3.1. att.).

INA kristalizacijas rezultati pilniba atSkiras no paréjo divu modelvielu kristalizacijas
rezultatiem (skat. 3.1. tab.). Lielakaja dala apstaklu iegiitajos kristalizacijas produktos bija
sastopami vairdkas INA polimorfas formas, kas saskan ar citos pe@tijumos iegiitajiem
rezultatiem.®*®° Parasti I un VI forma vai II un IV forma kristaliz&jas kopa, bet no daziem
skidinatajiem tika iegiits visu $o tris formu maistjums. Turklat, lai gan ir noteikts, ka I forma ir
termodinamiski stabilakais polimorfs,””7*8% kristalizacija I forma tika iegiita reti, savukart
Il forma (stabilaka forma augstakas temperatiiras) bija visbiezak iegiitais kristalizacijas
produkts. Kristalizacija no etikskabes (AA) un formamida (FAM), tika iegiiti jau zinamie INA
solvati.?®%* Turklat atdzesélanas kristalizacija no skudrskabes (FA), propionskabes (PA),
sviestskabes (BA) un 2,22-trifluoretanola (TFE) tika iegiiti kristalizacijas produkti ar
atSkirigam PXRD ainam (skat. 3.1. att.), kas neatbilst jau zinamajiem INA polimorfiem vai

solvatiem. legiitas jaunas fazes analiz&ja ar DSC/TG ka ar1 noteica to struktiiru. Iegttie rezultati
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liecina, ka §1s formas ir solvati (skat. 3.2. nodalu). Visam modelvielam jauniegutas kristaliskas

formas 3.1. tabula ir atzimetas ar zvaigzniti.

MPBA INA
SFA b ﬂ-'“
soss 0 o
N Y oI v
e SdBASﬁ%)J ‘_*Mw‘ U‘l S SN

oo Y

STFE gim

3.1. attels. MPBA polimorfu un INA solvatu eksperimentalas un no kristaliskajam struktiiram
simulétas PXRD ainas. MPBA 1I formas piemaisijums III formas parauga ir atziméts ar
sarkanam zvaigznitém.

Talakiem detalizétakiem atdzes€Sanas atruma ietekmes uz kristalizacija iegiito polimorfo
formu pétijumiem tika izveleti dazi skidinataji:
e Udens (2,6MeOBA);
e Toluols (MPBA);

e [PA, 1,4-dioksans, nitrometans, acetons (INA).
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V/N V/IN V/IN V/IN V/N V/IN V/IN 5 VaPg V/IN V/N (V) 2qedssarag
V/IN V/IN V/IN V/IN V/N V/IN V/IN vavg Mwoooom_v Wéam V/IN V/IN (Vd) aqeysuordorg
V/IN V/IN V/IN V/IN V/IN V/IN V/IN WVig V/IN V/IN (NV ) sprureutio ]
V/IN V/IN V/IN V/IN V/IN V/IN V/IN vvS V/IN V/IN (VV) 2qeysing
IA+AL+11 V/IN V/IN IA + Al V/N V/IN V/IN AL+11 V/IN V/IN syejeor[INg-U
V/IN I V/IN V/IN m+1 V/IN V/IN V/N I V/IN sjouejuadoz]
V/IN I V/IN V/IN 1+ 11 V/IN V/IN V/IN I V/IN sjoueydoyq
V/IN m+1 V/IN V/IN I V/IN V/IN MEELEN I V/IN (411) S[oueR0IONFII] -7TT
V/IN I V/IN V/IN I V/IN V/IN V/IN I V/IN S[ouesyaYOI)
IA+AL+11 I V/IN IA+AL+11 I V/IN V/IN IA+AL+11 I V/IN syeuoqIey NI
V/IN I V/IN V/IN I V/IN V/IN V/IN I V/IN S[o[Is}-0
AL+11 I V/IN AL +11 I I V/IN AL+11 I I SUBJOWIONIN
V/IN V/IN V/IN V/IN V/IN I V/IN vdg V/IN I (V) aqessipnyg
V/IN I V/IN V/IN I I V/IN V/IN I I s181908[NYg
V/IN I V/IN V/IN I T +1 V/IN V/IN I T+ 1 SUBJRWOIONYI(]
IA + Al I V/IN IA+AL+11 I T +1 V/IN AL +11 I I SULIOJOIO[H
V/IN I V/IN V/IN I I +1 V/IN V/IN I I sjonjo,
V/IN m+1 I V/IN I I I V/IN I I susp
IA + Al I I+ 1 IA + Al I I I IA + 11 I I SLIRR[IW[NNG-2.49]
V/N V/IN 1 + 11 V/IN V/IN I+ 1 T +1 V/IN V/IN I SJEIRIB[ION
AL+11 I I+ 1 AL+ 11 I T+ 1 I IA + 11 I I suourjuad-Z-[NAN-1
AL+11 I /1 AL+T1+]1 I I+ 1 T +1 IA+AL+11 I I S[LNIU0JA0Y
I + 11 m+1 11 I I+ 11 I+ 1 I IA + 1+ AL+ 11 I I (vdp sjouedoxdozy
IA+AL+11 I 1 + 11 I + 11 I I+ 1 I+ 1 IA + 11 I I (JHL) sueinjoipryena],
IA+AL+11 I 111 IA+AL+11 I I I+ 1 I I I U0y
AL+11 I I IA+AL+11 11 I+ 11+ 71 111 AL+11 11 THI+1 S|ouBON
11 I 111 IA +11 I I +1 111 111 I I+ 1 suesyoId-{° [
VNI VadN  VAON9'T VNI VAdN VIOPN9T VIOIN9T VNI vVadA VAORIN9T
Do 08 D0 ST D0 S BUBSISIZPYY slereurprig
BUBSIIBAIF]
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Atkartota 2,6MeOBA kristalizacija no tira tidens ar tiilit€ju parauga nofiltréSanu un iegiito
kristalu analize apstiprinaja, ka kristalizacija veidojas I un III formas maistjjums, kam gadijuma,
ja kristali paliek ilgstosi §kiduma, seko fazu pareja $kidinataja klatieng (SMPT) par I formu. St
iemesla del ieprieksejos kristalizacijas eksperimentos tika noverota tikai I forma. Kristalizjot
no koncentréta tidens Skiduma ar vislielako dzes€Sanas atrumu ieguva visu tris polimorfo formu
maistjumu (skat. 3.2. att.), savukart visos paraugos ar vismazako dzes€Sanas atrumu veidojas
III forma, par spiti tam, ka pie mazaka dzes€Sanas atruma bija sagaidama termodinamiski
stabilakas 1 formas veido$anas. Sajos eksperimentos fazu pareju uz I formu novérsa tas, ka
kristali veidojas tuvu tidens virsmai lielu aglomeratu veida. Turprett MPBA kristalizacija no
toluola dzes€Sanas atrums neietekmgja iegtito polimorfo formu, un vienmer tika iegiita I forma.

INA kristalizacijas eksperimentos, izmantojot dazadu dzes€Sanas atrumu, tika iegiita
atSkiriga polimorfa forma. Tira III forma tika iegiita no 1,4-dioksana, izmantojot vislielako
dzeseSanas atrumu, bet dzes€Sanas atruma samazinasana veicinaja stabilaku formu (II un VI)
veidosanos.® Kristalizacija no IPA izmantojot vislielako dzes&$anas atrumu tika iegiiti dazadi
III formu saturosi polimorfo formu maisijumi, bet eksperimentos ar mazaku dzes€Sanas atrumu
tika iegiitas stabilakas formas. Turpreti III forma veidoSanos no nitrometana vai acetona
nenoveroja.

Kopuma §ie rezultati, iznemot MPBA iegiitos, saskan ar Ostvalda stadiju likumu:®¢ ta
vieta, lai veidotos stabilakas formas kristalu aizmetni, veidojas tas polimorfas formas aizmetni,

kuras energija ir tuvaka.

2,6McOBA MPBA INA
tdens toluols 1,4-dioksans

INA INA
nitrometans acetons

20 °C min”!

10 °C min” Q
1 °C min™ G
0,1 °C min™! .

. I forma O I+ III formas

‘;/7"\ + ,l ..
® 1toma @ 1o formas [1+ 1V vai VI formas

.\7_7/:
. 111 forma . 1+ 111 formas I+ 11, IV vai VI formas
@ 101V vai VI formas

0000
0600
"€ 0
0000
€000

I +1I + III formas

3.2. att. Kristalizacija iegiita polimorfa forma, izmantojot dazadus dzeséSanas atrumus un
maisiSanas atrumu 900 apgriez./min. Katra % no sektoru diagrammas atspogulo vienu

paralelo eksperimentu.
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3.2.1zonikotinamida solvatu daudzveidiba un lidziba

Saja pétijuma tika iegiiti Setri jauni INA solvati: PA monosolvats (Smpa); BA monosolvats
(Sma) un disolvats (Sasa); TFE solvats (Stre). Tapat tika iegiiti un analizeti arT FA solvats
(Sra),%? FAM solviats (Sram), AA solvats (Saa) un PA disolvats (Sapa). Bez tam tika noteikta
arT Sra kristaliska struktiira, jo ta nav pieejama CSD. Glabajot laboratorijas temperatiira, visi
solvati desolvatgjas, veidojot INA II, IV un VI formu maistjumu. Visi INA solvati kristaliz&jas

vai nu monoklina vai triklina singonija, skat. 3.2. tabulu.

3.2.tabula
Pétijuma noteiktie INA solvatu kristalografiskie dati
Sra Smpa SmBa SdBA StrE
CSD
. ) 2236716 2236717 2236718 2302845 2237737
identifikators
Formula CeHgN>O- CsHeN2O- CeHgN>O- CeHgN>O- CsHgN-O-
CH,0» C3HeO2 C4HsO» 2C4HgO» C,H3F30
St@kturas ) ; ) Mono- Mono-
noteikSanas Pulveris Pulveris Pulveris . .
kristals kristals
metode
Telpiska grupa P2/c P1 C2/c P1 P2/c
a, A 3,8177(16) 5,88988 21,806(15) 5,24839(10) 15,2031(9)
b, A 27,480(11) 9,685489 10,505(7) 9,28144(13) 5,3244(12)
c, A 7,565(3) 10,19433 11,190(8) 16,3015(3)  11,7225(7)
a, gradi 90 112,4861 90 89,7515(12) 90
B, gradi 95,1158(12) 93,0070 114,2902(17) 89,8978(14) 91,303(6)
v, gradi 90 105,726 90 80,7138(14) 90

INA solvatos var novérot divus atSkirigus Gidenraza saiSu motivu tipus, kurus, balstoties
uz papildus tidenraza saitém un to izvietojuma, var iedalit piecos apakstipos. Pirmais tidenraza
saites motivs satur tipiskus INA RZ(8) homodimérus (skat. 3.4.att.), kas ar $kidinataja
molekulam veido tetram&ru S$kidinatajs-—--INA dimers--$kidinatajs. Smpa struktira ietilpst
izoleti tetraméri, kas klasificeti ka A1 apakstips. Citu solvatu struktiiras novérojamas tidenraza
saites starp tetramériem S$kidinatajs-----INA dimers--Skidinatajs. Ja $adi saistitie tetrameri
atrodas viena plakng, ka novero Sra un Saa, tos klasifice A2 apakstipa, bet, ja saistitie tetrameri
atrodas perpendikulari viens otram, veidojot perpendikularu molekularo pakojumu, ka noveéro
SmBa un arT Strg, tad tos klasifice A3 apakStipa. A2 apakStipa (Sra un Saa) tetraméri ir
savstarp€ji paraléli un veido tetraméru slanus. Turklat INA un $kidinataja molekulu atskiriga
relativa novietojuma dél tetraméros FA--INA dimérs-—FA fragmenti ir saistiti ar C2(11)

kédem, veidojot RE(26) ciklus, bet AA-~INA dimérs--AA fragmenti saistas ar C3 (13) kedem,
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veidojot R (22) ciklus. A3 apakstipam piederoSajos Stre un Smpa katrs tetrameérs ir saistits ar
gandriz perpendikulari novietotiem blakus esoSiem tetramériem.

Otra veida jeb B tipa motivi ir biitiski at3kirigi, jo tos neveido INA RZ(8) homodiméri.
Abos B apakstipos INA veido R3(8) heterodiméru ar karbonskabi (skat. 3.4. att.), un $is dim@rs
veido tidenraZza saiti ar citu $kidinataja molekulu, veidojot triméru $kidinatajs----INA:8kidinatajs.
B1 apakstipa solvata Sgpa gadijuma $kidinatajs----INA:8kidinatajs trimers ir saistits ar idenraza
saitém ar blakus eso$u caur simetrijas centru saistitu triméru, un veido R$(22) ciklu. Savukart
B2 apakstipa struktiira Sqpa trimeri ar tidenraZa saitém ir saistiti ar diviem citiem perpendikulari
novietotiem trim&riem, tadgjadi veidojot lidzigu pakojumu, kads noverots A3 apakstipa

strukturas.
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R:(8) homodimars

A - tetramérs

RRSREvRs

R3(8) INA homodimérs

b R3(8) INA:3kidinatajs
" heterodimérs
&’z’ . ﬁx R8(26) tetraméra cikls
‘) i
F AT L

R3(22) tetraméra cikls

Al apakéﬁp}/ﬁfm?“ 7 ’r&t R3(22) triméra cikls
F - P ; ( Udenraza saite o

XA

C%(ll) tetraméra k&de -
C3(13) tetraméra kede

M,

A2 apakstips

A3 apakstips

>
|
]

B - trimérs

B2 apakstips

Sara

3.4. att. A un B tipa INA solvatos noverotas iidenraZa saites.
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Udenraza sai$u motivi Spam atskiras no citiem INA solvatiem (skat. 3.5. att.). Saja
struktiira INA un FAM veido divus dazadus R2(8) homodimé&rus, kas savstarpgji saistiti ar
tdenraza saiteém. Rezultata veidojas molekularais pakojums, kura FAM homodiméri savieno

INA molekulu slani.

// h — /777 g | V
R3(8) INA homodiméri R3(8) FAM homodiméri
Udenraza saites

3.5. att. UdenraZa saites Sram.

Kopuma visos INA solvatos novéro Iidzigus tidenraza saiSu motivus. Analizéto strukttru
kopas paplaSinasana, ieklaujot arm INA kokristalus (detalizéti rezultati un to apraksts dots IV
publikacija), lava secinat, ka gandriz visi INA alkilkarbonskabju solvati un kokristali
kristaliz&jas struktiiras ar loti lidzigiem tdenraza saiSu motiviem, kas var€tu laut prognozet
starpmolekularas mijiedarbibas un molekularo pakojumu jauniem INA solvatiem/kokristaliem

ar strukturali Iidzigiem Skidinatajiem/koformeriem.
3.3.Kristalizacija piedevu klatbutne

Kristalizacijas iznakumu piedevu klatbiitng ietekm@ sarezgitas un ne pilniba raksturotas
mijiedarbibas starp kristaliz€jamo savienojumu, $kidinataju un piedevam, ka arT kristalizacijas
apstakli (piemeram, parsatinajums, dzeséSanas un maisisanas atrumu). legiito polimorfo formu
var izmainit, mainot jebkuru no §iem aspektiem. Saja pétijuma tika pétita kristalizacija piedevu
klatbutn€, mainot kristalizacijas apstaklus, lai labak izprastu piedevas lomu uz kristalizacija
iegiito polimorfo formu.

Sie pétijumi ir ieprieks aprakstito eksperimentu turpinajums, un to mérkis ir noteikt, kuras
piedevas lautu kristalizacija iegiit metastabilo polimorfo formu. Lidz ar to katrai modelvielai
tika parbauditi vismaz divi Skidinataji, kas tika izveleti balstoties uz ieprieksgjiem
kristalizacijas eksperimentiem, un vairak neka 10 piedevas ar iesp&jam veidot dazadas

starpmolekularas mijiedarbibas (skatit 3.3. tabulu).
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3.3. tabula.

______

2,6MeOBA MPBA INA
Kristalizacijas piedeva . _ _ 1,4-
THF  acetonitrils = tdens toluols 1dens L IPA
dioksans
Polietilénglikols (PEG) 6000 N N N \ \
Hidroksipropilceluloze (HPC) \ V \/
MPBA
Oktil B-D-glukopiranozids N N
(OGP)
Polisorbats 80 (Poly80) \ \
Sorbitana laurats (Span 20); N N N
Polisorbats 20 (Tween 20)
4-Karboksifenilborskabe N N
(4CPBA)
2-Pikolinskabe (2PA) \
Naftalin-1,5-diols (ND)
Benzola-1,2,3-triols (Btriol) \
1,3,5-Trihidroksibenzols
(PhGlu);
Nikotinskabe (NA);
5-Hidroksi-2-nitrobenzoskabe
(50H2NBA).
Polikaprolaktons \ \
Polivinilhlorids v v
Bis(2-hidroksietil)amino- N N
tris(hidroksimetil)metans
trans-Stilbéns \
Poli(tetrahidrofurans), N
Polipropilenglikols
4-Jodfenilborksabe;
Glicins; NH4CI,;
Poli(akrilskabe); \ V
Poli(akrilamids);
Natrija karboksimetilceluloze
Celulozes acetats \ \
Poli(metil metakrilats) \ \/
2,6MeOBA, N N
Fenilborskabe
PEG 200; Poliuretans; N N
1,3-Difenilurea
Hidroksipropilmetilceluloze; N
Mikrokristaliska celuloze
PEG 600; Salicilskabe;
Polietans; Polistirols; \/
2-Hidroksifenilborskabe;
Laktoze \
2-amino-2-(hidroksimetil) N
propan-1,3-diols

2L 2L L <2 2]
2 2L 2 =2 2 2 2
2L 2L 2 =2 2 2 2

<
<

2 2 2 2 =2
<

Plasakiem petjjumiem izveéletas piedevas un Skidinataji, ka ari piedevas ietekme uz
kristalizacija iegiito polimorfo formu ir apkopota 3.4. tabula, bet katrai modelvielai izveleto

piedevu molekularas struktiiras ir paraditas 3.6. attela.
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3.4. tabula
Plasakiem pétijumiem izvelétas piedevas, Skidinataji un kristalizacijas metode, ka ari piedevas

ietekme uz Kristalizacija iegiito polimorfo formu.

2,6MeOBA MPBA INA
Skidinatajs tdens toluols IPA 1,4-dioksans = nitrometans | acetons
Krlitlaelzz(éu as atdzes€Sana ietvaicéSana atdzes€Sana
4CPBA,
OGP, Poly80, 2PA,ND,
Piedevas HPPECG1\6/I(;?E(3);% Span 20, Btriol, 4CPBA, 2PA, ND
’ Tween 20 PhGlu, NA,
50H2NBA
1 1II forma;
Polimorfo formu 'y e I forma {1 forma ¥ POlimorfo -
iznakums formu
maisijumus
HO_, OH RO,
o OTR OY\/W\/\/ o
g /O O\ RO OR O NN
o) 00 2 0_0
2 orYy OR & HOw, OH
g MPBA RO { ) = 1 \PU oH
H%O\/%\no/H [ R=Hor | Span 20 o (?(I]{P
OlH
X
HO OH —
~p~— OH
HO o HO 0 0 oH OH OH
P HO OH
Z T e
| | HO OH
N
HO o) N \ o oH
2PA NA 5OH2NBA ND PhGlu BTriol
4CPBA

3.6. att. Katrai modelvielai izveleto piedevu molekularas struktiirformulas.

Detalizeti kristalizacijas eksperimenti, kas veikti piedevu klatbitne, tika izveleti,
pamatojoties uz iegiitajiem rezultatiem, [idz ar ko katrai no modelvielam tie bija atskirigi:
e Kristalizacija, izmantojot dazadu dzes€Sanas atrumu (2,6MeOBA, INA);
o Kiristalizacija, izmantojot dazadu piedevu daudzumu (2,6MeOBA);
e Dazadu kristalizacijas metozu un skidinataja izmantoSana (MPBA);

e Kristalizacija, izmantojot dazadu maisiSanas atrumu (INA).
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3.3.1. 2,6-dimetoksibenzoskabes kristalizacija iegiuta polimorfa forma

Ka piedevas izmantojot PEG un MPBA (skat. 3.7. att.), lielakaja dala eksperimentu tika
iegiits I un III formas maisijums. Turpreti, ka piedevu izmantojot HPC divas dazadas piedevu
koncentracijas, visbiezak kristaliz§jas tira III forma. Liels dzes€Sanas atrums veicingja III
formas veidosanos. Pie vismazaka dzes€Sanas atruma piedevas veicinaja I formas kristalizaciju.
0,5% HPC suspensijas izmantoSana un 2,6MeOBA S$kidums ar mazu koncentraciju
(parsatinajums apziméts ka c/c*, kur c ir sakotngja koncentracija un c* ir Skidiba 25 °C
temperattra) III formas kristalizaciju veicinaja vairak, ja salidzina ar kristalizaciju no 0,1%
HPC skiduma ar lielaku 2,6MeOBA koncentraciju. lespgjams, ka Saja no apstakliem
notiekoS§aja heterogénaja kristalizacija vairak HPC molekulu var mijiedarboties ar 2,6MeOBA
molekulam un nukleacijas laika stabilizet sin-planaro konformaciju, kas kopuma ir Iidzigi Lin
et al. pétfjuma iegiitajiem rezultatiem.’” Arl PEG ir potencials kontrolet kristalizacijas
iznakumu, izmantojot vidéju dzes€Sanas atrumu un augstu 2,6MeOBA koncentraciju. Tomér,
parbauditas piedevas nenodroSina pilnigi selektivu kristalizaciju. Lai parbauditu piedevas
daudzuma ietekmi uz kristalizacijas rezultatu, turpmakai izp&tei tika izveleta kristalizacija PEG
klatbiitng ar dzes&Sanas atrumu 20 un 1°C min™' un HPC klatbiitng ar dzes&$anas atrumu 20 un
10 °C min™".

c/c*=9

r\_/k/_ﬁ s

Tuk3ais

PEG MPBA 0,1% HPC 0,5% HPC
paraugs
v @ @ @
o @ @ @
1 OC.min_l . . .
v @ @ @
. I forma . I + III formas . I+ 1II formas

. I forma . 11 + III formas . I+ II + III formas

3.7. att. Kristalizacija iegiita polimorfa forma 2,6 MeOBA kristalizacija no udens,
izmantojot dazadas piedevas un dzeseSanas atrumus. Katra % no sektoru diagrammas attelo

vienu paralélo eksperimentu.

Lielakaja dala kristalizaciju, izmantojot abas piedevas un vislielako dzes€Sanas atrumu,

tika iegiita III forma (skat. 3.8. att.). Arl Saja gadijuma piedevu klatblitne nenodroSinaja
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polimorfo formu selektivu kristalizaciju. HPC klatbiitng abu polimorfo formu vienlaiciga
kristalizacija gan bija retaka neka PEG klatbuitne. Netika noverota skaidra korelacija starp

izveletas piedevas daudzumu un kristalizacijas rezultatu.

TukSais
PEG paraugs 0,5%  0,7% 1% 1,5% 2%
20 °C-min™
1 °C'min’! .
HPC

20 °C'min™' .
10 °C-min™! .

. I forma . III forma . [+ III forma

3.8. att. Kristalizacija iegiita polimorfa forma 2,6MeOBA Kkristalizacija no udens, izmantojot
dazadu piedevu daudzumu. Katra %4 no sektoru diagrammas attelo vienu paralelo

eksperimentu.
3.3.2. 2,6-dimetoksifenilborskabes kristalizacija iegiita polimorfa forma

Atdzesesanas kristalizacija ar izvéletajam piedevam tika ieglita gandriz tikai I forma
(skat. 3.9. att.). Turpretim II, III forma vai to maisijums tika iegtts ietvaic€Sanas kristalizacija
Span 20, Tween 20 un OGP klatbiitne. Tika noveérots, ka Span 20 un OGP klatbiitne stabilizeé
I formu. So divu VAV klatbatné ta bija stabila 1idz vienam ménesim. Ietvaicg$ana maisot
novérsa metastabilo formu kristalizaciju. No parbauditajiem apstakliem optimalakie
metastabilo formu iegtiSanai bija skidinataja ietvaicéSana 50 °C temperatiira bez maisiSanas.
Sajos apstaklos sakuma tika ietvaicéts $kidinatajs, iegiistot MPBA $kidumu Span 20 vai OGP,
talak iegiitais maistjums tika atdzesgts 11dz istabas temperatiirai, un kristalizacija faktiski notika
tikai pec §is atdzeseSanas. Sadi tika iegiiti loti maza izméera kristali, un Span 20 un OGP

klatbutné kristaliz€jas tira III polimorfa forma.
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letvaicESana  VAV-MPBA skiduma

AtdzeseSana 25°C atdzesé$ana
MaisiSana N& Ja Ne Ja Ne
“ 0000 O
paraugs '
@ @O @ ®
@ @O @ €
v @) @ @ @ @

@ @ @ @

@[ forma @ III forma [ +1I formas @1 +II + III formas

O1I forma @1 + 11I formas © 11 + III formas

3.9. att. Kristalizacija ieguita polimorfa forma MPBA Kkristalizacija no toluola VAV klatbiitng,
izmantojot dazadas kristalizacijas metodes. Katra % no sektoru diagrammas attélo vienu
paralélo eksperimentu.

Lai noteiktu, vai sakotn€jam Skidinatajam ir nozime Sada veida kristalizacijas procesa,
MPBA-Span 20 skidums tika iegiits, izmantojot arT citus Skidinatajus. Visos 15 eksperimentos,
kuros ka $kidinatajs tika izmantos acetons, [PA, THF, acetonitrils un toluols, tika iegtita tira

IT forma, lidz ar to var secinat, ka II formas veidoSanos Sajos apstaklos nosaka tikai Span 20.
3.3.3. [Izonikotinamida kristalizacija iegiita polimorfa forma

Gandriz visas izveletas piedevas veicindja III formas kristalizaciju no IPA un
1,4-dioksana, ja izmantoja lielakos dzes€Sanas atrumus (skat. 3.10. att.). Visaugstako sp&ju
nodroSinat III formas kristalizaciju no IPA uzradija 2PA, jo III forma tika iegiita arT izmantojot
dzes@$anas atrumu 1 °C min™!, pie kura citu piedevu klatbiitné galvenokart tika iegiits II, IV un
VI formas maistjums. ND uzradija visaugstako spgju saglabat kristalizacija no 1,4-dioksana
iegitu III formu pat pie maza dzeseSanas atruma. 4CPBA veicinaja I formas nukleaciju no
1,4-dioksana. Jaatzimé, ka ieprieks no §18kidinataja gan $aja, gan ari citos petijumos tika iegiitas
tikai citas polimorfas formas.”®*> Selektivakas piedevas tika parbauditas ari kristalizacija no
acetona un nitrometana, no kuriem iepriek$€jos eksperimentos netika noveérota III formas
kristalizacija. 2PA un 4CPBA nodroSinaja kristalizacijas kontroli arT no Siem Skidinatajiem:
4CPBA veicinaja III formas kristalizaciju, bet 2PA — I formas kristalizaciju. 2PA klatbtitne ar
vislielako dzes€Sanas atrumu tika veicinata III formas kristalizacija, bet ar mazaku dzeséSanas
atrumu lielakoties tika iegiita tira I forma. Kopuma rezultati liecina, ka tira stabilakas

polimorfas formas (I formas) iegiiSana tie$sa kristalizacija ir saméra sarezgita. Visu tris
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parbaudito piedevu klatbiitn€ nitrometana tika veicinata tiras Il formas veido$anas, izmantojot
lielakos dzes€Sanas atrumus, savukart ND nodroS$inaja tiras III formas veidoSanos, izmantojot

visus ¢etrus dzes€$anas atrumus.

IPS 1,4-dioksans Nitrometans Acetons

20 °C min-!
1 °C min™!
0,1 °C min-!

‘ 10 °C min !
. 1 °C min”!
. 0,1 °C min"'

Tuk3ais
paraugs
- O O &
@ @O @ G990
v OO0 0000 0000 0600
00
> ‘
"Q O OO 0000 0000 66
w000 ®
I for
: " :m]a @ I1+1V vai VI formas
NA‘ . . . < l‘;rma @ 1un Il +11, TV vai VI formas
I forma @ 111+ 1L, 1V vai VI formas

y @ 1+1II formas
@ @ @
Y X X

3.10. att. Kristalizacija iegiita polimorfa forma INA kristalizacija izveleto piedevu klatbiuitne,

. 20 °C min-!
G 10 °C min"!
. L
®
‘ . 20 °C min-!
. . 10 °C min-!
‘ . 1 °C min"!
. . 0,1 °C min-!
. . 20 °C min!
. . 10 °C min-t
‘ . 1 °C min"!
‘ . 0,1 °C min-!

izmantojot dazadus dzeseSanas atrumus. Katra % sektoru diagrammas attelo vienu paralelo

eksperimentu.

Tika parbaudita arT maisiSanas atruma ietekme uz kristalizacijas iznakumu. Tika novérots,
ka, izmantojot lielu dzes€Sanas atrumu un mazu maisiSanas atrumu vai pat kristalizaciju bez
maisiSanas, tika veicinata I formas veido$anas no IPA (skat. 3.11. att.). Savukart III formas
kristalizaciju veicinaja testéto piedevu klatbiitne un lielaka dzes€Sanas atruma izmantoSana.
Kristalizacijas no 1,4-dioksana iznakuma kontrole ar teste€tajam piedevam bija atkartojamaka,
ipasi izmantojot maisiSanu. Piedevu klatbiitne nodroSindja I un III formas maisijuma
veidoSanos, ja tika izmantots liels dzeséSanas atrums bez maisiSanas. Visselektivaka III formas
kristalizacija tika panakta ND klatbiitn€, izmantojot mazu atdzes€$anas atrumu, bet maisiSanas
atrums to neietekmgja. Eksperimentos, kuros izmantoja mazako dzesg€Sanas atrumu un kuros
11dz ar to péc kristalizacijas iegtito suspensiju maisija ilgaku laiku, 11dz tika sasniegta noteikta
beigu temperatiira 10 °C, tika iegiiti par III formu stabilaki polimorfi (II, IV vai VI forma®?).
Lidz ar to, izmantojot dzesé$anas atrumu 1 °C min!, gandriz neviena no piedevam nespéja

nodroSinat III vai I formas kristalizaciju.
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y
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3.11. att. Kristalizacija iegiita polimorfa forma INA kristalizacija ar izveletajam piedevam,
izmantojot divus atdzeseéSanas atrumus un dazadus maisiSanas atrumus.

Katra % sektoru diagrammas attelo vienu paralélo eksperimentu.
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3.4. Kristalizacijas piedevu iespéjama ietekme uz nukleaciju un kristalu augSanu

3.3. nodala aprakstitie rezultati skaidri parada, ka kristalizacijas piedevas var veicinat
metastabilo formu kristalizaciju, bet precizs mehanisms, ka piedevas nodroSina kristalizacija
iegiitas polimorfas formas kontroli, nav zinams. Saja pétijuma tika izmantotas dazadas pieejas,
lai giitu ieskatu faktoros, kas nosaka kristalizacija iegiito polimorfo formu visam trim pétitajam
modelvielam. Sis pieejas ietvéra eksperimentalo datu un teorétiskos aprékinu izmantosanu:

¢ Skidibas izmainu pétijums (2,6MeOBA);

e SMPT ietekmes pétijums (2,6MeOBA, INA);

e Kristaliskas struktiiras raksturlielumu, tadu ka kristalrezga energija, HirSfelda
virsmas un to 2D pirkstu nospiedumu kartes, FIM un BFDH morfologijas,
salidzinasana (MPBA, INA).

Piedevu ietekme uz $kidibu tika pétita tikai 2,6MeOBA, jo pargjam vielam kristalizacija
bez piedevu klatbiitnes nebija iesp&jams iegit tiras polimorfas formas. Ta ka 2,6MeOBA
kristalrezga energijas aprékini un Hir$felda virsmas un to 2D pirkstu nospiedumu karSu analize
jau ir publicéta,’* §ie raksturlielumi §T p@tfjuma ietvaros netika noteikti atkartoti. Teorgtiskie
aprekini tika veikti tikai tiem INA polimorfiem, kuri tika iegiiti kristalizacijas eksperimentos,

Iidz ar ko V forma netika analizéta.
3.4.1. S‘kl’dt’bas petijums

Visstabilakajai formai ir viszemaka Skidiba, bet piedevu pievienoSana Skiduma var
ietekmét $kidibu, tadgjadi palielinot metastabilo formu kristalizacijas varbutibu. Pieméram, ir
pieradits, ka piedevas samazina p-metilacetanilida $kidibu, bet palielina kristalu rasanas un
augSanas atrumu.®® 2,6MeOBA 1 formas 3kidibu gandriz neietekmé 1% PEG $kiduma
izmantoSana (skat. 3.12. att.). Temperatura lidz 30 °C Skidiba ir gandriz identiska Skidibai tira
tdent, bet augstaka temperatiira $kidiba nedaudz samazinajas. Turpreti III formas $kidiba PEG
klatbutné nedaudz palielinas temperattira [1dz 35 °C, bet augstaka temperatiira Skidiba ir zemaka
neka tira $kidinataja. Abu formu loti lidziga Skidiba var izskaidrot gandriz vienmér novéroto
vienlaicigo kristalizaciju §1s piedevas klatbutng, ka tas noveérots 3.3.1. apakSnodala aprakstitajos
kristalizacijas eksperimentos. 1% PEG Skiduma noteikta termodinamiska Iidzsvara temperatiira

ir par 8 °C zemaka neka tira tident (79 °C).
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Skidiba, mg mL'

[
1

0,54

| T I | I I | |
10 20 30 40 50 60 70 80 0,00268 0,00288 0,00308 0,00328 0,00348 0,00368
Temperatiira, °C /T, K™
m [ forma M I forma + PEG A III forma A III forma + PEG

3.12. att. 2,6MeOBA I un III formu $kidibas Iiknes tira iident un 1% PEG S$kiduma. A —
eksponencialais grafiks; B — linearizetais grafiks. Briina nepartraukta Iinija — I forma tira
iidenT; zala raustita Iinija — I forma 1% PEG Skiduma; roza vienlaidu linija — III forma tira
iidenT; oranZa partraukta Iinija — III forma 1% PEG $kiduma. Trijstiiri un kvadrati attelo

eksperimentalos datus.

3.4.2. fkidinﬁtdja veicinatu fazu pareju peétijjums

2,6MeOBA SMPT kingtikas meérfjumi rada, ka fazu parejas atrums suspendéSanas

eksperimentos ir loti liels (skat. 3.13. att.). Suspend€jot I un III formas maisijumu visos

parbauditajos $kidinatajos un 1% PEG tdens skiduma, tira I forma tika iegtita mazak neka 15

min laika, bet 0,1% HPC tdens skiduma SMPT par I formu tika paléninata. Pilniga tiras I1I

formas fazu pareja par tiru I formu tident ir Iénaka. Sada SMPT 1% PEG tidens $kiduma aiznem

ilgaku laiku neka suspendgjot abu polimorfu maisijumu, savukart 0,1% HPC tdens $kiduma

SMPT tiek butiski paléninata, un I formas klatiene netika konstatéta pat péc 24 h suspendesanas.

Sakuma paraugs I+ III formas 11 forma
Suspend@sanas

laiks pirms kristalu
savaksanas

[PS
Acetonitrils
Udens

1 % PEG

0,1 % HPC

. I forma

3.13. att. Cietas fazes sastavs péc suspendéSanas 25 °C temperatiira.

. I forma &) 1+ 111 forma
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INA kristalizacijas piedevu klatbutn€ iegiitie rezultati (skat. 3.3.3. apakSnodalu) kopuma
liecina par iesp€ju, ka vispirms veidojas III forma un péc tam, maisot suspensiju, ta pariet citas
termodinamiski stabilakas formas SMPT rezultata. SMPT eksperimentu rezultati (skat.
3.14. att.) savukart liecina, ka nevienas testétas piedevas klatbiitne iegiita kristaliska forma 30
mintSu laika péc nukleacijas butu bitiski mainijusies, kas ir saskana ar Kulkarni et al. veiktajam
pies@Sanas kristalizacijas pétijumam.® Lidz ar to atSkiribas ar dazadu maisiSanas atrumu
iegiitajas INA polimorfajas formas nav saistits ar SMPT, bet gan ar piedevu atSkirigo sp&ju
ietekmét kristalizacijas iznakumu. Ja izmanto lielakus atdzes€Sanas atrumus, nukleacija notiek
zemaka temperatiira kad Skiduma ir augstaks parsatinajums, savukart, ja izmanto l&€nakus
atdzeséSanas atrumus, nukleacija notiek augstaka temperatiira kad Skiduma ir zemaks
parsatinajums. Piedevas pazeminaja nukledcijas temperatiiru, palielinot parsatinajumu
nukleacijas bridi, un tas faktiski var€tu but viens no iesp&jamiem piedevu efektiem, kas var

mainit kristalizacija iegiito polimorfo formu.

5 3 [PA 1,4-Dioksans

1o =Y

2 g o o = o = =
(72 I 5] - =t — = —_ — —
23 g g g g r g = g

o
000 000 @
paraugs
- -
@ @ @@ @6 O
o N N N BN N N N
N NN N BN N N N

® foma @ 11+ 1V vai VI formas
® 1l forma @ 111 +11, 1V vai VI formas
@ 1+1II forma

3.14. att. Kristalizacija iegiita polimorfa forma INA kristalizacija ar izveletam piedevam,
izmantojot 1 °C min™! atdzesé$anas atrumu un dazadu laiku, kad Kristali tika savakti péc

nukleacijas. Katra Y4 sektora diagrammas attélo vienu paralélo eksperimentu.
3.4.3. Kristalografisks raksturojums

Tika noteikts, ka MPBA globala energijas minimuma konformacija atbilst anti-
konformeram, kura ir divas iekSmolekularas tidenraZa saites starp borskabes hidroksilgrupam

un metoksigrupam. INA molekularas konformacijas analize savukart paradija, ka visstabilakaja
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konformacija benzola gredzens un amida grupa ir nedaudz novirziti un torsijas lenkis starp Stm
grupam ir 21,88°.

Starpmolekularas energijas aprékiniem tika izmantota MPBA 1 formas kristaliska
struktira monoklinaja Pc telpiskaja grupa bez tdenraza nesakartotibas dimeéros, ko veido
sin-anti-konforméri. Abu polimorfo formu rezga energija ir gandriz identiska (skat. 3.5. tab.).
Lai gan aprékinata relativa energija ir pretruna ar to, ka I forma ir noteikta ka termodinamiski
stabilaka forma, to visticamak ietekme tas, ka $aja forma ir iesp&jams dazads fidenraza atomu
izvietojums dim&ros, kas var€tu nodros$inat entropijas pieaugumu, tadejadi pazeminot I formas
Gibsa energija. Salidzinot INA polimorfus, viszemaka kristalrezga energija ir INA I formai,
nakosajai zemakajai esot INA II formas rezga energijai. Visu pargjo polimorfo formu rezga
energija ir gandriz identiska. Loti 1idzigas rezga energiju veértibas izskaidro eksperimentali
noveroto polimorfo formu vienlaicigu kristalizaciju. Aprékinatas polimorfo formu energiju
atSkiribas abam vielam atbilst tipiskai organisko vielu polimorfo formu energijas atskiribai
(<5 kJ mol ). 6467

3.5. tabula

MPBA un INA polimorfo formu kristalografiskie, ick§molekularie, starpmolekularie un rezga

energijas dati.

Modelviela Polimorfa refgrigces 77 Eina, Eiter, Etice,
v forma kJ mol™! kJ mol™! kJ mol!
kods
UJACITO1
L 4/0,5
(originala _
I forma _ (P4n2); 15,2 -144.4 -129,2
MPBA P4n2
_ 4/2 (Pc)
struktiira)
II forma UJACIT 12/1,5 6,0 -135,9 -129,8
I forma EHOWIHO1 4/1 0,46 -124,7 -124,3
11 forma EHOWIHO2  8/2 0,05 21222 1222
INA III forma EHOWIHO03 8/1 0,51 -120,6 -120,1
IV forma EHOWIHO04 6/3 0,12 -119,8 -119,7
VI forma EHOWIHO06 8/2 0,04 -121,4 -121,4

Abu MPBA polimorfo formu izteiktas atSkiribas Gidenraza saités rada lielas atskiribas
rezga energijas komponensu ieguldijuma kopgja energija un abu formu energijas tiklos (energy
frameworks). 1 forma doming€josa rezga energijas komponente ir elektrostatiska energija, ko var
saistit ar specigu Gidenraza saiSu tiklu $aja strukttira. Turpreti II forma elektrostatiskas energijas
un dispersijas energijas ieguldijums rezga energija ir loti lidzigs, jo starpmolekularo Gdenraza
saiSu daudzums Saja strukttra ir bitiski mazaks un aromatisko mijiedarbibu, tostarp m-m

mijiedarbibu, nozime ir lielaka. Rezuméjot var secinat, ka, neraugoties uz kopuma efektivakam
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dispersijas mijiedarbibam II formas struktiira, ievérojami spécigakas udenraza saites I formas
struktiira ir iemesls augstakai §is formas starpmolekularajai energijai, kas varétu izskaidrot ari
tas augstako stabilitati. Udenraza saiSu sp&ja nodroSinat kristaliskas struktiiras stabilizaciju ir

2091 yn ritonaviru.”?

pieradita jau agrak, piem&ram, p&tijumos ar proteiniem

Ka sagaidams pamatojoties uz loti [idzigajam starpmolekularajam mijiedarbibam un
molekularo pakojumu, visam INA polimorfajam formam, iznemot I formu, ir gandriz identisks
energétisko tiklu izkartojums. Galvenajas mijiedarbibas, kas stabilizé visu formu kristalisko
strukttiru, doming elektrostatiskas energijas komponente, un dispersijas energijas komponente
ir ievérojami mazak nozimiga. | formas struktiira visievérojamaka no mijiedarbibam, kura
dominé elektrostatiskas energijas komponente, ir starp diméru veidojo$sajam molekulam.
Turpreti visas pargjas INA polimorfajas formas ievérojamakas mijiedarbibas, kuras dominé
elektrostatiska energijas komponente, ir starp molekulam, kas veido INA molekulu kédes divos
telpiskos virzienos un tadgjadi veido ar tdenraza sait€m saistitu INA molekulu slanus. I un
III forma mijiedarbibas ar visizteiktako dispersijas energiju ir starp tam pasam molekulam,
kuram ir arT visizteiktaka elektrostatiska energija. Turpreti I, IV un VI forma tas ir aromatiskas
un 7-n mijiedarbibas starp pret€ji orientétam molekulam no blakus esoSiem INA molekulu
slaniem un mijiedarbibas ar molekulam, kas veido tidenraza saites ar min€tajam molekulam no
blakus esoSajiem slaniem.

Abu MPBA formu starpmolekularo mijiedarbibu atSkiribas un INA II, IV un VI formu
lidziba ir skaidri redzama ar1 HirSfelda virsmas un to 2D pirkstu nospiedumu kartes, bet
ieverojamas atskiribas noveérotas starp INA I un III formam (skat. 3.15. att.). MPBA I forma
var noverot tdenraza saites, kas veido borskabes dimérus un to k&des, un dazadas H----C
mijiedarbibas, kas ir galvenas novérojamas mijiedarbibas $aja forma. Abam MPBA II formas
simetriski neatkarigajam molekulam ir tikai viens ass maksimums, kas atbilst tam, ka tas ir
specigas tidenraza saites donors (A molekula) vai akceptors (B molekula). MPBA II formas B
molekulai noveéro ar1 iezimes, kas saistita ar m-n mijiedarbibam veidoSanos. INA I formas
Hirsfelda virsmas pirkstu nospieduma analize ir divi asi maksimumi, kas atbilst CO----HoN
mijiedarbibai, savukart visam pargjam formam $ie maksimumi ir plataki un katrs atbilst divam
mijiedarbibam: Npy--HoN vai CO----HaN. INA I, IV un VI formas pirkstu nospiedumu analizé
ir izteikts maksimums diagrammas vidi, kas atbilst CH----HC mijiedarbibai. V&l viena atskiriba
starp So triju formu pirkstu nospiedumu kartém, salidzinot ar I un III formu, ir apgabala, kas

atbilst m-m mijiedarbibam diagrammas vid.
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3.15. att. Hir$felda virsmas un to 2D pirkstu nospiedumu kartes MPBA I un II formai un INA I

— III formai, noradot diagrammas noverotas raksturigakas starpmolekularas mijiedarbibas.
3.4.4. FIM un BFDH morfologijas analize

MPBA 1 forma, kas veidota no homodimériem, lielaka dala potenciali iesp&jamo
starpmolekularo mijiedarbibu ir izveidojusas, turpreti II forma ir izveidojusies tikai puse no
iesp&jamam tdenraza saiSu mijiedarbibam. Lidz ar to MPBA 1I forma noverotas tidenraza saites
neatbilst no CSD noteiktajam optimalajam tidenraza saiSu skaitam un pozicijam (tris tdenraza
saiSu akceptori neveido tidenraza saites), kas varétu biit iemesls $is formas zemajai stabilitatei
un iespé&jai So polimorfo formu iegiit tikai paSos apstaklos. FIM analize INA molekulam netika
veikta, jo INA molekulas visos polimorfos ir tikpat ka identiska konformacija un visas
potencialas mijiedarbibas ir izveidojusas.

Salidzinot FIM, kas projicétas uz kristala plakném, starp abiem MPBA polimorfiem ir

bitiskas atSkiribas (skat. 3.16. att.). Salidzinajuma ar II formu, I formas kristaliem ir lielaka
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varbiitiba iesaistities hidrofobajas mijiedarbibas un mijiedarbojas ar udenraza saiSu
akceptoriem. Savukart MPBA II formas kristalam, salidzinot ar I formas kristalu, uz lielakajam
plakném ir lielaka varbutiba mijiedarboties ar tidenraza saiSu donoriem. Uz $im plakném
atrodas borskabes grupu skabekla atomi anti-planara konformacija, un S§is plaknes aug,
veidojoties Tidenraza saiteém saistitiem trim&ram, tapec uz plaknes ir atsegti iidenraza saisu
akceptori, kas var veidot fidenraza saites ar donoriem. ST iemesla dél VAV (fidenraza sai$u
donori) var vieglak mijiedarboties ar STm Skautném, salidzinajuma ar I formu, kurai Gidenraza
saiSu akceptoras grupas aiznem mazaku laukumu. Gan Span 20, gan OGP satur tidenraza saisu
donoras grupas, kas var mijiedarboties ar MPBA borskabes grupu un stabilizét Il formas
kristalus. Turklat VAV hidrofoba dala var paléninat faZu pareju, veidojot micellas vai puslodes,

un tadgjadi noverst molekulu reorganizaciju, kas nepieciesama II formas parejai par I formu.

skats pa a asi skats pa b asi skats pa c asi

3.16. att. FIM projekcijas uz MPBA I un II formas BFDH morfologijam. UdenraZza saiSu donoru
varbitibas apgabali ir paraditi zila krasa, GidenraZa saiSu akceptoru — sarkana krasa, bet
hidrofobas mijiedarbibas — zala krasa.

Loti Iidziga molekulara pakojuma dél ari BFDH morfologija un FIM, kas projicéts uz
INA 11, IV un VI formas kristaliskajam virsmam, ir loti lidzigi (skat. 3.17. att.). So polimorfo
formu lielakas kristaliskas plaknes aug, pievienojot molekulas, ko saista dazadas n-m un CH----n
mijiedarbibas, bet mazakas, atrak augo$as plaknes, aug pievienojot molekulas, ko saista
tidenraza saites. INA I un III formam uz lielakajam plakném ir atsegti idenraza saiSu akceptori

un donori, un tapéc tas ir to mijiedarbibu vidd, kas veidojas So plaknu augSanas laika. I formas
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plaknu grupa {100} aug, veidojoties amidu R28 homodim@riem, bet III formas plaknu grupas
{111} un {002} aug, turpinoties CO---H2N k&dém, tapec tidenraza saiSu donori, pieméram, 2PA
vai 4CPBA, var mijiedarboties ar §im plakném vai veicinat So polimorfo formu augSanu,

aktiviz€jot atbilstoSas augSanas vietas.

skats pa a asi skats pa b asi skats pa ¢ asi
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3.17. att. FIM projekcijas uz INA I-III formas BFDH morfologijam. UdenraZa saiSu donoru
varbiitibas apgabali ir attéloti zila krasa, idenraZa saiSu akceptori — sarkana krasa, bet

hidrofobas mijiedarbibas — zala krasa.
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1.

SECINAJUMI

Cetru jauno (propionskabes monosolvata, sviestskabes mono- un disolvata, trifluoroetanola
solvata) un ¢etru jau zinamo (skudrskabes, etikskabes, formamida solvata un propionskabes
disolvata) izonikotinamida solvatu kristaliskajas struktiiras novero lidzigus tidenraza saisu
motivus, kas lauj paredzet lidzigas starpmolekularas mijiedarbibas un molekularo
pakojumu jauniem solvatiem/kokristaliem ar strukturali Iidzigiem Skidinatajiem/
koformeriem.

Polietilénglikols un hidroksipropilceluloze veicina 2,6-dimetoksibenzoskabes III formas
kristalizaciju, tacu kristalizacija piedevu klatien€ nav pilniba selektivs, jo dazkart iegnita II1
forma satur I formas piemaistjumu.

Hidroksipropilceluloze kave 2,6-dimeoksibenzoskabes $kidinataja veicinatu III formas fazu
pareju par I formu, kas nodroSina III formas iegtiSanu kristalizacijas procesa.

Sorbitana laurata (Span 20) un oktil B-D-glikopiranozida klatbiitn€ ir iesp&jams kristalizet
2,6-dimetoksifenilborskabes 1I formu, un §is kristalizacijas piedevas uzlabo
2,6-dimetoksifenilborskabes II formas stabilitati, stabilizgjot to [idz 1 ménesim. Noverots,
ka sorbitana laurata klatbtutné Skidinatajs neietekmé 2,6-dimetoksifenilborskabes

kristalizacija iegtito polimorfu.

. Morfologijas un mijiedarbibu karSu analize lava noteikt, ka piedevas var adsorbgties uz

2,6-dimetoksifenilborskabes II formas kristalu plaknu {002} un {110} virsmas, un noteikt,
ka piedevu sorbcija, visticamak, novers fazu pareju par I formu.

Izonikotinamida kristalizacija naftalin-1,5-diola klatbtitné veicingja III formas
kristalizaciju, bet 2-pikolinskabe veicinaja I formas kristalizaciju. Lielaka dala izmantoto
piedevu samazinaja citu polimorfo formu saturu iegiitajos kristalizacijas produktos. Pie liela
dzesé3anas atruma (20 °C min™) kristalizacijas piedevas nodro$inaja tiras izonikotinamida
III formas kristalizaciju, bet, izmantojot mazu dzes&$anas atrumu (0,1 °C min™), gandriz
visas piedevas zaudg&ja sp&ju nodrosinat kristalizacijas kontroli.

Izonikotinamida polimorfajam formam, kas kristalizgjas vienlaicigi (IL, IV un VI forma), ir
loti lidziga kristalrezga energija un starpmolekularas mijiedarbibas. ST iemesla dél ir loti
varbutigi, ka $o polimorfo formu nukleacijas energétiska barjera un kristalu augsanas
atrums ir loti l1dzigi, savukart piedevu klatbiitne, mainot kristalizacijas apstaklus, var panakt
strukturali atSkirigaku formu kristalizaciju.

8. Morfologijas un mijiedarbibu kar$u analize lava noteikt, ka piedevas var adsorbgties
uz izonikotinamida I formas {100} un III formas {111} un {002} kristalu plaknu virsmas,
un ir varbiitigi, ka piedevu sorbcija ir saistita ar So augSanas vietu aktivizéSanu, nodroSinot

vai veicinot [ vai III formu veido$anos.

46



)

0

‘n3,
0
N TS
z’aw"z‘wg"*
‘wih oo
7

UNIVERSITY
OF LATVIA

FACULTY OF CHEMISTRY

Aina Semjonova

STUDY OF POLYMORPHISM CONTROL OF ORGANIC
SUBSTANCES USING CRYSTALLIZATION ADDITIVES

DOCTORAL THESIS

Submitted for the Degree of Doctor of Science (Ph. D.)
in Natural Sciences (in the field of Chemistry)

Subfield of Physical Chemistry

Scientific supervisor:
Assoc. prof., Dr. chem. Agris Bérzins

Riga 2024



The Doctoral Thesis was caried out at the Chair of Physical Chemistry, Faculty of Chemistry, University of
Latvia, Riga, Latvia from 2020 to 2023.

UNIVERSITY
OF LATVIA

This work has been supported by the European Social Fund and the Latvian state budget project “Strengthening
of the capacity of doctoral studies at the University of Latvia within the framework of the new doctoral model”,
identification No. 8.2.2.0/20/1/006.

NATIONAL W s W EUROPEAN UNION
DEVELOPMENT b o European Social
PLAN 2020 * 4k Fund

INVESTING IN YOUR FUTURE

The thesis contains a summary in Latvian and English and four scientific articles. Form of the thesis: collection
of scientific articles in Chemistry, Physical Chemistry.

Scientific supervisor: assoc. prof., Dr. chem. Agris Bérzins.

Reviewers:
1) Assoc. prof., Dr. chem. Guntars Vaivars (University of Latvia);
2) Dr. chem. Raitis Bobrovs (Latvian Institute of Organic Synthesis);

3) Assoc. prof., Dr. chem. Dejan-Kresimir Bucar (University College London).

The thesis will be defended in a public session of the Promotional Committee of Chemistry, University of Latvia,
at 16.00 on September 12th, 2024 at the University of Latvia Academic centre, House of Nature, Room 217.
Jelgavas iela 1, Riga.

The summary of the thesis is available at the Library of the University of Latvia, Raina bulv. 19.

University of Latvia Promotional Committee of Chemistry:

Chairman: Prof., Dr. chem. Edgars Siina;

Secretary: Assoc. Prof., Dr. chem. Vita Rudovica.

© Aina Semjonova, 2024
© University of Latvia, 2024



ABSTRACT

Crystallization of several model compounds, namely 2,6-dimethoxybenzoic acid,
2,6-dimethoxyphenylboronic acid and isonicotinamide, were studied in the thesis. The model
compounds were chosen based on their ability to form polymorphs with different hydrogen
bonding synthons, i.e., structures containing hydrogen bonded dimers and chains, in
the crystallization. The formation of different crystalline phases of these model compounds in
crystallization from different solvents with different crystallization methods has been studied.
The obtained crystalline phases were characterised by X-ray diffraction and thermal analysis.
For the most stable polymorphs the solubility and relative thermodynamic stability were also
determined. Crystallization was performed by testing the effect of different types of
crystallization additives — polymers, surfactants, and structurally similar compounds, on
the polymorphic outcome. The effect of crystallization additives on the solubility and relative
stability of the most stable polymorphs was also investigated. Crystal structures of four new
phases of the studied compounds were determined from powder and single crystal X-ray
diffraction. Crystallographic and computational analysis of all the relevant crystal structures of
the model compounds were performed to provide a possible mechanism for the observed
control of the crystallization polymorphic outcome by the most efficient crystallization

additives.

Keywords: polymorphism, crystallization, crystallization additives, crystal structure analysis,

powder X-ray diffraction, thermal analysis.
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AA

API

BA
BFDH
Btriol
CSD
CSPp
DSC
FA
FAM
FIM
INA
IPA
HPC
MPBA
MD

NA

ND
OGP
PA
PEG
PhGlu
Poly80
PXRD
SAM
SCXRD
SMPT
Span 20
Ssolvent
TFE

TG
THF
Tween 20
2PA
4CPBA
5SOH2NBA
2,6MeOBA

ABBREVIATIONS

acetic acid;

active pharmaceutical ingredient;
butyric acid;
Bravais—Friedel-Donnay—Harker
benzene-1,2,3-triol;

Cambridge Structural Database
crystal structure prediction;
differential scanning calorimetry;
formic acid;

formamide;

full interaction map;
1sonicotinamide;

isopropanol;

hydroxypropyl cellulose;
2,6-dimethoxyphenylboronic acid;
molecular dynamic;

nicotinic acid;
naphthalene-1,5-diol;

octyl B-D-glucopyranoside;
propionic acid;

polyethylene glycol;
phloroglucinol;

polysorbate 80;

powder X-ray diffraction;
self-assembled monolayers;
single crystal X-ray diffraction;
solvent-mediated phase transition;
sorbitan laurate;

solvate;

2,2,2-trifluoroethanol;
thermogravimetry;
tetrahydrofuran;

polysorbate 20;

2-picolinic acid;
4-carboxyphenylboronic acid;
5-hydroxy-2-nitrobenzoic acid;
2,6-dimethoxybenzoic acid.
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INTRODUCTION

The vast majority of active pharmaceutical ingredients (APIs) can crystallize in different
crystalline forms.! In the pharmaceutical manufacturing the crystalline form obtained must
meet the reference requirements, so the control of the obtained crystalline form is a mandatory
requirement.” Often a mixture of different forms is obtained in a crystallization from solution,’
which can further affect solubility,* bioavailability®> or other physical properties of the API.
Such undesired formation of polymorph mixtures has been observed in crystallization of
multiple APIs.> Moreover, more than one polymorph can often be obtained under very similar
conditions,® which does not guarantee selectivity in the crystallization and does not ensure
repeatability, thus does not meet the requirements of the industry.

In the pharmaceutical production, it is safer to choose the most stable polymorphs for
the finished dosage form, as it has the lowest energy, and thus is stable at all stages of
the production. However, if the solubility of the compound is low, the fact that the most stable
form has the lowest solubility can cause problems. For this reason, sometimes metastable
polymorphs are preferred because of their better solubility.” Alternatively, they can be selected
because the more stable polymorphs are patent protected.® In the process of obtaining
a metastable polymorph, the thermodynamically stable polymorph is often formed as
an impurity.® In such cases it is practically impossible to separate them or convert the mixture
into the required polymorph, moreover, during storage a phase transition to the most stable
polymorph is promoted by the presence of this phase in the mixture.® For the reasons mentioned
above, it is necessary to optimize and control the processes of crystallization, production and
storage of the finished product.” One of the options for ensuring that a pure polymorph is
obtained in the crystallization is the use of additives.'’

The control of the crystallization process using additives is currently still empirical.!
Employing the available computational description of the possible interactions between API
molecules as well as the conformation energy penalty, it is already possible to predict what are
the most stable crystal structures of an API using crystal structure prediction (CSP) technique.
However, currently there are no tools that would allow determining the likelihood of
crystallization of a crystal form with a given crystal structure, particularly if the crystal form
outcome depends on the crystallization conditions. Moreover, there is neither a general method
that would allow predicting the polymorphic outcome of the crystallization from pure solvents,
nor approach for evaluating how any particular additive would alter it. Therefore, for each API,
a selective method of obtaining a particular crystalline form is being developed in long-term

experimental studies.!! To achieve ability to design additive controlled crystallization of
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particular crystalline form, a molecular level understanding of the crystallization process and
the role of the additive in it is required.!” The associates present in solution sometimes can be
lined to the resulting polymorph,'? but it has also been shown that in other cases they do not
affect the crystallization outcome.'® In the scientific literature, information on the use of
additives (such as Langmuir monolayers'* and self-assembled monolayers (SAM)'?) to control
the crystallization process can be found for several APIs and model substances,'® but often
the additives are expensive or impossible to separate from the API crystals. Moreover, they
often do not ensure selective crystallization of one desired form, but only promote its formation.
Due to the complexity of the factors determining the polymorphic outcome, even nowadays
computational calculations does not provide a clear approach for finding a crystallization
procedure to obtain a selected crystal form. There is also no clearly confirmed approach for
performing MD simulations which would be able to determine the crystal structure obtained in

the crystallization from solution.

The aim of the doctoral thesis is to gain an understanding of the possible mechanism of
crystallization in the presence of additives, which could be applied to control the crystallization

polymorphic outcome of APIs. The following tasks were set to achieve the goal:

1. To explore the crystallization polymorphic outcome of the model substances
2,6-dimethoxybenzoic acid, 2,6-dimethoxyphenylboronic acid and isonicotinamide using
different crystallization approaches, conditions and solvents;

2. To characterize the newly obtained crystalline forms with X-ray diffraction and
thermal analysis and determine their crystal structure using single crystal or powder X-ray
diffraction data;

3. To explore the effect of various types of crystallization additives on the crystallization
polymorphic outcome of the model substances;

4. To identify the additives potentially providing ability to selectively affect
the crystallization polymorphic outcome and perform experiments to evaluate the effect of
conditions and other factors on the polymorphic outcome of the crystallization in presence of
these additives;

5. To determine the effect of the selected additives on the solubility and thermodynamic
stability of the most stable polymorphs of model compounds;

6. To perform crystallographic and computational analysis of the crystal structures of
the obtained solid phases to provide a possible mechanism of the crystallization in the presence

of the additives.
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Scientific Novelty and Practical Significance

This research contributes to the development of an additive assisted crystallization method
allowing use of cost-effective crystallization additives (SAM costs can exceed several
hundred euros per laboratory-scale crystallization experiment, whereas the substances used
in this study cost less than a ten euros per gram) that are either easily separable or can be
included in the dosage forms, such as surfactants and polymers.

Part of the results of the research are knowledge about the factors that ensure selective
crystallization, including additives providing control of the crystallization outcome. These
can be further used in the development of a general guidelines or model of crystallization
process control.

The use of crystallographic analysis and theoretical calculations provided information on
the differences between the crystal forms which allowed to propose a mechanism
explaining the additive assisted change of the polymorphic outcome of crystallization.
Additionally, combination of theoretical calculations and experimental results contributed
to the understanding of the interactions at the molecular level that overall determine
the crystallization outcome.

The crystallization control method developed employing this knowledge has potential to be
used in the pharmaceutical industry to control the crystallization of various structurally
similar APIs, for example, APIs corresponding to low molecular weight benzoic acids,
which form polymorphs containing hydrogen bond dimers and chains — similar hydrogen

bonded motifs to those formed by the studied compounds.
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1. THEORETICAL BACKGROUND

1.1. Polymorphism of active pharmaceutical ingredients

Polymorphism is the ability of a substances to crystallize in different crystal structures
(see Figure 1.1.).° Polymorphs have identical chemical composition but differ by the molecule
arrangement or conformation in the crystal structure. Solvate structure additionally contain
stoichiometric or variable amounts of a solvent. Solvates containing water are named hydrates.
Co-crystals are composed of two or more different non-ionized molecules in the same crystal
structure in stoichiometric ratio, while the molecules in salts are ionized.!” Solids with different
crystal structures often have different physical properties, such as solubility,* dissolution rate,'8
stability!® and bioavailability.?® Therefore, crystal engineering opens new opportunities to
obtain APIs with improved physicochemical properties.?! Solvates and co-crystals often have
better solubility and dissolution rate than phases formed by pure API and, therefore, increase
bioavailability and drug efficacy,?® synergistic effect and lower the necessary drug dose,' or
just have more optimal properties for the manufacturing processes.>* Change of the crystal form

can also enhance the chemical stability of API.%*
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Figure 1.1. Schematic representation of different types of phases formed by active

pharmaceutical ingredients.

Polymorphic forms can be classified,>> depending on differences in polymorphic
structures:
e conformational polymorphism — polymorphs contain molecules with different

molecular conformations; 2%
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e synthon or hydrogen bond polymorphism — polymorphs have different hydrogen bond
synthons in their structures; 2>

e configurational polymorphism — observed in substances whose different

configurations or tautomers can form different crystal structures.?

e packing polymorphism — molecules in polymorphs have the same conformation, but

different molecule packing.?

Control of the crystal phase is one of the most challenging steps in the drug production
process in the pharmaceutical industry.’® Before developing the finished dosage form, it is
important to identify all possible crystalline forms and characterize their properties, because
the choice of the dosage form, the required excipients and the dose of API itself depends on for
the physical properties of the crystalline form.>!

Concomitant crystallization occurs when at least two different polymorphs crystallize
simultaneously.*? This phenomenon is observed due to competing nucleation and growth rates
of different polymorphs.* The concomitant crystallization are related to various kinetic and
thermodynamic factors.>* Most often, a mixture of different polymorphs is subjected for
solvent-mediated phase transition (SMPT), and only the most stable polymorph can be
observed in the final product.® In addition, it is required to check the stability of the selected
crystalline phase in long-term storage. There have been several cases®> where a new and more
stable polymorph appeared many years after drug development. Such late appearance of a more
stable polymorph often have caused problems for patients, from low drug efficacy to eventually
disrupting the supply of medicines.*®

Conventional crystal phase preparation methods are crystallization by cooling a solution,
evaporation of a solution, precipitation, vapor diffusion etc. The obtained phase can depend on
solvent used, cooling or evaporation rate, start and end temperature used for the cooling
crystallization or evaporation temperature, concentration of solution (supersaturation) used and
other variables.” Classical crystallization approaches, however, often do not provide
crystallization of a pure polymorph. In such cases seeding is the most common approach to
control the polymorph obtained, but also this does not always provide the desired crystalline
form. Alternatively, other crystallization methods or approaches are introduced, for example,
ultrasound-assisted crystallization,” laser-induced nucleation,*® crystallization in gels*® and in

presence of additives'® and templates.*’
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1.2.  Crystallization additives for polymorphism control

Crystallization in presence of additives or templates is one of the empirical methods for
controlling polymorphic outcomes. There are several approaches to crystallization with
the presence of additives:*!

e crystallization with insoluble additives or templates:

o Langmuir monolayers;'*

o self-assembled monolayers (SAM); !

o polymers;*

o surfaces of other insoluble additives acting as templates;*
e crystallization with soluble additives.*

Langmuir monolayers and SAMs are efficient templates for control of the crystallization
outcome but has to be designed for each specific crystal structure, and it is necessary to
regenerate the monolayers after each crystallization, and often it is difficult to collect

1. Soluble additives can be

the obtained crystals without the impurities from the layer materia
divided in structurally similar (also known as tailor made additives) and structurally different
from the compound which is being crystallized. Although it is easier to separate these additives
from the crystals, sometimes they can integrate into the crystal structure.*® Structurally related
additives have been used to obtain metastable forms of paracetamol,!' para-aminobenzoic
acid,*’ benzamide,*® etc. However, there are also risks in using structurally similar additives, as
they can have pharmacological or even toxic effects, and because of the similar structure can
incorporate in the obtained crystals, for example, by forming a solid solution.* Therefore, not
all structurally related compounds can be used as additives to stabilize polymorphs of
pharmaceutical products. Excipients used in the drug dosage forms can be employed as
additives in the crystallization of the APL** as it would not be necessary to separate these
additives after the crystallization because these additives (such as polymers, surfactants®®) can
be used in pharmaceutical products.

The use of crystallization additives may prevent concomitant crystallization and stabilize
metastable forms,>! promote their nucleation,* change the relative stability of polymorphs®? or
prevent nucleation of the stable form. Crystallization in presence of additives is widely used in
natural crystallization and manufacturing processes, such as biomineralization, material
synthesis.™>

There are many possible mechanisms by which additives can control the outcomes of

crystallization. For example:

e additives can work as nucleation sites;'’
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e additives can selectively adsorb to some of the crystal surface faces by inhibiting
their growth and, therefore, the growth of this polymorph;>*
e additives can also help to organize the crystallizable substance molecules to
obtain the desired polymorph;>
e additives can lower the activation energy of nucleation.>*
However, the exact mechanism for the control mechanism by the additives in most cases is still

not explored.

1.3.  Crystallographic analysis and theoretical calculations

Nowadays, various crystallographic analysis tools and theoretical calculations are
available and used to compare crystal structures and justify polymorphic outcome of
crystallization.

The stability of conformers affects the stability of polymorphs and also determines
the conformation in which molecules exist in solution, so it is necessary to determine which are
the most stable conformers and what is the stability of conformers in crystalline structures.
Determination of the stability of the conformers requires the geometry optimisation of
individual molecules and energy calculations in vacuum or in a solvent continuum. This is
nowadays normally done using a quantum mechanics approach by one of the density functional
theory methods or ab initio electron correlation methods. >

An equally important factor affecting the stability of polymorphs is the intermolecular
interactions present in the crystal structure.’’ > This calculation requires the optimisation of
the geometry of the periodic crystal structure, which is nowadays possible by density functional
theory methods. Further calculation of the interaction energy between the molecules in

the structure allows the determination of the total energy of the intermolecular interactions, for

1’60 161,62

which either empirical,”” semi-empirica or ab initio ® methods are used. The crystal lattice
energy characterising the stability of polymorphs can be calculated either by summing the total
intermolecular interaction energy and the relative conformer energy or simply as the difference
between the crystal structure energy and the energy of isolated molecules in the gas phase
adopting the global energy minimum geometry. Note, however, that the crystal lattice energy
does not include the thermal effects and thus provides information on the relative stability of
polymorphs at 0 K.%*

Crystallographic analysis tools such as energy frameworks, Hirshfeld surfaces and their
2D fingerprint plots and full-interaction maps are used to compare crystalline structures (see

Figure 1.2).
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Figure 1.2. Graphical representation of crystallographic analysis methods. Hb — hydrogen bond;
Hb A — hydrogen bond acceptor; Hb D -hydrogen bond donor.

Energy frameworks visualize the intermolecular interaction energy in crystal structures
of polymorphs, further demonstrating the distribution of crystal lattice energy into different
energy contributions (electrostatic and dispersion energy).®> Hirshfeld surfaces provide
information on intermolecular interactions and electron density in the structure, allowing
a better understanding of differences in hydrogen bonding and other interactions in
the structure, as well as in crystal packing.%$” Hirshfeld surface 2D fingerprint plots provide
deeper insights into the interactions in the crystal structure and the contribution of specific
interaction types.

Full-interaction maps (FIMs) visualize the regions around a molecule where, based on
pre-extracted IsoStar interaction data from the Cambridge Structural Database (CSD),%
intermolecular interactions are expected to occur, allowing to assess whether interaction
preferences are satisfied in a structure. FIM analysis has been shown to allow the assessment
of polymorph stability.-"

Many physical properties of crystals depend on their morphology. Several models exist
for predicting crystal morphology, but the most commonly used is the Bravais-Friedel-Donnay-
Harker (BFDH) model, because of the easier approach used to predict the morphology
compared to other models. This model uses an inversely proportional relationship between
interplanar spacing and growth rate, but does not take into account kinetic factors and the role

of solvent or additives on the crystal growth.”! Since it can be assumed that if there are regions
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in the structure where intermolecular interactions are not satisfied based on the FIM, then
additional interactions provided by the additives may stabilize the polymorph. However, such
an effect can only occur on the crystal surface, hence it is beneficial to use FIMs projected onto
the BFDH morphology. Despite the overall inaccuracy of the BFDH model, FIM analysis
combined with BFDH morphology can predict potential adsorption sites for additive

molecules.®®

1.4. The studied compounds

In this study three model substances were investigated: 2,6-dimethoxybenzoic acid
(2,6MeOBA), 2,6-dimethoxyphenylboronic acid (MPBA) and isonicotinamide (INA) (see

Figure 1.3.).
2,6MeOBA MPBA

O~ \H
B NA
/ \ ~ \@/ N O
syn syn-anti
/O \B/ \H
ENP U N
anti anti

Figure 1.3. Structural formulas and conformations of the model substances used in the study.

For all three model substances, crystal structures of at least two polymorphs in which
different supramolecular synthons are found (dimers and chains, see Figure 1.4. for schematic
differences between these synthons) have been published in CSD. The existence of polymorphs
containing different supramolecular synthons was used as a criteria for the choice of the model
substances because the polymorphs containing different molecular synthons were expected to
be more easily controllable by the additives assuming the importance of intermolecular

interactions in the control mechanism.
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Figure 1.4. Schematic representation of dimer and chain synthons observed in the crystal

structures of all model substances. A — hydrogen bond acceptor; D — hydrogen bond donor.

2,6MeOBA is reported to crystallize in three polymorphs.?®*’>7* Form 1 is
the thermodynamically stable polymorph.?®’™ It contains 2,6MeOBA molecules in the anti-
planar conformation linked by hydrogen-bonded chains forming catemer.’>’> Form Il and Form
IIT contain 2,6MeOBA molecules in a syn-planar conformation that forms carboxylic acid
homodimers.?®’>’* Besides, phenylboronic acid was successfully used as an additive to
crystallize the form II in one of the previous studies.”

MPBA has two known polymorphs.”® Form I is the thermodynamically stable polymorph.
Form I contains typical hydrogen bonded homodimers of boronic acid that adopts syn-anti-
conformation, whereas Form II contains an unusual hydrogen-bonded boronic acid synthon
formed by three molecules.

INA is reported to crystallize in six polymorphs,””®" two monohydrates®' and few

2 and propionic® acid as well as formamide®® solvates. Form I

solvates: acetic,”® formic,®
contains amide homodimers arranged in isolated corrugated sheets.”® In contrast, all the other
INA polymorphs contain hydrogen bonded chains formed by amide functionals and by amide
and pyridine moieties.””*® Form I has been shown to be the stable polymorph in ambient
conditions.”””® Although crystallization of INA in presence of additives and templates has been

43,79,80

studied previously, selective and repeatable crystallization was not achieved for any of

the polymorphs
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2. EXPERIMENTAL SECTION

Solid phase characterization and structure determination

Routine solid phase identification was performed on a Bruker D8 Advance powder X-ray
diffractometer (PXRD) using copper radiation (Cu K), equipped with a LynxEye position
sensitive detector. The patterns were recorded from 3° to 35° on the 20 scale using the scan
speed of 0.2s/0.02°. To prevent the desolvation of INA solvates, during the analysis
the samples were covered with a 10 um polyethylene film. Quantification of polymorphic forms
was performed with Rietveld refinement using Profex 4.3.6.

The PXRD patterns for crystal structure determination were measured on a Bruker D8
Discover diffractometer using copper radiation (Cu K), equipped with a LynxEye position
sensitive detector in transmission mode. Samples were sealed in rotating (60 rpm) borosilicate
glass capillaries of 0.5 mm outer diameter (Hilgenberg glass No. 10), and a capillary sample
stage with upper and lower knife edges were used. The diffraction patterns were collected using
36 s /0.01° scanning speed from 3° to 70° on the 20 scale. Indexing, space group determination,
and structure solution from PXRD data were performed using EXPO2014. ™ best structure
solution was then used for Rietveld refinement using TOPASS.

Single crystals for structure determination were investigated on a Rigaku XtalLAB
Synergy-S dualflex diffractometer (SCXRD) equipped with HyPix6000 detector and
a microfocus sealed X-ray tube with copper radiation (Cu Kg). Single crystals were fixed with
oil in a nylon loop of a magnetic CryoCap and set on a goniometer head. The structures were
solved with the Shel/XT program using Intrinsic Phasing and refined with the full-matrix least-
squares method using SHELXL. (Latvian Institute of Organic Synthesis, Riga, Latvia)

The differential scanning calorimetry / thermogravimetry (DSC/TG) analysis to
characterize the solid phases and to determine the stoichiometry of the solvent present in
the solvates were performed with a Mettler Toledo TGA/DSC2 instrument. The heating of

1

the samples from 25 to 200 °C was carried out at a heating rate of 10 °C min " in nitrogen

atmosphere. DSC analysis was performed using a TA Instruments DSC 25 calorimeter.
The heating of the samples from 25 to 200 °C was carried out at a heating rate of 10 °C-min"!

or 2 °C-min""! in nitrogen atmosphere.

Selection of solvent and crystallization additives

Common organic solvents chosen from different solvent classes were selected for
the cooling and evaporation crystallization of model substances. Additionally, alkyl carboxylic
acids and few other uncommon solvents were selected for solid phase screening of INA because

INA is reported to form acetic acid solvate (Saa) and propionic acid disolvate (Sapa). After
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evaluation of the crystallization result few solvents were selected for further investigation of
the effect of supersaturation and cooling rate on the crystallization outcome. They selection was
based on the following criteria:

e model substance solubility is between 5 and 50 mg mL';

e for 2,6MeOBA: it is possible to obtain the desired metastable polymorph in

a mixture with the stable polymorph;

e for MPBA: only the stable polymorph could be obtained;

e for INA: a mixture of several polymorphs could be obtained.

Then, in limited number of solvents, the effect of different crystallization additives on
the polymorphic outcome was determined. Surfactants, polymers, and different molecular
compounds with diverse possibilities to form intermolecular interactions were selected as
additives. From all the tested additive, few additives showing the highest ability to promote
the crystallization of the metastable polymorph (for 2,6MeOBA and MPBA) or preventing
the concomitant crystallization and promoting the crystallization of metastable polymorph (for

INA) were selected for extensive studies.

Crystallization experiments

Crystallization and solvent mediated phase transformation (SMPT) experiments under
controlled conditions as well as solubility determination was carried out using the automatic
crystallization equipment Technobis Crystall6. The temperature range from 5 to 100°C,
heating and cooling rate from 0.1 to 20 °C min’!, and stirring speed from 0 to 1250 rpm was

used.

Theoretical calculations

ConQuest 2022.2.0 was used to perform crystal structure searches in the CSD (CSD version
5.43). Quantum Espresso 6.4.1 was used for the optimization of the crystal structure geometries,
while the molecular geometry optimization was performed with Gaussian09 Revision D.01.
The ISOCIF tool (version 3.1.0) was used to search for the highest symmetry of the geometry
optimized crystal structures. Lattice energy calculation and construction of Hirshfeld surfaces and
their 3D fingerprint plots were done using CrystalExplorer21. Mercury2020.3.0 was used for
hydrogen bond identification and simulation of full interaction maps (FIM) and crystal
morphologies by Bravais—Friedel-Donnay—Harker (BFDH) method. Molecular packaging of
polymorphs was compared with CrystalCMP using crystal structures from the CSD database.
The obtained solubility temperature dependence was described with the van't Hoff equation using

the linear regression implemented in the Microsoft Excel Linest function.
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3. RESULTS AND DISCUSSION

3.1.  Crystallization from pure solvents

Initially for all the model substances it is necessary to determine which polymorphs can
be obtained using different crystallization techniques and different solvents selected for
the study. Therefore, each model substance underwent an extensive polymorph screening from
a large range of solvents using cooling and evaporation crystallization methods under different
temperatures. The list of used solvents for each model substance varies depending on
the previously obtained phases, solubility, and availability in the laboratory.

In most of the performed 2,6MeOBA cooling crystallization experiments Form I was
obtained, although impurity of Form III was sometimes present (see Table 3.1.). In
the evaporation crystallization experiments the polymorph obtained correlated with
the temperature: at lower temperature (5 °C) in most of the experiments Form I was obtained,
frequently with some impurities of Form III. However, at higher temperature (50 °C) Form III
with impurity of Form I was obtained.

In contrast, in almost all MPBA crystallization experiments, particularly from aprotic
solvents, pure Form I was obtained (see Table 3.1.). However, from polar protic solvent
(isopropanol (IPA), methanol, and isobutanol) it was possible to obtain the metastable MPBA
Form II. Besides the already known polymorphs, a new MPBA polymorph, designated as Form
111, was obtained. Form III crystallized together with Form II in evaporation crystallization from
isopropanol and heptanol. Unfortunately, the attempts to determine the crystal structure of
Form III were unsuccessful, as crystals suitable for SCXRD analysis were not obtained and
the bulk sample contained an impurity of Form II (see Figure 3.1.).

Crystallization results of INA were completely different from the other two model
substances (see Table 3.1.). In most of the conditions several INA polymorphs were present in
the obtained crystallization products which agrees with the results from other studies.?*%
Usually, Forms II and VI or Forms II and IV crystallized together, but from some solvents
a mixture of all these three forms was obtained. Moreover, despite Form I is determined to be

the stable polymorph,’”-7%%3

it was rarely obtained in the crystallization, whereas Form II,
the high temperature polymorph, was the most frequently obtained crystallization product. In
crystallization from acetic acid (AA) and formamide (FAM) the already known INA

solvates?®84

were obtained. Additionally, crystallization products with distinct and from
the known INA polymorphs or solvates differing PXRD patterns (see Figure 3.1.) were
obtained in cooling crystallization from formic acid (FA), propionic acid (PA), butyric acid

(BA), and 2,2,2-trifluoroethanol (TFE). The new crystalline forms obtained were analyzed by
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DSC/TG and their structures were determined. The obtained results show that these forms are

INA solvates (see section 3.2.). In Table 3.1. for all the model substances the newly obtained

crystalline forms are market with an asterisk.
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Figure 3.1. Experimental and from crystal structures simulated PXRD patterns of
MPBA polymorphs and INA solvates. For MPBA the Form II impurity in the Form III

sample is marked with red asterisks.

For more detailed investigation of the effect of cooling rate on the crystallization
polymorphic outcome the below mentioned solvents were selected:
e water (for 2,6MeOBA);
e toluene (for MPBA);

e [PA, 1,4-dioxane, nitromethane, and acetone (for INA).
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Repeated crystallizations of 2,6MeOBA from pure water with immediate filtration and
analysis of the obtained crystals showed that a mixture of Forms I and III is obtained in
the crystallization, followed by a SMPT to Form I if the crystallization product is kept in
a suspension. Therefore, only Form I was observed in the above-described crystallization
experiments. Mixture of all three polymorphs was obtained in crystallization from a highly
concentrated pure water solution with the fastest cooling rate (see Figure 3.2.), while in all four
experiments using the lowest cooling rate Form III was obtained, even though at a slower
cooling rate the formation of the thermodynamically stable Form I was expected. The phase
transition to Form I was prevented as the crystals formed near the water surface and formed
large agglomerates. In contrast, in crystallization of MPBA from toluene the cooling rate did
not affect the polymorphic outcome, and Form I was always obtained in the crystallization.

Different polymorphic outcomes were observed in crystallization of INA using different
cooling rates. Pure Form III was obtained from 1,4-dioxane using the fastest cooling rate, but
the decrease of the cooling rate facilitated formation of the more stable Forms II and VI.%
Mixtures of different polymorphs containing Form III were obtained from IPA using the fastest
cooling rates, but using lower cooling rates more stable forms were obtained. In contrast, Form
IIT did not crystallize from nitromethane or acetone.

Overall, except for the MPBA, the obtained results agree with the Ostwald’s rule of
stages,’¢ as instead of the nucleation of the most stable form the polymorph corresponding to

the closest energy nucleates.

2,6MecOBA  MPBA INA INA INA INA
water toluene 1,4-dioxane  IPA  nitromethane  acetone
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Figure 3.2. Summary of polymorphs obtained using different cooling rates and a stirring rate of

900 RPM. Each Y of the pie chart represents one of the parallel experiments.
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3.2. Diversity and similarity in isonicotinamide solvates

Four new INA solvates were obtained as part of this study: PA monosolvate (Smpa), BA
monosolvate (Smea) and disolvate (Sga), and TFE solvate (Stre). In addition, the already
known FA solvate (Sra),** FAM solvate (Sram), AA solvate (Saa) and PA disolvate (Sdpa) were
obtained and analysed. The crystal structure of Ska was also determined, as it is not deposited
in the CSD.Click or tap here to enter text. Upon storage at ambient temperature all the solvates
desolvate by forming a mixture of INA Forms II, IV and VI. All the INA solvates crystallize

either in monoclinic or triclinic crystal system (see Table 3.2.)

Table 3.2.
Crystallographic data of INA solvates determined in this study.
Sra Smpa Smpa Sdpa StrE
CSD identifier 2236716 2236717 2236718 2302845 2237737
Formula CsHsN,O- CeHeN2O- CsHsN,O- CsHsN2O- CsHsN2O-
CH»0, C3HsO2 C4H;30, 2C4H30, CoH3F;0
Method Of, Powder Powder Powder Single crystal Single
structure solution crystal
Space group P2,/c P1 C2/c P1 P2/c
a, A 3.8177(16) 5.88988 21.806(15) 5.24839(10) 15.2031(9)
b, A 27.480(11) 9.685489 10.505(7) 9.28144(13) 5.3244(12)
¢, A 7.565(3) 10.19433 11.190(8) 16.3015(3)  11.7225(7)
a, deg 90 112.4861 90 89.7515(12) 90
B, deg 95.1158(12) 93.0070 114.2902(17)  89.8978(14)  91.303(6)
vy, deg 90 105.726 90 80.7138(14) 90

In INA solvates two distinct types of hydrogen bonding motifs are observed, which can
further be divided into five subtypes based on additional hydrogen bonding and relative
arrangement of the hydrogen bonded units. The first hydrogen bonding motif contains typical
INA R2(8) homodimers (see Figure 3.4.), therefore, resulting in hydrogen bonded tetramers
acid-- INA dimer--acid. Isolated hydrogen bonded tetramers, as observed in Smpa, is classified
here as hydrogen bonding type A1. In other structures, however, the hydrogen bonded tetramers
solvent---INA dimer---solvent are additionally linked to other tetramers by hydrogen bonds.
The resulting hydrogen bonding is classified as type A2 if the linked tetramers lay in the same
plane, as observed in Sra and Saa, or as type A3 if the linked tetramers are lying perpendicularly
to each other by creating a packaging with adjacent molecule planes arranged perpendicular to
each other, as observed in Smpa and also Stre. In type A2 (Ska and Saa) the tetramers are
essentially parallel to each other and form tetramer layers. Moreover, because of the different
relative arrangement of INA molecules and acid molecules in the tetramers

FA--INA dimer-FA fragments are linked by CZ(11) chains and forms R¢(26) rings, whereas
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AA--INA dimer--AA fragments by C3(13) chains and forms R} (22) rings. In Strr and Smpa
(belonging to type A3) each tetramer is bonded to almost perpendicularly arranged adjacent
tetramers.

The second motif type B is substantially different as INA homodimers R%(8) are not
employed (see Figure 3.4.). In both subtypes of B INA forms RZ(8) heterodimers with
the carboxylic acid (see Figure 3.4.), and this dimer is linked to another carboxylic acid by
a hydrogen bond resulting in a trimer acid--INA:acid. In hydrogen bonding type B1 (Sasa)
the solvent---INA:solvent trimer is linked with hydrogen bonds to an adjacent trimer related by
the symmetry centre and forms Rj(22) rings. In type B2, however, trimers are hydrogen
bonded to two other perpendicularly aligned trimers as observed in Sqpa, thereby, resulting in

similar packing to that observed in the structures containing type A3 motif.
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Figure 3.4. Hydrogen bonding type A and type B as observed in INA solvates.
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The hydrogen bonding in Srawm is different from that in other INA solvates and, therefore,
does not correspond to the described hydrogen bonding types (see Figure 3.5.). In this structure
two different R7(8) homodimers are formed by INA and FAM, and these homodimers are
linked to each other by hydrogen bonds. This results in a packing where FAM homodimers

connect the layer of the INA molecules.

’9&/ et
7 e

R3(8) INA homodimers R3(8) FAM homodimers
Hydrogen bond

Figure 3.5. Hydrogen bonding in Sram.

In summary, all of these solvates have similar hydrogen bond patterns. Extension of
the set of the analysed structures by including also INA co-crystals (see the results and detailed
discussion in publication IV) allowed to conclude that almost all INA alkyl carboxylic acid
solvates and co-crystals crystallize in structures with highly similar hydrogen bond patterns,
which in general could allow prediction of intermolecular interactions and molecular packaging

for new solvates/co-crystals with structurally similar solvents/co-formers.

3.3. Polymorphic outcome in presence of crystallization additives

The polymorphic outcome of crystallization in the presence of additives is affected by
complex and not fully understood interactions between the compound being crystallized,
the solvent, and the additives, as well as by the crystallization conditions (e.g., supersaturation,
cooling and stirring rate). The polymorphic outcome can be altered by changes in any of these
aspects. In this study, crystallization in the presence of additives was investigated by changing
the crystallization conditions to better understand the role of the additives on the crystallization
polymorphic outcome.

This part of the research was a continuation of the previously described experiments
aimed at identifying which additives would allow crystallization of the metastable forms.
Therefore, for each model substance at least two solvents selected based on the preliminary
crystallization experiments and more than 10 additives with different intermolecular interaction

possibilities were tested (see Table 3.3.).

73



Table 3.3.

Summary of the crystallization additives and solvents used for each of the model substances.

2,6MeOBA MPBA INA

Additi 1.4-
fve THF acetonitrile water toluene water o IPA
dioxane

v v v J
Y ¢ X

Polyethylene glycol (PEG) 6000 N N N

Hydroxypropyl cellulose (HPC) \

MPBA v

Octyl B-D-glucopyranoside N N N
(OGP)

Polysorbate 80 (Poly80) S \
Sorbitan laurate (Span 20); N N N
Polysorbate 20 (Tween 20)

4-Carboxyphenylboronic acid N N
(4CPBA)
2-Picolinic acid (2PA) \
Naphthalene-1,5-diol (ND)

Benzene-1,2,3-triol (Btriol) \
Pholoroglucinol (PhGlu);
Nicotinic acid (NA);
5-Hydroxy-2-nitrobenzoic acid
(SOH2NBA).
Polycaprolactone

2 2 =2 <2
< 2 2 2 <

<
2

<2 2
< 2

Polyvinyl chloride
Bis(2-hydroxyethyl)amino- N N
tris(hydroxymethyl)methane
trans-Stilbene \
Poly(tetrahydrofuran), N
Polypropylene glycol

<2 2 2 2 =2

4-lodinephenylboronic acid;
Glycine; NH4Cl,
Poly(acrylic acid); \ \
Poly(acrylic amide);
Sodium carboxymethyl cellulose
Cellulose acetate \

< 2

Poly(methyl methacrylate) V
2,6MeOBA, N N
Phenylboronic acid
PEG 200; Polyurethane; N N
1,3-Diphenylurea
Hydroxypropylmethyl cellulose; N
Microcrystalline cellulose
PEG 600; Salicylic acid,;
Polyethene; Polystyrene \
2-Hydroxyphenylboronic acid;
Lactose \
2-Amino-2-(hydroxymethyl) N
propane-1,3-diol

The additives and solvents chosen for more extensive research along with the resulting effect
on the polymorphic outcomes are summarized in Table 3.4., and the molecular structures of

the selected additives for each model substance are shown in Figure 3.6.
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Table 3.4.
The additives, solvents and crystallization methods chosen for more extensive research along

with the resulting effect on the polymorphic outcome.

2,6MeOBA MPBA INA
Solvent water toluene IPA 1,4-dioxane nitromethane acetone
Method cooling evaporation cooling
4CPBA
OGP, 2PA N]S
PE Pol ’ ’
Additives G 6000, oly80, Btriol, 4CPBA, 2PA, ND
HPC, MPBA Span 20,
Tween 20 PhGlu, NA,
wee 50H2NBA
. tForm III;
Polymorphic
F -
outcome tForm III Form II TForm III lpo?ymorph
mixtures

HO\B /OH RO
o OTR 0\[/\/\/\/\/\/ HO
NN
M o < O_ O
3 O OR as)
§ OR A, HOw T OH
S MPBA RO . S g o
N R~ OH
H{/OV+O/H R=Tior OH
n CH;s Span 20 OGP
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X
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OH OH

<
=

o
: o
e
o
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o
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HO OH
~p~
HO O HO O
O»N
= N 7 | 2
AN N
HO (6]
2PA NA

4CPBA

SOH2NBA ND PhGlu BTriol

Figure 3.6. Molecular structures of the selected additives for crystallization of the model
substances.
Detailed crystallization experiments performed in the presence of additives were selected
based on the results obtained and therefore were different for each of the model substances:
e crystallization using various cooling speed (2,6MeOBA, INA);
e crystallization using various additive quantity (2,6MeOBA);
e use of various crystallization techniques and solvents (MPBA);

e crystallization using various stirring (agitation) rates (INA).
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3.3.1. Polymorphic outcome of crystallization of 2,6-dimethoxybenzoic acid

In most of the crystallizations by using PEG and MPBA (see Figure 3.7.) as additives,
a mixture of Forms I and III was obtained. In contrast, pure Form III was the most frequent
crystallization product by using HPC as an additive at both additive concentrations.
The formation of Form III was facilitated by the fastest cooling rates. Interestingly, at
the slowest cooling rate, additives promoted crystallization of Form I. Use of 0.5% HPC
suspension and 2,6MeOBA solution with lower concentration (supersaturation is designed as
c/c*, where c is the initial concentration and c* is the solubility at 25 °C) promoted
crystallization of Form III more clearly if compared to the crystallization experiments using
0.1% HPC solution and a higher concentration of 2,6MeOBA. It is possible that under
the former conditions more HPC molecules could interact with 2,6MeOBA in heterogeneous
crystallization and stabilize the syn conformation during nucleation, which in general is similar

to the findings of Lin et al.’’

Also PEG has the potential to control the crystallization outcome,
if a highly concentrated solution is crystallized using a moderately slow cooling rate. In general,
however, the tested additives do not provide fully selective crystallization. Crystallizations in
the presence of PEG with a cooling rate of 20 and 1 °C-min' and in the presence of HPC with
20 and 10 °C-min ! were selected for further studies to test the effect of the amount of additive
on the crystallization outcome.

c/c* =9

K\/\—/—ﬁ c/c* =17
A C D

E
Y EE X
Q@ @ O @
-~ QO O O @
T EEX
® o © rorms1+ 10 O FormsI i
. Form 11 . Forms II + 11 . Forms I + I1 +1III

Figure 3.7. Polymorphic outcome of the 2,6 MeOBA crystallization experiments from water
using different additives and cooling rates. Each Y4 of the pie chart represents one of the parallel

experiments.
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In most of the crystallizations using both additives and the fastest cooling rate Form III
was obtained (see Figure 3.8.). Again, the presence of additives did not provide selective
crystallization of one of the polymorphs. Nevertheless, concomitant crystallization of both
polymorphs was less frequent in the presence of HPC than in the presence of PEG. No clear
correlation between the amount of additive selected and the crystallization outcome was

observed.

ES

0.7

=

PEG Blank 0.5 1% 1.5% 2%

XXX,
T R X XXX
HPC

I XXX X.
T EEXEKEK

. Form I . Form III . Forms I + 111

Figure 3.8. Polymorphic outcome of the 2,6 MeOBA crystallization experiments from water
in the presence of different quantities of additives. Each % of the pie chart represents one of

the parallel experiments.
3.3.2. Polymorphic outcome of crystallization of 2,6-dimethoxyphenylboronic acid

In the cooling crystallization with the selected additives almost exclusively Form I was
obtained (see Figure 3.9.). In contrast, Form II, Form III, or their mixture was obtained in
evaporation crystallization in the presence of Span 20, Tween 20, and OGP. Moreover,
the presence of Span 20 and OGP stabilized Form 11, as in the presence of these two surfactants
it was stable for up to one month. However, evaporation with stirring prevented crystallization
of the metastable forms. Among the tested, the best conditions for obtaining the metastable
forms were solvent evaporation at 50 °C without stirring. Under these conditions, the presence
of Span 20 and OGP in the initial solution resulted in crystallization actually occurring from
a MPBA solution in the surfactant after the evaporation of the initial solvent when the obtained
mixture was cooled to room temperature. The crystals obtained in this procedure were very

small, and pure polymorph III crystallized in the presence of Span 20 and OGP.
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Figure 3.9. Polymorphic outcome in MPBA crystallization from toluene in the presence of
surfactants using different crystallization methods. Each ' of the circle represents one of

the parallel experiments.

MPBA-Span 20 solution was also obtained using other solvents to determine whether
the initial solvent has a role on the polymorph obtained if the crystallization is performed in this
way. Pure Form II was obtained in all 15 experiments performed using acetone, IPA, THF,
acetonitrile and toluene. Therefore, the formation of Form II under these conditions is purely

determined by the Span 20.
3.3.3. Polymorphic outcome of crystallization of isonicotinamide

Almost all the selected additives facilitated the crystallization of Form III from IPA and
1,4-dioxane when the faster cooling rates were used (see Figure 3.10.). 2PA showed the highest
ability to provide crystallization of Form III from IPA, as Form III was obtained even using
the cooling rate of 1 °C min™!, at which in presence of other additives mostly mixtures of Forms
II, IV and VI were obtained. ND showed the best ability to maintain Form III even in slow
cooling rates from 1,4-dioxane. 4CPBA facilitated the nucleation of Form I from this solvent.
Note that in the crystallization from pure 1,4-dioxane only other polymorphs were obtained in
this and previous studies.”®®> The most selective additives were also tested in acetone and
nitromethane, from which crystallization of Form III was not observed in the previous
experiments. 2PA and 4CPBA provided crystallization control also in these solvents: 4CPBA
facilitated the crystallization of Form III, but 2PA — Form I. In presence of 2PA at the fastest
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cooling rate crystallization of Form III was facilitated, but at slower cooling rates pure Form |
was mostly obtained. Overall, the results indicate that obtaining pure stable polymorph, Form
I, in a direct crystallization is relatively challenging. In presence of all three tested additives
formation of pure Form III was facilitated from nitromethane using the fastest cooling rates,
whereas ND provided formation of pure Form III using all four cooling rates.

IPA 1,4-Dioxane Nitromethane Acetone

20 °C min-!

. 10 °C min-!
. 1 °C min-!
. 0.1 °C min-!
. 20 °C min"!
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v @ @ @
@ @ @ @
WYY X
Form |
‘ . . :F(’”“” @ Forms 11 +1V or VI
NA p< lf’rm 111 @ FormsIand Il +IL, IV or VI
orm @ Forms I + 1L, IV or VI
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Figure 3.10. Summary of INA polymorphs obtained in crystallization in presence of selected
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additives using different cooling rates. Each Y of the pie chart represents one of the parallel

experiments.

The effect of the stirring rate on the crystallization polymorphic outcome was also tested.
It was observed that the use of fast cooling rate and slow stirring rate or even crystallization
without stirring facilitated formation of Form I from IPA (see Figure 3.11.). The crystallization
of Form III, however, was facilitated by the presence of the tested additives and use of faster
cooling rate. The crystallization polymorphic outcome control by the tested additives was more
feasible in 1,4-dioxane, particularly using stirring. The presence of any of the additives
provided formation of the mixture of Forms I and III when fast cooling rate and no stirring was
used. The most selective crystallization of Form III was achieved in presence of ND using
the slow cooling rate, and stirring rate did not affect this. The experiments using slowest cooling
rates, in which the suspension obtained after the crystallization was stirred for longer time until
the set end temperature of 10 °C was reached, resulted in formation of more stable polymorphs
(Forms II, IV or VI¥) compared to Form III. Therefore, using the cooling rate of 1 °C min’!

almost none of the additives were able to provide crystallization of Form III or Form I.
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Figure 3.11. Summary of INA polymorphs obtained in crystallization in presence of selected
additives using two selected cooling rates and different stirring rates. Each Y of the pie chart

represents one of the parallel experiments.

3.4. Possible effects of crystallization additives on nucleation and
crystal growth

The results presented in Section 3.3. clearly show that additives can facilitate

crystallization of the metastable forms, but the exact mechanisms of how the additives provide

the control of crystallization polymorphic outcome are unknown. In this study different

approaches were used to gain an insight into the factors determining the polymorphic outcome
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of all three model substances. These approaches included use of experimental data and
theoretical calculations, such as:
e cexamination of the change of solubility (for 2,6MeOBA);
e cxamination of effect on the SMPT (for 2,6MeOBA, INA);
e comparison of crystal structure characteristics, such as lattice energy, Hirshfeld
surfaces and their 2D fingerprint plots, FIMs and BFDH morphologies (for
MPBA, INA).

The effect of additives on the solubility was investigated only for 2,6MeOBA, as for
the other substances pure polymorphs could not be obtained in crystallization in the absence of
additives. As calculations of lattice energy and analysis of Hirshfeld surfaces and their 2D
fingerprint plots for 2,6MeOBA have already been published’* they were not repeated as part
of this study. Theoretical calculations were performed only for INA polymorphs obtained in

the crystallization experiments, therefore, Form V was not analysed.

3.4.1. Solubility study

The most stable form has the lowest solubility, but additives in the solution can affect
the solubility, therefore, increasing the likelihood of the crystallization of metastable form. For
example, additives have been demonstrated to decrease the solubility but increase the crystal
nucleation and growth rates of p-methylacetanilide.®® The solubility of Form I is almost
unaffected by the use of 1% PEG solution (see Figure 3.12.). At temperatures up to 30 °C,
the solubility is almost identical to that in pure water, but at higher temperatures, the solubility
slightly decreased. In contrast, the solubility of Form III in the presence of PEG increases
slightly at temperatures up to 35 °C, but the solubility at higher temperatures is lower than in
the pure solvent. The highly similar solubility of both forms can explain the nearly always
observed concomitant crystallization in the presence of this additive, as observed in
the crystallization experiments described in Section 3.3.1. The thermodynamic equilibrium

point in 1% PEG solution was determined to be 8 °C lower than that in pure water (79 °C).
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Figure 3.12. The solubility curves of 2,6MeOBA polymorphs I and III in pure water and 1%
PEG aqueous solution. A — exponential graph; B — linear graph. Brown solid line — Form I in
pure water; Green dashed line — Form I in 1% PEG solution; Magenta solid line — Form III in
pure water; Orange dashed line — Form IIl in a 1% PEG solution. Triangles and squares

represent the experimental data.
3.4.2. Solvent mediated phase transition study

Measurements of 2,6MeOBA SMPT kinetics show that the transformation rate in
the slurry-bridging experiments is very fast (see Figure 3.13.). From a mixture of both
polymorphs pure Form I was obtained in less than 15 min in the tested solvents and 1% PEG
aqueous solution, but use of 0.1% HPC aqueous solution decelerated the SMPT to Form 1.
A complete transformation of pure Form III to pure Form I in water was slower. The time of
SMPT from pure Form III in 1% PEG solution is longer than from the mixture of both
polymorphs, but the use of 0.1% HPC solution inhibited the SMPT of pure Form III to Form L.

SMPT was not detected even in a sample slurred for 24 h.
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Figure 3.13. Polymorphic composition of the solid phase after selected times during SMPT
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kinetic experiments at 25 °C.

Crystallization outcome of INA in the presence of crystallization additives (see Section
3.3.3.) in general suggest a possibility that Form III nucleates first and then by stirring
the suspension transforms into other more stable forms via SMPT. The results of SMPT
experiments (see Figure 3.14.) showed that the crystal form obtained in presence of all
the tested additives did not change notably within 30 minutes after the nucleation, which is in
agreement with SMPT seeding experiment by Kulkarni et al.¥® Therefore, the various
polymorphic outcome using different stirring rate is not because of an SMPT but instead
because of the distinct ability of additives to affect the crystallization outcome. When higher
cooling rates are used, the nucleation occurs at lower temperature and therefore at higher
supersaturation, whereas, when slower cooling rates are used, the nucleation occurs at higher
temperatures and therefore lower supersaturation. Additives decreased the nucleation
temperature by increasing the supersaturation, and this, in fact, might be one of the potential

effects of additives which could alter the obtained crystallization products.
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Figure 3.14. Summary of INA polymorphs obtained in crystallization in presence of selected
additives using 1 °C min cooling rate and different time when crystals were collected after

the nucleation. Each Y of the pie chart represents one of the parallel experiments.
3.4.3. Crystallographic characterization

The anti conformer of MPBA with two intramolecular hydrogen bonds between boronic
acid hydroxyl groups and methoxy groups was found to be the global energy minimum
conformation. Analysis of INA molecular conformation showed that in the most stable
conformation the benzene ring and the amide group are twisted and the torsion angle between
them is 21.9°.

For the calculation of intermolecular energy, the crystal structure of MPBA Form I in
the monoclinic Pc space group without disorder in the dimers formed by the
syn-anti-conformers was used. The lattice energy of both polymorphs is almost identical (see
Table 3.5.). Although the calculated relative energy contradicts Form I being determined as
the thermodynamically stable polymorph, the possibility for different hydrogen atom
arrangement in dimers could provide an entropy increase, resulting in lowering of the free
energy of Form 1. For INA, the lowest lattice energy is calculated for Form I, with the lattice
energy of the Form II being the second lowest of the lattice energy values. All the other
polymorphs have almost identical lattice energy. The very close lattice energy values agree with
the observed concomitant crystallization of the polymorphs. Calculated energy differences of
polymorphs for both substances corresponds to the typical energy difference (<5 kJ-mol ') of

organic polymorphs.5+¢°
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Table 3.5.

Selected crystallographic and intramolecular, intermolecular and lattice energy data of MPBA

and INA polymorphs.
Model 5 Eimra, Einter, Elattice,
substance Polymorph — CSD Refcode 21z kJ mol! kJ mol! kJ mol!
T o
MPBA Form I P (P4n2); 15.2 -144.4 -129.2
4/2 (Pc)
structure)
Form II UJACIT 12/1.5 6.0 -135.9 -129.8
Form I EHOWIHO1 4/1 0.46 -124.7 -124.3
Form II EHOWIHO02 8/2 0.05 -122.2 -122.2
INA Form III EHOWIHO03 8/1 0.51 -120.6 -120.1
Form IV EHOWIHO04 6/3 0.12 -119.8 -119.7
Form VI EHOWIHO06 8/2 0.04 -121.4 -121.4

The pronounced differences in the hydrogen bonding in both MPBA polymorphs result in
high differences in the lattice energy component contributions and energy frameworks of both
forms. The electrostatic energy in Form I is the dominant component of the lattice energy, which
can be associated with the extensive strong hydrogen bond network in this structure. In contrast,
the electrostatic energy and dispersion energy in Form II have a very similar contribution in
the lattice energy, because of a much smaller amount of intermolecular hydrogen bonds and
higher importance of the aromatic interactions, including n-w stacking. To sum up, despite overall
more efficient dispersion interactions in Form II, the notably stronger hydrogen bonds in Form I
are the reason for the higher intermolecular energy of this form, which could also explain its
higher stability. The ability of hydrogen bonding to provide stabilization of the crystal structure

9991 and ritonavir.”? As expected, based on

has been shown before, e.g., in studies of proteins
the highly similar intramolecular interactions and molecular packing, all INA polymorphs, except
for Form I, have almost identical layout of energy frameworks. The main interactions stabilizing
the crystal structure of all forms are dominated by electrostatic energy components, and
the dispersion energy components are notably weaker than the electrostatic energy components.
The most notable of electrostatic energy dominated interactions in Form I are interactions
between molecules forming hydrogen bonded dimers. In contrast, the most notable interactions
dominated by electrostatic energy in all the other INA polymorphs are among molecules forming
hydrogen bonded INA molecule chains in two spatial directions and, therefore, forming hydrogen
bonded INA molecule layers. The interactions having the most negative dispersion energy in
Forms I and III are between the same molecules as those also have the most negative electrostatic
energy. In contrast, in Form II, IV and VI these are aromatic and n-m interactions between

oppositely oriented molecules from adjacent INA molecule layer and interactions with molecules

hydrogen bonded to the mentioned molecules from adjacent layers.
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Differences in the intermolecular interactions of both MPBA forms and similarity of INA
Forms II, IV and VI can also clearly be seen on the Hirshfeld surfaces and in the analysis of their
2D fingerprint plots, but notable differences were observed in INA Forms I and III (see Figure
3.15.). In MPBA Form I the hydrogen bonds forming the boronic acid dimers and chains, and
different H---C interactions are the main observable interactions. Both symmetrically independent
molecules of MPBA Form II have only one sharp peak corresponding to being a donor (molecule
A) or acceptor (molecule B) of the strong intermolecular hydrogen bond. Also, interactions
associated with n-w stacking are present for MPBA Form II molecule B. In the Hirshfeld surface
fingerprint plot of INA Form I there are two sharp peaks corresponding to interactions CO--HaN,
whereas for all the other forms these peaks are wider and each corresponds to two interactions:
Npyr-"H2N or CO--HaN. In the fingerprint plots of Forms II, IV and VI there is a distinct peak in
the middle of the plot corresponding to CH--HC interactions. Another difference between
the fingerprint plots of these three forms and Forms I and I1I is present in the region corresponding

to -7 interactions in the middle of the plot.
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Figure 3.15. Hirshfeld surfaces and their 2D fingerprinting plots of MPBA Forms I and II and INA

Forms I — III by providing the most characteristic intermolecular interactions observed in the plots.
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3.4.4. FIM and BFDH analysis

In the MPBA Form I formed by homodimers, most of the interaction preferences are
satisfied. In contrast, only half of the interaction preferences for hydrogen bonding are satisfied
in Form II. Therefore, the hydrogen bonding in MPBA Form II does not match the interaction
preferences as in the CSD, and the three unsatisfied hydrogen bond acceptors may be the reason
for the low stability of Form II and formation of this polymorph only under specific conditions.
FIM analysis for INA molecules were not performed, because in all polymorphs INA molecules
adopt essentially identical conformation and all the interactions are satisfied.

There are large differences between both MPBA polymorphs when FIMs on crystal facets
are compared (see Figure 3.16.). Form I crystals have a larger probability of being involved in
hydrophobic interactions and interact with hydrogen bond acceptors when compared to Form
II. The MPBA Form II crystal has a larger probability of interacting with hydrogen bond donors
on the largest facets when compared to Form 1. On these facets, the oxygen atoms of the boronic
acid groups in anti-planar conformation are forming hydrogen bonds and the facets are growing
by formation of trimers, so hydrogen bond acceptors are exposed and there is a great propensity
to interact with hydrogen bond donors by these facets. Therefore, surfactants can interact as
hydrogen bond donors with these facets more easily if compared to Form I, for which hydrogen
bond acceptor groups cover a smaller area. Span 20 and OGP both have hydrogen bond donor
groups that can interact with the boronic acid group of MPBA and stabilize Form II crystals.
Additionally, the hydrophobic site of the surfactants can decelerate phase transition by forming
micelles or hemispheres and therefore prevent the reorganization of molecules required for

the transformation of Form Il to Form 1.
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a axis view b axis view ¢ axis view

Figure 3.16. FIMs combined on the BFDH morphology of MPBA Form I and II. Regions of
hydrogen bond donor probability are shown in blue, hydrogen bond acceptors are shown in red,

and hydrophobic interactions are shown in green.

Because of the highly similar molecular packing also BFDH morphology and FIMs
plotted on the crystal faces of INA Forms II, IV and VI are very similar (see Figure 3.17.).
The largest crystal faces of these polymorphs are growing by attaching molecules linked by
different n-m and CH--'w interactions, whereas the smallest faster growing planes by attaching
molecules linked by hydrogen bonds. In contrast, for INA Forms I and III also on the largest
planes hydrogen bond acceptors and donors are exposed and therefore these are among
the interactions forming by growth of these faces. Face group {100} of Form I is growing by
formation of amide R28 homodimers, but plane groups {111} and {002} of Form III are
growing by continuation of CO~HN chains, therefore, hydrogen bond donors such as 2PA or
4CPBA can interact with this plane or facilitate growth of polymorph with such surface by
activating the growth site and facilitating growth of these polymorphs.
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Figure 3.17. FIMs combined on the BFDH morphology of INA Forms I-II1. Regions of hydrogen
bond donor probability are shown in blue, hydrogen bond acceptors are shown in red, and

hydrophobic interactions are shown in green.
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CONCLUSIONS

. In crystal structures of the four new (propionic acid, butyric acid mono- and disolvate,
trifluoroethanol) and four already known (formic acid, acetic acid, formamide and propionic
acid disolvate) isonicotinamide solvates similar hydrogen bond patterns are observed, and
in general this allow prediction of intermolecular interactions and molecular packaging for
new solvates/co-crystals with structurally similar solvents/co-formers.

. Polyethylene glycol and hydroxypropyl cellulose facilitate the crystallization of
2,6-dimethoxybenzoic acid Form III, but the effect is not selective since it can also
crystallise with impurity of Form I.

. Hydroxypropyl cellulose inhibits the solvent mediated phase transformation of Form III of
2,6-dimethoxybenzoic acid, which enables this form to crystallize more frequently.

. In the presence of sorbitan laurate (Span 20) and octyl 3-D-glucopyranoside it is possible
to crystallise 2,6-dimethoxyphenylboronic acid Form II. These crystallization additives
improve the stability of 2,6-dimethoxyphenylboronic acid Form II by stabilising it for up
to 1 month. It has been observed that in the presence of sorbitan laurate the solvent has no

effect on the polymorph obtained in the crystallization of 2,6-dimethoxyphenylboronic acid.
. Analysis of the morphology and full-interaction maps allowed to determine that
the additives can adsorb on the surface of the crystal planes {002} and {110} of
2,6-dimethoxyphenylboronic acid Form II, which is likely to prevent the phase transition to
Form I.

. Crystallization of isonicotinamide in the presence of naphthalene-1,5-diol facilitated
crystallization of Form III, while 2-picolinic acid facilitated crystallization of Form I. Most
of the additives used reduced the content of other polymorphic forms in the crystallization
products. By employing fast cooling rates (20 °C min™') additives allowed crystallization of
isonicotinamide Form III, but almost all the additives lost their ability to provide
crystallization control at low cooling rates (0.1 °C min™!).

. Isonicotinamide polymorphs crystallizing concomitantly (Forms II, IV and VI) exhibit
similar lattice energy and intermolecular interactions. Therefore, it is possible that
the energy barrier of the nucleation and crystal growth rate of these polymorphs are very
similar, while the presence of additives, by altering the crystallization conditions, may lead
to crystallization of structurally different forms.

. Analysis of the morphology and full-interaction maps allowed to identificate that
the additives can adsorb to the surface of the {100} crystal planes of isonicotinamide Form
I and the {111} and {002} crystal planes of Form III, which could involve activation of

these growth sites to crystallize Form I or III.

90



(1)

(2)

€)

(4)

)

(6)

(7)

(8)

)

(10)

(11)

(12)

(13)

(14)

IZMANTOTA LITERATURA / REFERENCES

Brog, J.-P.; Chanez, C.-L.; Crochet, A.; Fromm, K. M. Polymorphism, What It Is and
How to Identify It: A Systematic Review. RSC Adv 2013, 3 (38), 16905.

Council of Europe. Substances for Pharmaceutical Use. In European Pharmacopoeia,
Council of Europe: Strasbourg, 2023; Vol. 1, pp 949-951.

Tang, W.; Sima, A. D.; Gong, J.; Wang, J.; Li, T. Kinetic Difference between
Concomitant Polymorphism and Solvent-Mediated Phase Transformation: A Case of
Tolfenamic Acid. Cryst Growth Des 2020, 20 (3), 1779-1788.

Pudipeddi, M.; Serajuddin, A. T. M. Trends in Solubility of Polymorphs. J Pharm Sci
2005, 94 (5), 929-939.

Censi, R.; Martino, P. di. Polymorph Impact on the Bioavailability and Stability of
Poorly Soluble Drugs. Molecules 2015, 20, 18759-18776.

Bernstein, J.; Davey, R. J.; Henck, J.-O. Concomitant Polymorphs. Angewandte Chemie
1999, 38, 3440-3461.

Ce Nicoud, L.; Licordari, F.; Myerson, A. S. Estimation of the Solubility of Metastable
Polymorphs: A Critical Review. Cryst Growth Des 2018, 18 (11), 7228-7237.

Tandon, R.; Tandon, N.; Thapar, R. K. Patenting of Polymorphs. Pharm Pat Anal 2018,
7 (2), 59-63.

Hilfiker, R.; von Raumer, M. Polymorphism: In the Pharmaceutical Industry; Hilkifer,
R., von Raumer, M., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,
Germany, 2019.

Xu, S.; Cao, D.; Liu, Y.; Wang, Y. Role of Additives in Crystal Nucleation from
Solutions: A Review. Cryst Growth Des 2021, No. 3.

Yeh, K.-L.; Lee, H.-L.; Lee, T. Crystallization of Form II Paracetamol with
the Assistance of Carboxylic Acids toward Batch and Continuous Processes.
Pharmaceutics 2022, 14 (5), 1099.

Kulkarni, S. A.; McGarrity, E. S.; Meekes, H.; ter Horst, J. H. Isonicotinamide Self-
Association: The Link between Solvent and Polymorph Nucleation. Chemical
Communications 2012, 48 (41), 4983.

Berzins, A.; Semjonova, A.; Actin$, A.; Salvalaglio, M. Speciation of Substituted
Benzoic Acids in Solution: Evaluation of Spectroscopic and Computational Methods for
the Identification of Associates and Their Role in Crystallization. Cryst Growth Des
2021, 21 (9), 4823-4836.

Tulli, L. G.; Moridi, N.; Wang, W.; Helttunen, K.; Neuburger, M.; Vaknin, D.; Meier,
W.; Shahgaldian, P. Polymorphism Control of an Active Pharmaceutical Ingredient

91



(15)

(16)

(17)

(18)

(19)

(20)

1)

(22)

(23)

(24)

(25)

(26)

beneath Calixarene-Based Langmuir Monolayers. Chemical Communications 2014, 50
(31), 3938-3940.

Zhang, B.; Hou, X.; Dang, L.; Wei, H. Selective Polymorphic Crystal Growth on Self-
Assembled Monolayer Using Molecular Modeling as an Assistant Method. J Cryst
Growth 2019, 518 (February), 81-88.

Shi, P.; Xu, S.; Yang, H.; Wu, S.; Tang, W.; Wang, J.; Gong, J. Use of Additives to
Regulate Solute Aggregation and Direct Conformational Polymorph Nucleation of
Pimelic Acid. IUCrJ 2021, 8, 161-167.

Council of Europe. Polymorphism. In European Pharmacopoeia, Supplement 11.2;
Strasbourg, 2023; p 795.

de Tros Ilarduya, M. C.; Martin, C.; Goiii, M. M.; Martinez-Uharriz, M. C. Dissolution
Rate of Polymorphs and Two New Pseudopolymorphs of Sulindac. Drug Dev Ind Pharm
1997, 23 (11), 1095-1098.

Gu, C. H.; Grant, D. J. W. Estimating the Relative Stability of Polymorphs and Hydrates
from Heats of Solution and Solubility Data. J Pharm Sci 2001, 90 (9), 1277-1287.
Gupta, S.; Kesarla, R.; Omri, A. Formulation Strategies to Improve the Bioavailability
of Poorly Absorbed Drugs with Special Emphasis on Self-Emulsifying Systems. ISRN
Pharm 2013, 2013, 1-16.

Nangia, A. K.; Desiraju, G. R. Crystal Engineering: An Outlook for the Future.
Angewandte Chemie International Edition 2019, 58 (13), 4100-4107.

Venkata Narasayya, S.; Maruthapillai, A.; Sundaramurthy, D.; Arockia Selvi, J.;
Mabhapatra, S. Preparation, Pharmaceutical Properties and Stability of Lesinurad Co-
Crystals and Solvate. Mater Today Proc 2019, 14, 532-544.

Wang, K.; Sun, C. C. Direct Compression Tablet Formulation of Celecoxib Enabled with
a Pharmaceutical Solvate. Int J Pharm 2021, 596 (January), 120239.

Dhondale, M. R.; Thakor, P.; Nambiar, A. G.; Singh, M.; Agrawal, A. K.; Shastri, N. R.;
Kumar, D. Co-Crystallization Approach to Enhance the Stability of Moisture-Sensitive
Drugs. Pharmaceutics 2023, 15 (1), 189.

Aitipamula, S.; Nangia, A. Polymorphism: Fundamentals and Applications. In
Supramolecular Chemistry; John Wiley & Sons, Ltd: Chichester, UK, 2012.

Pal, R.; Jelsch, C.; Malaspina, L. A.; Edwards, A. J.; Murshed, M. M.; Grabowsky, S.
Syn and Anti Polymorphs of 2,6-Dimethoxy Benzoic Acid and Its Molecular and Ionic
Cocrystals: Structural Analysis and Energetic Perspective. J Mol Struct 2020, 1221,
128721.

92



(27)

(28)

(29)

(30)

(1)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

Cruz-Cabeza, A. J.; Bernstein, J. Conformational Polymorphism. Chem Rev 2014, 114
(4),2170-2191.

Bhogala, B. R.; Basavoju, S.; Nangia, A. Tape and Layer Structures in Cocrystals of
Some Di- and Tricarboxylic Acids with 4,4'-Bipyridines and Isonicotinamide. From
Binary to Ternary Cocrystals. CrystEngComm 2008, 7, 551-562.

Lee, E. H. A Practical Guide to Pharmaceutical Polymorph Screening & Selection. Asian
J Pharm Sci 2014, 9 (4), 163—175.

Lu, J.; Rohani, S. Polymorphism and Crystallization of Active Pharmaceutical
Ingredients (APIs). Curr Med Chem 2009, 16 (7), 884-905.

Singhal, D.; Curatolo, W. Drug Polymorphism and Dosage Form Design: A Practical
Perspective. Adv Drug Deliv Rev 2004, 56 (3), 335-347.

Du, W.; Yin, Q.; Bao, Y.; Xie, C.; Hou, B.; Hao, H.; Chen, W.; Wang, J.; Gong, J.
Concomitant Polymorphism of Prasugrel Hydrochloride in Reactive Crystallization. Ind
Eng Chem Res 2013, 52 (46), 16182—-16189.

Jiang, S.; ter Horst, J. H.; Jansens, P. J. Concomitant Polymorphism of O-Aminobenzoic
Acid in Antisolvent Crystallization. Cryst Growth Des 2008, § (1), 37-43.

Singh, A.; Lee, I. S.; Kim, K.; Myerson, A. S. Crystal Growth on Self-Assembled
Monolayers. CrystEngComm 2011, 13 (1), 24-32.

Neumann, M. A.; van de Streek, J. How Many Ritonavir Cases Are There Still out There?
Faraday Discuss 2018, 211, 441-458.

European Medicines Agency. Public statement: Suply of Norvir Hard Capsules.
The European Agency for the Evaluation of Medicinal Products Human Medicines
Evaluation Unit. https://www.ema.europa.eu/en/documents/public-statement/public-
statement-supply-norvir-hard-capsules_en.pdf (accessed 2022-01-30).

Thorat, A. A.; Dalvi, S. v. Ultrasound-Assisted Modulation of Concomitant
Polymorphism of Curcumin during Liquid Antisolvent Precipitation. Ultrason
Sonochem 2016, 30, 35-43.

Sugiyama, T.; Wang, S.-F. Manipulation of Nucleation and Polymorphism by Laser
Irradiation. Journal of Photochemistry and Photobiology C: Photochemistry Reviews
2022, 52, 100530.

Song, S.; Wang, L.; Yao, C.; Wang, Z.; Xie, G.; Tao, X. Crystallization of Sulfathiazole
in Gel: Polymorph Selectivity and Cross-Nucleation. Cryst Growth Des 2020, 20 (1), 9—
16.

93



(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(1)

Bora, P.; Saikia, B.; Sarma, B. Oriented Crystallization on Organic Monolayers to
Control Concomitant Polymorphism. Chemistry — A European Journal 2020, 26 (3),
699-710.

Song, R. Q.; Colfen, H. Additive Controlled Crystallization. CrystEngComm 2011, 13
(5), 1249-1276.

Hernéndez Espinell, J. R.; Lopez-Mejias, V.; Stelzer, T. Revealing Polymorphic Phase
Transformations in Polymer-Based Hot Melt Extrusion Processes. Cryst Growth Des
2018, 78 (4), 1995-2002.

Caridi, A.; Kulkarni, S. A.; Di Profio, G.; Curcio, E.; Ter Horst, J. H. Template-Induced
Nucleation of Isonicotinamide Polymorphs. Cryst Growth Des 2014, 14, 1135-1141.
Simone, E.; Cenzato, M. v.; Nagy, Z. K. A Study on the Effect of the Polymeric Additive
HPMC on Morphology and Polymorphism of Ortho-Aminobenzoic Acid Crystals. J
Cryst Growth 2016, 446, 50-59.

Watson, S.; Nie, M.; Wang, L.; Stokes, K. Challenges and Developments of Self-
Assembled Monolayers and Polymer Brushes as a Green Lubrication Solution for
Tribological Applications. RSC Adv 2015, 5 (109), 89698-89730.

Simone, E.; Steele, G.; Nagy, Z. K. Tailoring Crystal Shape and Polymorphism Using
Combinations of Solvents and a Structurally Related Additive. CrystEngComm 2015, 17
(48), 9370-9379.

Black, J. F. B.; Cruz-Cabeza, A. J.; Davey, R. J.; Willacy, R. D.; Yeoh, A. The Kinetic
Story of Tailor-Made Additives in Polymorphic Systems: New Data and Molecular
Insights for p-Aminobenzoic Acid. Cryst Growth Des 2018, 18 (12), 7518-7525.

Kras, W.; Carletta, A.; Montis, R.; Sullivan, R. A.; Cruz-Cabeza, A. J. Switching
Polymorph Stabilities with Impurities Provides a Thermodynamic Route to Benzamide
Form III. Commun Chem 2021, 4 (1), 38.

Abdin, A. Y.; Yeboah, P.; Jacob, C. Chemical Impurities: An Epistemological Riddle
with Serious Side Effects. Int J Environ Res Public Health 2020, 17 (3), 1030.

Sinko, P. J. Pharmaceutical Polymers. In Martin’s Physical Pharmacy and
Pharmaceutical Sciences; Troy, D. B., Ed.; Wolters Kluwer, Lippincott Williams &
Wilkins, 2016; pp 508-514.

Telford, R.; Seaton, C. C.; Clout, A.; Buanz, A.; Gaisford, S.; Williams, G. R.; Prior, T. J.;
Okoye, C. H.; Munshi, T.; Scowen, 1. J. Stabilisation of Metastable Polymorphs:
The Case of Paracetamol Form III. Chemical Communications 2016, 52 (81), 12028—
12031.

94



(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

Bérzins, A.; Trimdale-Deksne, A.; Belyakov, S.; ter Horst, J. H. Switching
Nitrofurantoin Polymorphic Outcome in Solvent-Mediated Phase Transformation and
Crystallization Using Solvent and Additives. Cryst Growth Des 2023, 23 (8), 5469—
5476.

Poon, G. G.; Seritan, S.; Peters, B. A Design Equation for Low Dosage Additives That
Accelerate Nucleation. Faraday Discuss 2015, 179, 329-341.

Urwin, S. J.; Yerdelen, S.; Houson, L.; ter Horst, J. H. Impact of Impurities on
Crystallization and Product Quality: A Case Study with Paracetamol. Crystals (Basel)
2021, 717 (11), 1344.

Parambil, J. v.; Poornachary, S. K.; Heng, J. Y. Y.; Tan, R. B. H. Template-Induced
Nucleation for Controlling Crystal Polymorphism: From Molecular Mechanisms to
Applications in Pharmaceutical Processing. CrystEngComm 2019, 21 (28), 4122-4135.

Maranas, C. D.; Floudas, C. A. Global Minimum Potential Energy Conformations of
Small Molecules. Journal of Global Optimization 1994, 4 (2), 135-170.

Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.;
Chiarotti, G. L.; Cococcioni, M.; Dabo, 1.; Dal Corso, A.; de Gironcoli, S.; Fabris, S.;
Fratesi, G.; Gebauer, R.; Gerstmann, U.; Gougoussis, C.; Kokalj, A.; Lazzeri, M.;
Martin-Samos, L.; Marzari, N.; Mauri, F.; Mazzarello, R.; Paolini, S.; Pasquarello, A.;
Paulatto, L.; Sbraccia, C.; Scandolo, S.; Sclauzero, G.; Seitsonen, A. P.; Smogunov, A.;
Umari, P.; Wentzcovitch, R. M. QUANTUM ESPRESSO: A Modular and Open-Source
Software Project for Quantum Simulations of Materials. Journal of Physics: Condensed
Matter 2009, 21 (39), 395502.

Giannozzi, P.; Andreussi, O.; Brumme, T.; Bunau, O.; Buongiorno Nardelli, M.;
Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Cococcioni, M.; Colonna, N.;
Carnimeo, 1.; Dal Corso, A.; De Gironcoli, S.; Delugas, P.; Distasio, R. A.; Ferretti, A.;
Floris, A.; Fratesi, G.; Fugallo, G.; Gebauer, R.; Gerstmann, U.; Giustino, F.; Gorni, T.;
Jia, J.; Kawamura, M.; Ko, H. Y.; Kokalj, A.; Kiiclikbenli, E.; Lazzeri, M.; Marsili, M.;
Marzari, N.; Mauri, F.; Nguyen, N. L.; Nguyen, H. V.; Otero-De-La-Roza, A.;
Paulatto, L.; Poncé, S.; Rocca, D.; Sabatini, R.; Santra, B.; Schlipf, M.; Seitsonen, A. P.;
Smogunov, A.; Timrov, L.; Thonhauser, T.; Umari, P.; Vast, N.; Wu, X.; Baroni, S.

Advanced Capabilities for Materials Modelling with Quantum ESPRESSO. Journal of
Physics Condensed Matter 2017, 29 (46).

Lund, A. M.; Orendt, A. M.; Pagola, G. I.; Ferraro, M. B.; Facelli, J. C. Optimization of
Crystal Structures of Archetypical Pharmaceutical Compounds: A Plane-Wave DFT-D
Study Using Quantum Espresso. Cryst Growth Des 2013, 13 (5), 2181-2189.

95



(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

Gavezzotti, A. Efficient Computer Modeling of Organic Materials. The Atom—Atom,
Coulomb-London—Pauli (AA-CLP) Model for Intermolecular FElectrostatic-
Polarization, Dispersion and Repulsion Energies. New Journal of Chemistry 2011, 35
(7), 1360.

Thomas, S. P.; Spackman, P. R.; Jayatilaka, D.; Spackman, M. A. Accurate Lattice
Energies for Molecular Crystals from Experimental Crystal Structures. J Chem Theory
Comput 2018, 14 (3), 1614-1623.

Gavezzotti, A. Calculation of Lattice Energies of Organic Crystals: The PIXEL
Integration Method in Comparison with More Traditional Methods. Z Kristallogr Cryst
Mater 2005, 220 (5-6), 499-510.

Cutini, M.; Civalleri, B.; Corno, M.; Orlando, R.; Brandenburg, J. G.; Maschio, L.;
Ugliengo, P. Assessment of Different Quantum Mechanical Methods for the Prediction
of Structure and Cohesive Energy of Molecular Crystals. J Chem Theory Comput 2016,
12 (7), 3340-3352.

Nyman, J.; Day, G. M. Static and Lattice Vibrational Energy Differences between
Polymorphs. CrystEngComm 2015, 17 (28), 5154-5165.

Turner, M. J.; Thomas, S. P.; Shi, M. W.; Jayatilaka, D.; Spackman, M. A. Energy
Frameworks: Insights into Interaction Anisotropy and the Mechanical Properties of
Molecular Crystals. Chemical Communications 2015, 51 (18), 3735-3738.

Spackman, M. A.; Byrom, P. G. A Novel Definition of a Molecule in a Crystal. Chem
Phys Lett 1997, 267 (3—4), 215-220.

Spackman, P. R.; Turner, M. J.; McKinnon, J. J.; Wolff, S. K.; Grimwood, D. J;
Jayatilaka, D.; Spackman, M. A. CrystalExplorer: A Program for Hirshfeld Surface
Analysis, Visualization and Quantitative Analysis of Molecular Crystals. J Appl/
Crystallogr 2021, 54 (3), 1006—1011.

Wood, P. A.; Olsson, T. S. G.; Cole, J. C.; Cottrell, S. J.; Feeder, N.; Galek, P. T. A_;
Groom, C. R.; Pidcock, E. Evaluation of Molecular Crystal Structures Using Full
Interaction Maps. CrystEngComm 2013, 15 (1), 65-72.

Cruz-Cabeza, A. J.; Reutzel-Edens, S. M.; Bernstein, J. Facts and Fictions about
Polymorphism. Chem Soc Rev 20185, 44 (23), 8619-8635.

Taylor, R.; Wood, P. A. A Million Crystal Structures: The Whole Is Greater than
the Sum of Its Parts. Chem Rev 2019, 119 (16), 9427-9477.

Chadwick, K.; Chen, J.; Santiso, E. E.; Trout, B. L. Molecular Modeling Applications in
Crystallization. In Handbook of Industrial Crystallization; Cambridge University Press,
2019; pp 136-171.

96



(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

Bryan, R. F.; White, D. H. 2,6-Dimethoxybenzoic Acid. Acta Crystallogr B 1982, 38 (3),
1014-1016.

Portalone, G. A New Polymorph of 2,6-Dimethoxybenzoic Acid. Acta Crystallogr Sect
E Struct Rep Online 2011, 67 (12).

Portalone, G. Crystal Structure and Hirshfeld Surface Analysis of a Third Polymorph of
2,6-Dimethoxybenzoic Acid. Acta Crystallogr E Crystallogr Commun 2020, 76 (12),
1823-1826.

Portalone, G. Redetermination of 2,6-Dimethoxy-Benzoic Acid. Acta Crystallogr Sect E
Struct Rep Online 2009, 65 (2).

Cyranski, M. K.; Klimentowska, P.; Rydzewska, A.; Serwatowski, J.; Sporzynski, A.;
Stgpien, D. K. Towards a Monomeric Structure of Phenylboronic Acid: The Influence
of Ortho-Alkoxy Substituents on the Crystal Structure. CrystEngComm 2012, 14 (19),
6282-6294.

Li, J.; Bourne, S. A.; Caira, M. R. New Polymorphs of Isonicotinamide and
Nicotinamide. Chem. Commun. 2011, 47 (5), 1530-1532.

Aakerdy, C. B.; Beatty, A. M.; Helfrich, B. A.; Nieuwenhuyzen, M. Do Polymorphic
Compounds Make Good Cocrystallizing Agents? A Structural Case Study That
Demonstrates the Importance of Synthon Flexibility. Cryst Growth Des 2003, 3 (2), 159—
165.

Eccles, K. S.; Deasy, R. E.; Fabian, L.; Braun, D. E.; Maguire, A. R.; Lawrence, S. E.
Expanding the Crystal Landscape of Isonicotinamide: Concomitant Polymorphism and
Co-Crystallisation. CrystEngComm 2011, 13 (23), 6923-6925.

Vicatos, A. I; Caira, M. R. A New Polymorph of the Common Coformer
Isonicotinamide. CrystEngComm 2019, 21 (5), 843—-849.

Bathori, N. B.; Lemmerer, A.; Venter, G. A.; Bourne, S. A.; Caira, M. R. Pharmaceutical
Co-Crystals with Isonicotinamide-Vitamin B3, Clofibric Acid, and Diclofenac-and Two
Isonicotinamide Hydrates. Cryst Growth Des 2011, 11 (1), 75-87.

Oswald, 1. D. H. Rationalisation and Design of Hydrogen Bonding Patterns in Co-
Crystals and Polymorphs, University of Edinburgh, 2004.
http://hdl.handle.net/1842/15564.

Oswald, I. D. H.; Motherwell, W. D. S.; Parsons, S. A 1:2 Co-Crystal of Isonicotinamide
and Propionic Acid. Acta Crystallogr Sect E Struct Rep Online 2004, 60 (12), 02380—
02383.

Oswald, I. D. H.; Motherwell, W. D. S.; Parsons, S. Isonicotinamide — Formamide (1/1).
Acta Crystallogr Sect E Struct Rep Online 2005, 61 (10), 3161-3163.

97



(85)

(86)

(87)

(88)

(89)

(90)

1)

(92)

Fellah, N.; Zhang, C. J.; Chen, C.; Hu, C. T.; Kahr, B.; Ward, M. D.; Shtukenberg, A. G.
Highly Polymorphous Nicotinamide and Isonicotinamide: Solution versus Melt
Crystallization. Cryst Growth Des 2021, 21 (8), 4713-4724.

Ostwald, W. Studien Uber Die Bildung Und Umwandlung Fester Korper. Zeitschrift fiir
Physikalische Chemie 1897, 22U (1), 289-330.

Lin, J.; Shi, P.; Wang, Y.; Wang, L.; Ma, Y.; Liu, F.; Wu, S.; Gong, J. Template Design
Based on Molecular and Crystal Structure Similarity to Regulate Conformational
Polymorphism Nucleation: The Case of a,w-Alkanedicarboxylic Acids. IUCrJ 2021, 8§
(5), 814-822.

Wu, H.; Wang, J.; Liu, Q.; Zong, S.; Tian, B.; Huang, X.; Wang, T.; Yin, Q.; Hao, H.
Influences and the Mechanism of Additives on Intensifying Nucleation and Growth of
P-Methylacetanilide. Cryst Growth Des 2020, 20 (2), 973-983.

Kulkarni, S. A.; Meekes, H.; ter Horst, J. H. Polymorphism Control through a Single
Nucleation Event. Cryst Growth Des 2014, 14, 1493—-1499.

Takahashi, T.; Endo, S.; Nagayama, K. Stabilization of Protein Crystals by Electrostatic
Interactions as Revealed by a Numerical Approach. J Mol Biol 1993, 234 (2), 421-432.
Takahashi, T. Significant Role of Electrostatic Interactions for Stabilization of Protein
Assemblies. Adv Biophys 1997, 34 (5), 41-54.

Wang, C.; Rosbottom, I.; Turner, T. D.; Laing, S.; Maloney, A. G. P.; Sheikh, A. Y.;
Docherty, R.; Yin, Q.; Roberts, K. J. Molecular, Solid-State and Surface Structures of
the Conformational Polymorphic Forms of Ritonavir in Relation to Their

Physicochemical Properties. Pharm Res 2021, 38 (6), 971-990.

98



Promocijas darbs “Organisku vielu polimorfisma kontrole, izmantojot kristalizacijas

piedevas” izstradats Latvijas Universitates Kimijas fakultate.

Ar savu parakstu apliecinu, ka petijums veikts patstavigi, izmantoti tikai taja noraditie

informacijas avoti un iesniegta darba elektroniska kopija atbilst izdrukai.

Autore: A. Semjonova

(personiskais paraksts) (datums)

Rekomend@ju darbu aizstavéSanai

Vaditajs: Dr. chem. Agris Bérzin$

(personiskais paraksts) (datums)

Darbs iesniegts Latvijas Universitates Kimijas zinatnu nozares promocijas padomé

(datums)

Padomes sekretare: V. Rudovica

(personiskais paraksts)

99






PUBLIKACIJAS / PUBLICATIONS






Semjonova, A., Bérzins, A.

CONTROLLING THE POLYMORPHIC OUTCOME OF
2,6-DIMETHOXYBENZOIC ACID CRYSTALLIZATION USING
ADDITIVES

Crystals, 2022, 12, 1161



crystals

Article

Controlling the Polymorphic Outcome of
2,6-Dimethoxybenzoic Acid Crystallization Using Additives

Aina Semjonova * and Agris Bérzins

check for
updates

Citation: Semjonova, A.; Bérzins, A.
Controlling the Polymorphic
Outcome of 2,6-Dimethoxybenzoic
Acid Crystallization Using Additives.
Crystals 2022, 12, 1161. https://
doi.org/10.3390/cryst12081161

Academic Editor: Klaus Merz

Received: 19 July 2022
Accepted: 15 August 2022
Published: 18 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Chemistry, University of Latvia, Jelgavas iela 1, LV-1004 Riga, Latvia
* Correspondence: aina.semjonova@lu.lv

Abstract: In this study, 2,6-dimethoxybenzoic acid (2,6MeOBA) was used as a model substance to
investigate the use of additives to control the polymorphic outcome of crystallization. 2,6MeOBA
exists as three polymorphs. Two of the 2,6MeOBA polymorphs, I and III, obtained in most of the
crystallization experiments, were characterized by thermal analysis, and their relative thermody-
namic stability was determined. Forms I and III are enantiotropically related, where form III is the
high-temperature form. Pure form II was very difficult to obtain. Crystallization of 2,6MeOBA was
explored under different conditions by performing evaporation and cooling crystallization from dif-
ferent solvents. Surfactants, polymers, and different molecular compounds with diverse possibilities
for the formation of intermolecular interactions were tested as additives. The additives facilitating
the crystallization of the metastable forms were additionally studied under different crystallization
conditions. The effect of additives polyethylene glycol (PEG) and hydroxypropyl cellulose (HPC) on
the thermodynamic stability and solvent-mediated phase transition (SMPT) kinetics was evaluated.
HPC and PEG showed the potential to favor the formation of form III in crystallization from water.

Keywords: 2,6-dimethoxybenzoic acid; polymorphism; crystallization; crystallization additives;
solvent-mediated phase transition

1. Introduction

Polymorphism is the ability of compounds to crystallize in different solid crystal
structures [1,2]. It is often one of the most challenging steps in the development of phar-
maceutical drugs [3-5]. Polymorphism and its control possibilities are not completely
predictable, despite extensive research in this field. As polymorphs are also considered
intellectual property, pharmaceutical companies often patent-protect the discovered crys-
talline forms [6,7]. A general understanding of the mechanism of polymorph formation
can reduce the research and development time for the invention of new active substances
or generic drugs [8]. For a better understanding of the phenomenon of polymorphism and
factors affecting their appearance and crystallization, well-explored or specifically selected
model substances are often used for research.

Solids with different crystal structures have different physical properties, for example,
solubility [9], dissolution rate [10], stability [11], and bioavailability [12,13]. It is impor-
tant to characterize all crystalline forms of API before developing the dosage form of the
drug [14,15] because the selection of the dosage form, required excipients, and dose of
the API depends on these physical properties [16]. In pharmaceutical manufacturing, it is
safer to use the most stable polymorph with the lowest energy, but many APIs have low
solubility in water. Crystallization of metastable forms improves solubility and bioavail-
ability [17]. Unfortunately, the crystallization of such polymorphs is often complicated,
with concomitant crystallization along with the stable form being one of the potential
complications [18-20].

Concomitant crystallization occurs when at least two different polymorphs crystallize
in the same sample [20]. This can occur due to competitive nucleation and growth rates of
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more than one polymorph [21]. The appearance of concomitant crystallization is caused
by different kinetic and thermodynamic factors [22,23]. Frequently, a mixture of forms
is exposed to a solvent-mediated phase transition (SMPT), and only the stable form is
present in the collected product [18,21,24,25]. Modification of the crystallization process
can prevent concomitant crystallization. One such modification is the use of crystallization
additives, which can stabilize metastable forms [26-28], promote their nucleation [29], or
prevent nucleation of the stable form.

Crystallization with the presence of additives or templates is one of the empirical
methods for controlling polymorphic outcomes. There are many approaches to additive
crystallization [30]—heterogeneous nucleation with insoluble additives or templates (for
example, Langmuir monolayers [31,32], self-assembled monolayers (SAM) [23,33-35],
polymers [24,36,37], or other insoluble additives [38]) or homogeneous nucleation with
soluble additives [29,37]. Additives typically lower the activation energy of nucleation and
control crystal morphology, polymorphism, and crystal size [23]. Langmuir monolayers
and SAMs are efficient templates for crystallization control but are selective for each
polymorph, it is necessary to regenerate the monolayers after crystallization, or it is difficult
to collect the obtained crystals without impurities from the layers [39]. Homogeneous
additives can be easier to separate from the crystals but sometimes integrate into the crystal
structure [29]. Therefore, excipients from drug dosage forms can be used as additives for
the crystallization of API [37,40], as there would be no need to separate these additives
after crystallization. There are many possible mechanisms by which additives can control
the outcomes of crystallization. For example, additives can selectively adsorb to some
of the crystal surface faces by inhibiting their growth and, therefore, the growth of this
polymorph. Additives can also help to align crystallizable substance molecules to obtain
the desired polymorph [28,30,32,37,41]. However, the exact mechanism for the control
mechanism by additives in most cases is still unknown.

Here, we report a study of polymorphs and crystallization of 2,6-dimethoxybenzoic
acid (2,6MeOBA). 2,6MeOBA has been reported to crystallize in three polymorphic
forms [42-46]. Form I is the stable polymorphic form [45,46]. Metastable polymorphs
II'and III, in previous studies, were described as disappearing polymorphs [45,46]. In this
study, we explore the relative stability of 2,6MeOBA polymorphs and the ability of addi-
tives to alter the polymorphic outcome of its crystallization. 2,6MeOBA was selected for
this study because of two factors. First, the two distinct hydrogen bonding patterns present
in the stable and metastable polymorphs could more easily allow the additives to alter the
polymorphic outcome of crystallization. Second, we selected this compound to try to find
an approach for additive crystallization that would allow a reliable preparation procedure
for the disappearing polymorphs. Our previous study [47] has already confirmed that
polymorphs II and III can be obtained by varying the crystallization conditions. In this
study, we additionally characterized forms I and III, performed screening of additives
allowing control of the polymorphic outcome in the crystallization, explored the most
promising additives for the crystallization control, and explored the effect of additives on
phase transitions.

2. Materials and Methods

2,6-dimethoxybenzoic acid (2,6MeOBA) (purity 99%, polymorph I), polyethylene gly-
col (PEG, MW = 6000), and hydroxypropyl cellulose (HPC, MW = 100,000) were purchased
from Alfa Aesar. 2,6-dimethoxybenzoic boronic acid (2,6MeOPheBorA) (purity 97%) was
purchased from Fluorochem. The molecular structures of 2,6MeOBA and selected additives
are shown in Figure 1. The water was deionized in the laboratory. Other additives (see
Supplementary Materials, Table S1) and analytical grade organic solvents were purchased
from commercial sources.
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Figure 1. Molecular structure of 2,6MeOBA, 2,6MeOPheBorA, PEG, and HPC.

2.1. Crystallization Experiments

Several widely used solvents from different solvent classes were selected for the
polymorph screening of 2,6MeOBA. For evaporation crystallization, 30-50 mg of 2,6MeOBA
were dissolved in 2 to 3 mL of solvent and evaporated at 5, 25, and 50 °C. For cooling
crystallization, 2,6MeOBA was dissolved in a selected solvent at 40 to 80 °C, depending on
the boiling point of the solvent. The solutions obtained were filtered and cooled to 5 °C.
The obtained products were collected by filtration, air-dried, and characterized with PXRD.
Tetrahydrofuran (THF), acetonitrile (MeCN), and water were selected for the screening of
additives, allowing control of crystallization polymorphic outcome.

Crystallization in the presence of additives in THF and MeCN was performed as
a complete solvent evaporation. In 2 to 3 mL of solvent, 20 to 30 mg of additive and
30 to 50 mg of 2,6MeOBA were dissolved, and the solution was filtered and evaporated at
room temperature. Crystallization in the presence of additives in water was performed as
cooling crystallization. In 34 mL of water at 80 °C, 10-15 mg of additive and 20-25 mg
of 2,6MeOBA were dissolved, filtered, and cooled to 5 °C. Three parallel crystallization
experiments were performed for each additive. The products obtained were collected by
filtration, air-dried, and characterized with PXRD.

Further cooling crystallization experiments were performed using Crystall6 (Techno-
bis). Of all additives tested, three additives (2,6MeOPheBorA, PEG, HPC) were selected for
these additional studies. Highly concentrated solutions (having supersaturation c¢/c* ~
at 25 °C) of 2,6MeOBA were made. A concentrated solution of 2,6MeOBA was prepared in
the 50 mL flask of water equipped with an air reflux condenser. The solution was prepared
by boiling and stirring for 2 to 3 h. The identical preparation process was used for solutions
with additives using ~0.1 wt % HPC, 1 wt % PEG, or 0.5 wt % 2,6MeOPheBorA (the con-
centration given with respect to the water added). After boiling, the solution was stored
at 90 °C and filtered. Then, 1 mL of the sample was transferred to preheated HPLC vial,
which was placed in Crystal16 preheated to 90 °C and then cooled to 10 °C with different
cooling rates—20, 10, 1, and 0.1 °C-min~! by using the stirring rate of 900 rpm. Another
series of experiments with HPC suspension was prepared in situ in Crystal16. HPC has
a low critical dissolution temperature of 45 °C [48], which means that at temperatures
above 45 °C, it is insoluble in water. The suspension was prepared by using 23-25 mg of
2,6MeOBA (c/c* =~ 7 at 25 °C) and 0.5 wt % of HPC added to 1 mL of water in an HPLC vial,
heated to 90 °C using Crystal16, thermostated for 30 min to completely dissolve 2,6MeOBA,
and cooled with the same cooling rates by additional stirring. Four parallel crystallization
experiments were performed in all cases. The obtained products were collected by filtration,
air dried, and characterized with PXRD.

To determine the effect of the amount of additive on the crystallization results,
2,6MeOBA solutions were prepared in situ in Crystal16. The additive weight fractions
tested were 0.5; 0.7; 1; 1.5, and 2 wt %. HPC solutions were prepared as described above for
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the 0.5 wt % solutions. The cooling rate was chosen based on the previous experiments—
20 and 10 °C-min~". The solutions containing PEG were prepared by first making aqueous
PEG solutions. Subsequently, 33 to 35 mg of 2,6MeOBA (c/c* ~ 10 at 25 °C) and 1 mL of
different concentration PEG solutions were added to the HPLC vial, heated to 90 °C for
30 min in Crystal16, and cooled with a cooling rate of 20 and 1 °C-min~"! by stirring. For
each of the different crystallization conditions, blank crystallization experiments without
any additive were performed. Each experiment was carried out as four parallel crystal-
lizations. The obtained products were collected by filtration, air dried, and characterized
with PXRD.

2.2. Solubility Measurements and Solvent-MediatedPhase Transition (SMPT) Studies

For these experiments, the 2,6MeOBA form I from the commercial sample was used as
received, the form III was prepared in a phase transition that occurred by heating the form
I'at 160 °C in the air thermostat for 1 h. The phase purity of both forms was verified with
PXRD (Bruker AXS, Karlsruhe, Germany).

Solubility measurements were performed using Crystal16 (Technobis Crystallization
Systems, Alkmaar, Netherlands). From 4 to 34 mg of each 2,6MeOBA polymorph was
weighted in an HPLC vial, 1 mL of water or 1 wt % of the aqueous solution of PEG
was added, and the mixtures were heated at a heating rate of 0.1 °C-min~! from 10 to
90 °C. The stirring rate was 900 rpm. The temperature of dissolution was determined
by recording the temperature at which the solution became transparent using turbidity
measurements [49]. The experimental dependence of the temperature of solubility was
fitted with linear regression and the van’t Hoff equation by the least-squares approach
using the Microsoft Excel Linest add-in.

To determine the thermodynamic stability of 2,6MeOBA polymorphs at different
temperatures, slurry-bridging experiments were performed. Forms I and III with a 1:1
mass ratio were suspended in 1 mL of water, toluene, and aqueous solutions of 0.1 wt %
HPC and 1 wt % PEG for 24 h at 25, 50, 70, and 80 °C with a stirring rate of 900 rpm.

The solvent-mediated phase transition kinetics in 2,6MeOBA suspensions in water,
isopropanol (IPA), MeCN, and ~0.1 wt % of HPC, and 1 wt % of PEG aqueous solutions
were determined at 25 °C. Four experiments in each of the solvents were prepared using
a 1:1 ratio (w/w) of both polymorphs as well as pure polymorph III. The samples were
collected after 15, 30, 45, and 60 min of stirring by filtration, air dried, and characterized
with PXRD. Form III in 0.1 wt % HPC solution was suspended for 24 h because no SMPT
was observed for 60 min.

2.3. Solid Phase Characterization

The PXRD patterns were measured at ambient temperature on a Bruker D8 Advance
diffractometer using copper radiation (Cu Kq; A = 1.54180A), equipped with a LynxEye
position-sensitive detector. The tube voltage and current were set to 40 kV and 40 mA,
respectively. The divergence slit was set at 0.6 mm. The anti-scatter slit was set at 8.0 mm.
The PXRD patterns were recorded from 3° to 35° on the 2 0 scale. A scan speed of 0.2 5/0.02°
was used.

Differential scanning calorimetry/thermogravimetry (DSC/TG) analysis was per-
formed using the Mettler Toledo TGA /DSC 2 (Mettler Toledo, Greifensee, Switzerland).
Closed aluminum pans were used. The heating of the samples from 25 to 250 °C was
carried out at a heating rate of 10 °C-min~!. Samples of 5 to 8 mg mass were used. The

nitrogen flow rate was 30 mL-min .

2.4. Rietveld Refinement for Form Quantification

The Rietveld refinement for the quantification of the polymorphs was performed with
Profex 4.3.6 (Dobelin, N., Kleeberg, R., Solothurn, Switzerland) [50]. For this analysis,
crystal structures of 2,6MeOBA polymorphs were acquired from the CSD with Ref. codes
DMOXBAO1 (form I), DMOXBAO3 (form II), and DMOXBAO7 (form III).
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3. Results and Discussion
3.1. Characterization of 2,6 MeOBA Polymorph

2,6MeOBA polymorphs are both conformational polymorphs and synthon poly-
morphs [44—46]. According to previous investigations, the most stable polymorph is
form I, which crystallizes in the orthorhombic space group P2;2;2; [42,43] and contains
2,6MeOBA molecules in the anti-planar conformation linked by hydrogen-bonded chains
that form the catemer synthon (see Figure 2). Both metastable polymorphs form II and
form III contain 2,6MeOBA molecules in a syn-planar conformation that forms carboxylic
acid homodimers [42,43]. Form II crystallizes in the tetragonal space group P4;2;2 [44].
After various screenings and additive experiments performed as part of this study, pure
form II was never obtained, suggesting that it is the least stable 2,6MeOBA polymorph.
Form III crystallizes in the monoclinic centrosymmetric space group P27 /c [45,46].

Form II Form III

Figure 2. Relationships between 2,6MeOBA conformations and polymorphs. The connection between
forms I and III is elucidated in this study.

3.1.1. Thermal Characterization and Solubility

In the DSC, traces of form I two endothermic events can be observed (see Figure 3).
The peak onset at 118 °C corresponds to a phase transition of form I to form III, as confirmed
by the PXRD analysis, while the second is the melting of form III. Form I and form III
are enantiotropically related by the heat-of-transition rule [51], as the phase transition is
endothermic. The melting point onset of form IIl is 190 °C. There is no change in the TG
curves for any of these forms, except for the decomposition that occurs above 200 °C.

Form Il ™~ 8.1955 g

T, =190 °C

AH, =-27.1k] mol!

FormI  m=58025g I

WV
T, =118°C T, =190 °C

Piemn =

=-4.4 k] mol* AH, =-28.9 k] mol-

Heatflow (exo up)

AH,

P

40 90 T140 7190
Temperature, °C
Figure 3. DSC curves of 2,6MeOBA polymorphs I and III (heating rate 10 °C-min~!). The onset
temperatures were used to describe each process observed in the DSC traces.

108



Crystals 2022, 12,1161

6of 14

The solubility of forms I and III in water shows that form I is the stable polymorph
(as determined from the lower solubility) at temperatures up to 79 °C (see Figure 4). At
ambient temperature, the solubility of form IIl is 1.3 times higher than that of form I. Form
III becomes the most stable polymorph above 79 °C. The theoretical solubility temperature
dependence lines for each polymorph were obtained by fitting the natural logarithm of
obtained solubility (InS, where S in mg mL~!) and the inverse of temperature (1/T, where
T in K) to the van’t Hoff Equation (1):

a

InS == +b )

Table 1. Coefficients of the van’t Hoff equation for solubility curves of 2,6MeOBA polymorphs in

pure water.

Polymorph a b R? SE for InS,,
I —3960 + 130 15+ 04 0.9894 0.09
I —3400 £+ 110 13 £0.3 0.9909 0.08
4.0 B Form I
- A Form III
. 35
1 3.0
g
B0 2.5
\E/ 2.0
—
oy 1.5
£
1.0-
0.5
I I I [ I
0.00268 0.00288 0.00308 0.00328 0.00348 0.00368

1/T, K?

Figure 4. The solubility of 2,6MeOBA polymorphs I and III. Squares and triangles represent ex-
perimental data (see Supplementary Materials Tables S2 and S3), while lines are calculated using
Equation (1) with coefficients a and b found in the fitting using the least-squares approach, given in
Table 1.

3.1.2. Solvent-Mediated Phase Transition (SMPT)

The thermodynamic stability determined using slurry-bridging experiments at differ-
ent temperatures agrees with the results obtained in the DSC/TG analysis and from the
solubility curves. After 24 h, pure form I was obtained in water and toluene by suspending
a mixture of both forms at 25, 50, and 70 °C. However, form III was obtained in both
solvents at a temperature of 80 °C. These results confirm that the solubility curves of both
forms cross between 70 and 80 °C.

Measurements of solvent-mediated phase transition kinetics show that the transfor-
mation rate in the slurry-bridging experiments is very fast (see Figure 5). Pure form [ was
obtained in less than 15 min at 25 °C in the mixture of both forms in the three solvents tested.
The complete transformation of pure form III to pure form I in IPA and MeCN occurred as
fast as from the polymorph mixture, but in water, it is slower and requires between 15 and
30 min. This can be explained by the lower solubility of 2,6MeOBA in water or the better
possibilities of hydrogen bonding with water for 2,6MeOBA in syn conformation.
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Figure 5. Polymorphic composition of the solid phase after selected times during SMPT kinetic

experiments at 25 °C.

3.2. Crystallization from Pure Solvents

In most cases of the cooling crystallization, form I was obtained, although impurity of
form III was sometimes present. The polymorph obtained correlated with the temperature
in the evaporation crystallization experiments: at lower temperatures (5 °C) in most of the
experiments, form I was obtained, frequently with some impurities of form III. However, at
higher temperatures (50 °C), the polymorphic outcome is the opposite. The thermodynamic
equilibrium point is rather close to 50 °C; therefore, form III is more likely to be obtained
compared to evaporation at 5 °C. 1,4-dioxane, MeCN, and ketones can be used as solvents
to obtain form III by evaporation, but these are not selective solvents. Water was the
only solvent from which form I was obtained in almost all crystallizations. Using these
preliminary crystallization experiments, three solvents were selected for crystallization
experiments in the presence of additives: MeCN, THF, and water. The results of the crys-
tallization experiments from pure solvents with phase composition of samples containing
polymorph mixtures obtained using the Rietveld analysis are given in the supporting
information, Table S4 and Figure S2.

3.3. Crystallization with Additives

The additives selected for the crystallization were polymers and surfactants that have
the ability to form different intermolecular interactions. The polymorphic outcome of the
crystallization in the presence of the selected additives was the same in most cases as that
in crystallization from a pure solvent. From THF, some of the additives resulted in the
crystallization of form III, whereas tween 20 promoted the formation of form I in all three
parallel samples (see Figure 6, detailed results can be seen in Table S5). This additive was
not further studied because the study aimed to find an approach for crystallization of the
metastable form. Additives facilitated the concomitant crystallization of forms I and III from
MeCN. Despite the very low solubility, polyvinyl chloride promoted the crystallization
of form I. Overall, it can be concluded that the outcome of the evaporation crystallization
from these solvents is difficult to control, even in the presence of the selected additives.

Repeated crystallizations from pure water with immediate filtration and analysis of
the obtained crystals confirmed that a mixture of forms I and III crystallizes, followed
by a solvent-mediated phase transition in the case that the crystals remain in suspension
(see Figure 6). Therefore, only form I was observed in the preliminary crystallization
experiments. Phenylboronic acid and several of its derivatives were tested as additives in
crystallization from water because it was used as an additive to crystallize form II in one
of the previous studies [44]. Concomitant crystallization of forms I and III or the stable
form I was observed using several of the tested additives, including phenylboronic acid,
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4-iodphenylboronic acid, and 4-carboxyphenylboronic acid. Some of the additives (e.g.,
BIS-TRIS, PEG) facilitated the formation of form II in a mixture with other polymorphs.
All three crystallizations in the presence of HPC occurred very fast and produced form III.
Almost the same crystallization rate was observed in the presence of 2,6MeOPheBorA, but
the crystallization product was form III with minor impurities of form I. Crystallization
in the presence of PEG was slower than in the presence of HPC and 2,6MeOPheBorA,
but also, in this case, in two of the crystallizations, pure form III was obtained, although
in the third crystallization, a mixture of all three polymorphs was formed. Additionally,
form III was obtained in crystallization from THF in the presence of PEG in two of three
experiments. Based on the results obtained, HPC, 2,6MeOPheBorA, and PEG were chosen
for more detailed studies.

THF MeCN Water
o6eoe
Blank oGP Blank oGP Blank OGP 4IPheBorA CA Na CMC
0 00 00000
PVC Tween20 PVC  Tween 20 Poly80 PEG  NH.CL PAS HPMC
Poly 80  PCL Poly 80 PCL PheBorA  HPC Glycine MCC
Span20 PEG Span20 PEG 2,6MeO- PAA  BIS-TRIS 4COOH
PheBorA PheBorA

@® Forml @ FormIl @® FormsI+II @ FormsI+I1I+III

Figure 6. Polymorphic outcome of crystallization experiments in the presence of additives from THF,
MeCN, and water. Each 1/3 of the pie chart represents one of the parallel experiments.

3.3.1. Crystallization from Highly Concentrated Water Solution

Highly concentrated 2,6MeOBA water solutions were used for these experiments to
understand the additive effect on the crystallization of concentrated solutions. Mixtures of
three polymorphs were obtained in crystallization from a highly concentrated pure water
solution with the fastest cooling rate of 20 °C-min~! (see Figure 7, column A). This result
agrees with Ostwald’s rule of stages [52]: instead of the nucleation of the most stable form,
the polymorph corresponding to the nearest minimum energy nucleates. Two different
polymorph mixtures were obtained at a cooling rate of 10 °C-min~!. A medium cooling
rate resulted in the formation of a mixture of forms I and III. The cooling rate needs to be
fast to obtain form II, but such an approach cannot prevent concomitant crystallization
with other forms. Additionally, form II very rapidly transforms into more stable forms.
Supersaturation can also play an important role in obtaining unstable polymorphs [53,54].
A higher concentration of 2,6MeOBA was used for samples cooled with a specific cooling
rate compared to the preliminary crystallization experiments from pure solvents. Never-
theless, the effect of supersaturation on the polymorphic outcome was not examined. The
four samples with the lowest cooling rate (0.1 °C-min~!) produced form IIT; however, at a
slower cooling rate, the formation of the thermodynamically stable form I was expected. In
these experiments, the crystals appeared at approximately 60 °C, which is rather closer to
the thermodynamical equilibrium point of forms I and III. The crystals appeared at lower
temperatures (40-50 °C) in crystallizations using faster cooling rates. The phase transition
to form I was prevented as the crystals formed near the water surface and formed large
agglomerates. In contrast, the crystals in the SMPT kinetics experiments and in the case
of using faster cooling rates were smaller and evenly suspended in the solution. Using
PEG (see Figure 7, column B, detailed results can be seen in Table S6) and 2,6MeOPheB-
orA (see Figure 7, column C) as additives and 2,6MeOBA solution with a concentration
corresponding to ¢/c* ~ 9 at 25 °C, a mixture of forms I and III was obtained in most of the
crystallizations. In contrast, using HPC as an additive (see Figure 7, columns D and E) at
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both additive concentrations, pure form III was the most frequent crystallization product.
The formation of form III was facilitated by the fastest cooling rates (20 and 10 °C-min~1).
On the contrary, under the same conditions as those of pure water, concomitant crystalliza-
tion of 2,6MeOBA polymorphs always occurred. Interestingly, at the slowest cooling rate
(0.1 °C-min~"), additives promoted crystallization of form I. Using 0.5% HPC suspension
and 2,6MeOBA solution with lower concentration (corresponding to c¢/c* ~ 7 at 25 °C),
crystallization of form III is promoted more clearly if compared to crystallization from
0.1% HPC solution and a higher concentration of 2,6MeOBA (corresponding to c/c* ~
at 25 °C). It is possible that more HPC molecules can interact with 2,6MeOBA in hetero-
geneous crystallization and stabilize the syn conformation during nucleation, similar to
the research by Lin et al. studying the crystallization of «,w-alkanedicarboxylic acids [55].
Lin et al. [55] developed a method to control the crystallization outcome for conformation
polymorphs having similar structures. The desired polymorph was crystallized on the
template lattice, where dimer formation was possible. An additional explanation for why
the crystallization control in homogeneous 0.1% HPC solution is not so effective can be the
higher supersaturation; there are more 2,6MeOBA molecules but fewer HPC molecules,
which apparently provide formation of form III. PEG also has the potential to control the
crystallization outcome in the case of a moderately slow cooling rate (1 °C-min~1) from a
highly concentrated solution. It is possible that the additives slow down the phase transi-
tion to form I, which can initiate right after the nucleation, but not enough to obtain pure
form III, as stirring is still employed after the nucleation. The phase transition time can, in
fact, be reduced as the crystal sizes obtained in additive crystallization are smaller than
those obtained in crystallization from pure water. In general, the tested additives do not
provide fully selective crystallization control. Nevertheless, PEG and HPC under multiple
conditions distinctly favor the formation of form III, whereas, under the tested conditions,
2,6MeOPheBorA still provided a mixture of 2,6MeOBA polymorphs. Crystallizations in
the presence of PEG with a cooling rate of 20 and 1 °C-min~! and in the presence of HPC
with 20 and 10 °C-min~! were selected for further study to test the effect of the amount of
additive on the crystallization result.

B
— X
10 °C-min™! ‘ .
o @ @

@® FormI ® Form III ® Formsl+1II
@ Forms[+11+]1II ® FormsI+1I @ FormsII+111

Figure 7. Polymorphic outcome of the crystallization experiments from water using different ad-
ditives and cooling rates. A—pure water; B—1% PEG; C—0.5% 2,6MeOPheBorA; D—0.1% HPC;
E—heterogeneous crystallization using 0.5% HPC.

3.3.2. The Effect of the Additive Quantity on the Crystallization Outcome

From pure water using the slowest cooling rate in most of the crystallizations, form
I was obtained, but a mixture of forms I and III or the stable form I was obtained using
the fastest cooling rate (see Figure 8, detailed results can be seen in Table S7). Form III
was obtained in most of the crystallizations using both additives and the fastest cooling
rate. Again, the presence of additives did not provide selective crystallization of either of
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the polymorphs. Concomitant crystallization of both polymorphs was less frequent in the
presence of HPC than in the presence of PEG. No clear correlation was observed between
the amount of additive selected and the crystallization outcome. It is likely that additives
decrease the interfacial energy and, therefore, lower the nucleation Gibbs energy, facilitating
the crystallization of form III from this solution compared to the pure water solution.

Blank 05% 07% 1% 15% 2%

o 00000
XXX XX
@ @ OO @ O

® FormI ® Form I ® FormsI+1Il

20 °C ‘min!

Figure 8. Polymorphic outcome of the crystallization experiments from water in the presence of
different quantities of (A) PEG and (B) HPC.

3.4. Effect of Additives on Polymorph Solubility and Solvent-Mediated Phase Transitions

The solubility of form I is almost unaffected by the addition of 1% PEG (see Figure 9).
At temperatures up to 30 °C, the solubility is almost identical to that in pure water, but
at higher temperatures, the solubility slightly decreased. In contrast, the solubility of
form III in the presence of PEG increases slightly at temperatures up to 35 °C, but the
solubility at higher temperatures is lower than in the pure solvent. As the PEG solution
separated into two phases above 75 °C, the solubility in this solution cannot be determined
above this temperature. Additives have been shown to affect the solubility and crystal
growth of organic compounds in the literature. For example, additives have been demon-
strated to decrease the solubility but increase the crystal nucleation and growth rates of
p-methylacetanilide [56]. The highly similar solubility of both forms can explain the nearly
always observed concomitant crystallization in the presence of this additive, as observed in
the crystallization experiments described in Section 3.3.1. The thermodynamic equilibrium
point determined is 8 °C lower than that in pure water.

Table 2. Coefficients of the van’t Hoff equation for solubility curves of 2,6MeOBA polymorphs in 1%
aqueous solution of PEG.

Polymorph a b R? SE for InS,;,
I+ PEG —3910 £+ 150 14+ 05 0.9885 0.08
IIT + PEG —3180 4+ 200 12+ 0.6 0.9698 0.12

Slurry-bridging experiments in the presence of PEG and HPC additives led to the same
conclusions as those performed in pure water and toluene (see Section 3.1.2); after 24 h, the
pure form I was obtained at 25, 50, and 70 °C, while at 80 °C, pure form III was obtained.

Using both additives, the results of the SMPT kinetic experiments were almost identical
to those of the pure solvents (see Figure 6). In the presence of 1% PEG, the SMPT time
of the 1:1 mixture of both polymorphs is the same as in pure solvents (less than 15 min),
but 0.1% HPC decelerates the SMPT to form I at 25 °C, as the SMPT time in the presence
of HPC is between 30 and 45 min. The time of SMPT from pure form III in the presence
of 1% PEG is longer (between 30 and 45 min) than from the mixture of both polymorphs,
but the addition of 0.1% HPC inhibited the SMPT of pure form III to form I. SMPT was
not detected by sample slurrying for 24 h. It is likely that PEG and HPC interact with the
carboxyl group of 2,6MeOBA and stabilize the syn configuration in nucleation and inhibit
the nucleation of form IL.

13



Crystals 2022, 12, 1161

11 0f 14

B Form [
3.5 \ B Form I + PEG
*3 A Form IIT

3.0 ; Form III + PEG

| T I
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Figure 9. The solubility curves of 2,6MeOBA polymorphs I and III in pure water and 1% aqueous
solution of PEG. Brown solid line—form I in pure water; Green dashed line—form I in 1% PEG
solution; Magenta solid line—form III in pure water; Orange dashed line—form III in a 1% PEG
solution. Triangles and squares represent the experimental data (see Supplementary Materials Tables
S8 and S9); lines are calculated using Equation (1) with coefficients a and b found in the fitting using
the least-squares approach, given in Table 2.

4. Conclusions

The three previously reported polymorphs of 2,6MeOBA can be crystallized using
different crystallization methods. Thermodynamic stability determined based on solvent-
mediated phase transformations and solubility data shows that form III is stable at temper-
atures above 79 °C, whereas form I is thermodynamically stable at lower temperatures. The
solvent-mediated phase transition from metastable to thermodynamically stable 2,6MeOBA
polymorphs is very fast (less than 15 min at 25 °C and high stirring rates), which could
explain why the preparation of metastable 2,6MeOBA polymorphs II and III is challenging.

The cooling rate and supersaturation are among the main variables that change the
possibility of obtaining metastable polymorphs of 2,6MeOBA. Form III can be crystallized
from water using a slow cooling rate and a fast stirring rate. Crystallization additives
were shown to be able to improve the control of the crystallization polymorphic outcome,
allowing nucleation for the pure metastable polymorph and decelerating the solvent-
mediated phase transition rate by inhibiting the nucleation of the thermodynamically stable
form. HPC can be used to slow the phase transition of form III to form I, although it cannot
selectively provide the nucleation of only pure form III. PEG can be used to increase the
probability of crystallization of metastable polymorphs of 2,6MeOBA.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12081161/s1, Table S1: List of additives used in the study;
Figure S1: Phase identification of 2,6MeOBA polymorphs using PXRD patterns simulated from
crystal structures deposited in the CSD; Table S2: Experimental solubility data for form I in water
and coefficients a and b found in the fitting using the least-squares approach; Table S3: Experimental
solubility data for form III in water and coefficients a and b of Equation (1) found in the fitting
using the least-squares approach; Table S4: Detailed results from the crystallization of pure solvents
and phase compositions of mixtures from the Rietveld analysis; Figure S2: Example of Rietveld
refinement from Profex 4.3.6.; Table S5: Detailed results from the crystallization with additive
presence and quantification results of mixtures from the Rietveld refinement; Table S6: Detailed
results from the crystallization experiments from highly concentrated water solutions using different
additives and cooling rates with quantification results of mixtures from the Rietveld analysis; Table S7:
Detailed results from the crystallization experiments with different amounts and cooling rates with
quantification results of mixtures from the Rietveld analysis; Table S8: Experimental solubility data
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for form I in 1% PEG water solution and coefficients a and b from Equation (1) found in the fitting
using the least-squares approach; Table S9: Experimental solubility data for form III in 1% PEG
water solution and coefficients a and b from Equation (1) found in the fitting using the least-squares
approach.
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2,6-dimethoxyphenylboronic acid; HPC—hydroxypropyl cellulose; PAA—poly(acrylic amide);
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4COOHPheBorA—4-carboxyphenylboronic acid; Na CMC—sodium carboxymethyl cellulose;
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Abstract: 2,6-Dimethoxyphenylboronic acid was used as a model substance to investigate the additive
crystallization approach for polymorph control in phenylboronic acids. It was crystallized under
different conditions by performing evaporation and cooling crystallization from different solvents.
Most of the crystallizations from pure solvents produced the thermodynamically stable Form I, but
in evaporation crystallization from alcohols, Form II or even a new polymorph, Form III, could be
obtained. Structurally related substances, polymers, and surfactants with diverse intermolecular
interaction possibilities were tested as additives. Surfactants were found to facilitate the crystallization
of the metastable forms and therefore were investigated more extensively. The surfactants Span 20
and n-octyl-B-D-glucopyranoside provided crystallization of the metastable forms in the evaporation
crystallization and notably stabilized Form II. The lattice energy, energy frameworks, Hirshfeld
surface analysis, full interaction maps, and morphology prediction were used to identify the structural
differences between Forms I and II and rationalize the ability of the additives to provide formation of
Form Il in the crystallization and to stabilize it.

Keywords: 2,6-Dimethoxyphenylboronic acid; polymorphism; crystallization; crystallization
additives; crystal structure analysis

1. Introduction

Most of the drug dosage forms of active pharmaceutical ingredients (APIs) are in solid
form. These drug dosage forms include not only tablets and capsules, but also powders
for parenteral applications and powder inhalers [1]. Approximately half of APIs show the
ability to crystallize in different polymorphs [1,2]. Polymorphs have the same chemical
composition but different molecule packing and/or conformation in the crystal lattice [3,4].
They have different physical properties—for example, solubility [5,6], bioavailability [7]
or sometimes colour [8]. It is important to perform polymorph screening and identify the
stable polymorph before drug manufacturing [1,4]. In addition, it is required to check the
stability of the selected polymorph in long-term storage. There have been several cases [9]
where a new and more stable polymorph appeared many years after drug development.
Such late appearance of a more stable polymorph can cause problems for patients, from low
drug efficacy to eventually disrupting the supply of medicines [10]. Metastable polymorphs,
although having better solubility and dissolution rates [4], can transform to the stable
form [6]. Therefore, there is a need to improve the stability of metastable forms. One way
to achieve this is to inhibit the transformation rate by using additives in the crystallization
process or in the drug dosage form. Additives usually improve the kinetic stability of
the metastable form [11] but can also change the relative stability of polymorphs [12,13].
The effect of additives on nucleation has been extensively studied [14], but there is still
too little evidence for understanding the mechanism of additive provided crystallization
polymorphic outcome control. Additives can affect the kinetics of nucleation and related
parameters [14-18], the thermodynamic aspects of crystallization, or both of these aspects
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simultaneously [11]. Additive crystallization is widely used in natural and industrial
processes, from biomineralization to material synthesis [19].

It is known that crystals containing similar hydrogen bond synthons can epitaxially
grow on structurally related additives [20]. Structurally similar additives can inhibit [21]
or promote [15,22-25] nucleation of a specific polymorph. Nucleation inhibition can occur
by blocking the movement of surface steps, kinks, or terraces, therefore inhibiting crystal
growth [18]. On the contrary, small, structurally similar molecular compounds can also be
integrated into the lattice and operate as a pre-nucleation precursor [11,18] but will lead
to this additive being an impurity of the obtained crystals. According to the European
Pharmacopoeia, it is important to identify impurities to ensure the safety of pharmaceutical
products [26], and structurally related additives can have a pharmacological or toxic
effect [27-30]. Therefore, not all structurally related additives can be used to stabilize the
polymorphic form in pharmaceutical formulations.

In contrast, many surfactants and polymers can be used in drug dosage forms [31,32].
Polymers are often used as tablet binders, for film formation, as taste-maskers, drug-release
controllers, thickeners, etc. [31], but surfactants can be used in suspensions, emulsions,
gels, or drug delivery systems as drug protectors (e.g., nanoparticles or liposomes in drug
dosage forms) [32]. This is an advantage of these additives compared to the structurally
related additives. Some polymers, such as polyethylene glycol, polystyrene, and poly-
methylmethacrylate, can decrease surface tension and act as a surfactant [33]. As surface
tension and nucleation rates are inversely related, surfactants decrease surface tension
and can promote nucleation of the metastable form [11]. Surfactants can decelerate phase
transitions [19,34] by increasing the activation barrier for nucleation of the stable form [19].
Surfactants can also increase the solubility and dissolution rate of API by incorporating
it into their micelles or hemispheres [11,35]. The hydrophilic part of the surfactant can be
strongly attached to the crystal surface, but the hydrophobic chain can cover the crystal
surface and prevent other interactions [17]. Larger additives can adsorb on a non-specific
crystal surface and therefore inhibit crystal growth by hindering the deposition of growth
units [34]. Polymer additives can act as nucleation sites by absorbing into pre-nucleated
clusters and therefore reducing interfacial free energy and changing the interactions be-
tween the solute molecules [11].

In this study we investigated additive assisted crystallization by focusing on the
preparation of a metastable polymorph to obtain a better understanding of the mechanism
of additive provided polymorphic outcome control. 2,6-Dimethoxyphenylboronic acid
(MPBA), existing as two polymorphs [36], was used as a model compound. Overall, some
arylboronic acids are important in the pharmaceutical industry due to their biological
activity and the possibility of pharmacological effects [37-42]. MPBA was selected due
to the different hydrogen bonding motifs present in both of its polymorphs, including a
trimeric motif uncharacteristic of phenylboronic acids. We explored structurally related
molecules, polymers, and surfactants with diverse possibilities for intermolecular inter-
action as additives. To explore additive assisted crystallization of MPBA, we performed
polymorph screening, tested which additives allow crystallization of the metastable form,
and explored the most promising additives for crystallization of the metastable polymorph
by varying the crystallization conditions. To access the mechanism of additive provided
crystallization and stabilization of the metastable form, we used crystallographic analysis
and theoretical calculations.

2. Materials and Methods

2,6-Dimethoxyphenylboronic acid (MPBA, purity 97%, polymorph I) and n-octyl-p-D-
glucopyranoside (OGP, purity > 99 %) was purchased from Fluorochem. Span 20 (sorbitan
monolaurate) with <1.0 % water was purchased from Merck. Molecular structures of
MPBA and the most extensively studied additives are shown in Figure 1. The water was
deionized in the laboratory. Other additives (see Supplementary Materials, Table S1) and
organic solvents of analytical grade were purchased from different commercial sources.
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OGP

Figure 1. Molecular structure of MPBA, Span 20, and OGP.

2.1. Solubility Measurements

The approximate solubility of MPBA in selected solvents was determined gravimet-
rically. Saturated solutions of MPBA in water, acetonitrile, toluene, tetrahydrofuran, ni-
tromethane, and isopropanol were prepared at ambient temperature. Solutions (1 or 5 mL)
were evaporated at 80 °C, and the mass of residual solid was used for calculation of the
solubility. Approximate solubilities of MPBA Form I are listed in Table S2.

2.2. Crystallization Experiments

Commonly used solvents from different solvent classes were selected for the crystal-
lization of MPBA. For evaporation crystallization, 30 to 50 mg of MPBA were dissolved
in 2 to 3 mL of solvent and evaporated at 25 or 50 °C. For cooling crystallization, MPBA
was dissolved at 40 to 80 °C, depending on the boiling points of the solvent. The obtained
solutions were filtered and cooled to 5 °C. The obtained solid products were collected by
filtration, air dried, and characterized with powder X-ray diffraction (PXRD).

Cooling crystallizations were also performed using Crystall6 (Technobis Crystalliza-
tion Systems, Alkmaar, Netherlands). Solutions of different supersaturation (S = c/c*,
where c is the initial concentration and c* is the solubility at 25 °C, for toluene c¢/c* = 2-11;
for water c¢/c* = 5-10) were prepared in situ (the required mass of MPBA and 1.00 mL of
solvent were transferred into the HPLC vial, and dissolution was achieved by heating in
Crystal16) and cooled with a cooling rate of 10 °C-min~! by stirring at a rate of 900 rpm.
Toluene solutions with ¢/c* = 10 were cooled with different cooling rates—20, 10, 1, and
0.1 °C-min~!—to determine the effect of the cooling rate on the polymorphic outcome.
Water solutions with high supersaturation, obtained using higher temperatures for dissolu-
tion or a long cooling time, oiled out and were not used for phase analysis. Four parallel
crystallization experiments were performed in all cases. The obtained solid products were
collected by filtration, air-dried, and characterized with PXRD.

Crystallization from toluene and water in the presence of additives was performed
using cooling. Soluble additives were selected for the crystallization. In 2 mL of water
at 70 °C, 20-25 mg of additive and 40—45 mg of MPBA were dissolved, and the solution
was filtered and cooled to 5 °C. In 2 mL of toluene at 90 °C, 2025 mg of additive and
100-110 mg of MPBA were dissolved, then the solution was filtered and cooled to 5 °C.
Crystallization from toluene in the presence of surfactants was carried out also using
different crystallization methods: complete solvent evaporation at 5, 25, and 50 °C and
evaporation crystallization with stirring at 25 °C. For evaporation at 5 and 25 °C, solutions
were prepared by dissolving 40-50 mg of MPBA and 100-110 mg of a liquid surfactant or
20-25 mg of a solid surfactant in 3 mL of toluene at 70 °C. The solutions were filtered and
kept at the specified temperature for evaporation (no crystal nuclei formed at cooling). For
evaporation crystallization at 50 °C solutions were prepared by dissolving 100-110 mg of
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MPBA and 230-250 mg of a liquid surfactant or 100-110 mg of a solid surfactant in 2 mL of
toluene at 70 °C. The solutions were filtered and kept at 50 °C for evaporation. For cooling
crystallization with stirring at 25 °C, solutions were prepared by dissolving 140-150 mg of
MPBA and 100-110 mg of a liquid surfactant or 40-50 mg of a solid surfactant in 2 mL of
toluene at 70 °C; the solution was then filtered and cooled to 25 °C by stirring the solution
at 700 rpm.

Crystallization in the presence of other viscous additives was performed using sev-
eral crystallization methods—complete solvent evaporation at 25 and 50 °C and cooling
crystallization at 5 °C. 100-110 mg of additive and 100-110 mg of MPBA were dissolved
in 2 mL of toluene at 90 °C, and the solution was filtered and kept under the specified
conditions for crystallization. Crystallization from other solvents in the presence of Span
20 was performed by evaporation crystallization. 100-110 mg of Span 20 and 100-110 mg
of MPBA were dissolved in 2 mL of solvent at 40 to 90 °C depending on the boiling point
of the solvent. The solution was filtered and placed at 50 °C for evaporation. For each
additive, three parallel crystallization experiments were performed. The obtained products
were collected by filtration or by scraping from the crystallization container, air-dried, and
characterized with PXRD.

2.3. Solid Phase Characterization

The PXRD patterns were measured at ambient temperature on a Bruker D8 Advance
(Bruker AXS, Karlsruhe, Germany) diffractometer equipped with a LynxEye position
sensitive detector using copper radiation (Cu Ky; A = 1.54180 A). Tube voltage and current
were set to 40 kV and 40 mA, respectively. The divergence slit was set at 0.6 mm. The
anti-scatter slit was set at 8.0 mm. The PXRD patterns were recorded from 3° to 35° on the
2 0 scale. The scan speed of 0.2 5/0.02° was used.

DSC analysis of MPBA polymorphs was performed using a TA DSC 25 (TA Instru-
ments, New Castle, DE, USA) calorimeter. Closed aluminium pans were used. The heating
of the samples from 25 to 200 °C was carried out at a heating rate of 10 °C-min~! or
2 °C-min~! for Form II. Samples of 1 mg mass were used. The nitrogen flow rate was
50 mL-min~!. TG analysis was performed using the Mettler Toledo TGA /DSC 2 (Mettler
Toledo, Greifensee, Switzerland). Closed aluminium pans were used. The heating of the
samples from 25 to 200 °C was carried out at a heating rate of 10 °C-min~!. Samples of 5 to

8 mg mass were used. The nitrogen flow rate was 30 mL-min~?.

2.4. Phenylboronic Acid Derivative CSD Structure Analysis and Theoretical Calculations

Cambridge Structural Database (CSD) version 5.43 [43] was searched to analyse the
intermolecular interactions present in phenylboronic acid derivative structures using Con-
Quest 2022.2.0 [44]. A total of 510 structures with phenylboronic acid fragments were
found. Structures containing more than one component, compounds with metal coordina-
tive bonds, and organoboronic compounds not classified as boronic acid were excluded
from the analysis. Hydrogen bond interactions were analysed in Mercury 2020.3.0 [45].

Geometry optimization of the crystal structures of both polymorphs was performed
in Quantum ESPRESSO 6.4.1 [46] by relaxing the positions of all atoms. The initial ge-
ometry of the crystal structures was taken from the CSD database (Form I—UJACITO01;
Form II—UJACIT). The crystal structure of Form I was modified to remove the disor-
der in the boronic acid group appearing because of the symmetry. This was done by
reducing the symmetry of the structure to the P1 space group and, in several different
ways, by removing the redundant hydrogen atoms from the boronic acid groups by ob-
taining ordered dimers formed by MPBA in syn-anti-conformation. Then, among the
obtained structures, a monoclinic Pc structure with Z’ = 2 was identified as the structure
with the highest possible symmetry with the ISOCIF tool (version 3.1.0) [47]. All calcu-
lations were performed using the PBE functional with ultrasoft pseudopotentials from
the original pseudopotential library and a 90 Ry plane-wave cutoff energy with vdW in-
teractions treated according to the D3 method of Grimme [48] using a 2 x 2 x 2 k-point
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grid. Geometry optimized structures were used for further analysis performed using
Crystal Explorer 21 [49].

Intramolecular energy was calculated by performing full geometry optimization of
the MPBA molecule and geometry optimization with dihedral angle of the boronic acid
group constrained to the value as present in the crystal structures of Form I and Form II
in the gas phase. Calculations were performed in Gaussian 09 Revision D.01 [50] with the
density functional theory M06-2X and 6-31++G(d,p) basis set. Intramolecular energy was
calculated as the difference between the energy of the conformer as in the crystal structure
and the global minimum energy.

Calculations of pairwise intermolecular interaction energy in crystal structures were
performed in CrystalExplorer 21 at the B3LYP-D2/6-31G(d,p) level. The sum of all pairwise
interaction energies with molecules for which the atoms are within 15 A of the central
molecule was used to estimate the intermolecular energy. The lattice energy was calculated
by summing the intermolecular energy calculated in CrystalExplorer, and intramolecular
energy was calculated using Gaussian09 [51].

Hirshfeld surfaces, their 2D fingerprint plots summarizing the information about
intermolecular interactions and generation of energy frameworks from the calculated
pairwise interaction energies, and their electrostatic and dispersion components were
calculated with CrystalExplorer 21.

Generation of Full Interaction Maps (FIM) providing molecule interaction preferences
and analysis of Bravais—Friedel-Donnay-Harker (BFDH) morphology [52] were performed
with Mercury 2020.3.0. FIMs of individual molecules as well as crystal structures with
crystal facets of BFDH morphologies were generated for each polymorph.

3. Results and Discussion
3.1. Crystallization from Pure Solvents

We crystallized MPBA from popular solvents from different solvent classes. In almost
all crystallizations, particularly from aprotic solvents, pure Form I was obtained (see Table 1).
However, from polar protic solvent (isopropanol, methanol, and isobutanol) it was possible
to obtain the metastable MPBA Form II. Besides the already known polymorphs, we also
obtained a new MPBA polymorph, designated as Form III (see Figure 2). Form III crystallized
together with Form II in evaporation crystallization from isopropanol, isobutanol, and hep-
tanol. For further crystallization studies aimed at identifying which additives would allow
crystallization of the metastable forms, we selected water and toluene because of their better
suited MPBA solubility (see Supplementary Materials, Table S2), higher boiling point, and
crystallization of the stable polymorph I from these solvents (see below).

Table 1. Polymorphic outcome of crystallization from pure solvents.

Evaporation
25°C 50 °C

Solvent Cooling

Acetone; acetonitrile; ethyl acetate; toluene; nitromethane; o—xylene;
chloroform; 1,4-dioxane; methyl tert-butyl ether; dichloromethane; diethyl I 1 1
carbonate; tetrahydrofuran; methyl isobutyl ketone; cyclohexanol

2,2,2-Trifluorethanol; water I 1 I+1I
Heptanol I I+ 11 I
Isopentanol I I+11 1
Isobutanol I I+1I I

Isopropanol I II/11 + 11T I+1I
Methanol I II I
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Figure 2. Simulated and experimental PXRD patterns of MPBA polymorphs. The possible Form II
impurity in the Form III sample is marked with red asterisks.

For more thorough characterization of the crystallization of MPBA from water and
toluene, we investigated the effect of supersaturation, as it can have a great impact on
the polymorphic outcome. Usually, higher supersaturation results in the formation of
metastable forms [53-55]. Water solutions with supersaturation (S = c/c*) from 5 to 10
(11-22 mg-mL ') were crystallized with a cooling rate of 10 °C-min ! and a stirring rate of
900 rpm. Higher supersaturation, heating the solution above 70 °C, or long stirring at an
elevated temperature resulted in the solution oiling out. Furthermore, before the nucleation
at cooling the solution always oiled out and only then did nucleation occur. Toluene solu-
tions with supersaturation between 2 and 11 (24-132 mg-mL~!) were crystallized under the
same conditions, except that solutions with c/c* = 10 were also cooled at different cooling
rates, from very fast (20 °C-min~1) to very slow (0.1 °C-min—1). The toluene solutions
did not oil out, but in all solutions, solid particles (a few small crystals in the solution)
were observed before extensive nucleation, when numerous MPBA crystals appeared and
began to grow by forming a suspension. For solutions with lower supersaturation, the solid
particle formation point was near 20-30 °C, but more crystals were obtained only when the
mixture reached 10 °C and was stirred for 5 to 10 min. When supersaturation was increased,
the solid particle formation and nucleation occurred at a higher temperature (for ¢/c* =10 it
was at ~80 °C and 32-20 °C, respectively). Nevertheless, neither in water nor in toluene did
the supersaturation and cooling rate (tested for toluene) affect the polymorphic outcome,
as Form I was always obtained in the crystallization. Therefore, we have demonstrated that
metastable forms do not crystallize in cooling crystallization from toluene and water under
the investigated conditions.

3.2. Characterization of MPBA Polymorphs
3.2.1. Structure Analysis of MPBA Polymorphs and Analysis of Phenylboronic Acid
Moiety Interaction Preferences in CSD Structures

MPBA has two known polymorphic forms characterized by Cyrariski et al. [36]. Form I
crystallizes in the tetragonal crystal system P4n2 with Z’ = 0.5 and contains typical hydrogen
bonded homodimers of boronic acid that adopts syn-anti-conformation. Form II crystallizes
in the monoclinic crystal system C2/c with Z’ = 1.5 and contains an unusual hydrogen-
bonded boronic acid synthon formed by three molecules (see Figure 3). The trimer synthon
consists of two symmetry independent molecules in the anti conformation—the middle
molecule (A) forms hydrogen bonds with terminal molecules (B), which act as hydrogen
bond acceptors. Additionally, in the terminal molecules (B), there are two intramolecular
hydrogen bonds between the hydroxyl and methoxy groups. As we demonstrate below,
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the hydrogen bonding as in Form II is unusual for arylboronic acids. Unfortunately, our
attempts to determine the crystal structure of Form III were unsuccessful, as suitable
crystals for SCXRD analysis were not obtained and the bulk sample contained an impurity
of Form II (see Figure 2).

Sl

TCYTY YT B

T

Form I (UJACITO1) Form 11 (UJACIT)

Figure 3. Hydrogen bonding in the crystal structures of MPBA polymorphs and labelling of molecules
in Form II.

In CSD, 209 crystal structures of single component phenylboronic acid phases (see
Supplementary Materials, Figure S1) were found, resulting in analysis of 192 unique crystal
structures. The analysis showed that polymorphism in phenylboronic acid is rarely reported
in CSD: only 7 of 185 (3.8%) unique compounds have structures of two polymorphs. For five
of the phenylboronic acid derivatives, polymorphs have different intermolecular interactions,
including dimers, chains, and intramolecular and specific intermolecular hydrogen bonds
(see Supplementary Materials, Table S3). Boronic acid homodimers are present in most of
the phenylboronic acid structures (82.8%), while only 14.6% of structures have chain-like
hydrogen bonding. In two structures (1.0%) there are dimers and chains (see Figure 54), but
in three structures (1.6%), only intramolecular hydrogen bonds. The dimers can be divided
into six different types (see Supplementary Materials Figure S2 and Table S4) according to the
hydrogen bonding in the crystal structure. MPBA Form I contains Al type dimers (formed
by R2(8) dimers connected by 2 mutual C(4) chains), which is common for phenylboronic
acids (28.3% of all the dimeric structures). The most abundant phenylboronic acid dimer
synthon is type B1 (35.8% of all the dimers), an isolated dimer with additional intramolecular
hydrogen bonds.

Other types of hydrogen bond synthons formed by phenylboronic acid moieties
are quite different but can be divided into eight types (see Supplementary Materials,
Figure S3 and Table S5). The most abundant among these are hydrogen bonds with other
atoms in the molecule (35.5% of all non-dimers) (Figure S3, type H). Boronic acid trimers
as in Form II (Figure S3, type K) are unique and not observed in any other structure,
although there are structures in which there are only intramolecular hydrogen bonds as
present in molecule B (9.7%), and two structures (type J) in which there are either different
isolated hydrogen bonds with molecules in anti conformation or chains C(2) formed by
such hydrogen bonds.

Therefore, the performed CSD analysis confirms that dimers are the main hydrogen
bond type for phenylboronic acids as suggested before [37,38,56-60] and that MPBA Form
IIis a unique trimer containing structure. Overall, there is a relatively low possibility for
formation of a phenylboronic acid derivative structure not containing dimers, particu-
larly if there are no other functional groups which could lead to disruption of hydrogen
bonds formed by only boronic acid moiety. Nevertheless, we believe that the polymor-
phism of phenylboronic acid derivatives is not thoroughly studied, as suggested by the
notably low number of polymorphic molecules. For example, a study by Cruz-Cabeza
et al. shows that polymorphism occurrence in single component crystals is at least 37% and
more polymorphic structures are reported for more thoroughly studied substances with
pharmacology effect [61].
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3.2.2. Thermal Characterization of MPBA Polymorphs

Thermal analysis showed that the melting point of Form I'is 108 °C (see Figure 4). In
DSC analysis of Form ITat 2 °C-min~! an exothermic peak corresponding to phase transition
to Form I was detected at 74 °C (confirmed by PXRD). This indicates the monotropic
relationship between Form I and Form II [62]. The phase transition of Form II to Form I
at 80 °C was confirmed by heating in a thermostat for an hour. The newly obtained Form
III has a melting peak at 52 °C. As Form III has a lower melting enthalpy and melting
point than Form I, these polymorphs are also monotropically related by the heat of fusion
rule [62]. When the Form III sample was stored at a 60 °C thermostat, transformation to
Form I occurred before the melting. Such a high melting point difference of more than
50 °C between Form I (108 °C) and Form III (52 °C) is rarely observed [63] and indicates
low thermodynamic stability of Form III. The absence of mass change in the TG curves
(see Supplementary Materials, Figures S5-57) confirmed that all the obtained phases are
polymorphs. We note that Form II and Form III are not stable in ambient conditions: Form
II transforms into Form I in <24 h, whereas Form III transforms into Form I in <1 h. In
contrast, Form II is stable notably longer at lower temperatures in the freezer.

m Th=52°C

n\lf Tp.t.,.= 74 °C
]

Tp= 108 °C

Heat flow (exo up)

40 60 80 100 120
Temperature, °C

Figure 4. DSC curves of MPBA polymorphs (heating rate 10 °C-min ! for Forms I and I1I, 2 °C-min !
for Form II). The onset temperatures were used to characterize the thermal process occurring in the
DSC traces.

3.3. Crystallization in the Presence of Additives

When crystallizing from water, the hot sample at the beginning of the cooling always
oiled out first and crystallized only later. However, the nucleation was very slow, as a solid
was obtained after only a few hours or even a few days, and only Form I was obtained by
cooling a water solution in the presence of additives.

Overall, polymorph I was obtained in most of the cooling crystallizations of toluene
solutions in the presence of additives, in agreement with this polymorph obtained in cooling
crystallization of pure solvent (see Supplementary Materials, Figure S8). However, in the
presence of octyl 3-D-glucopyranoside (OGP) and 2,6-dimethoxybenzoic acid (2,6MeOBA),
a mixture of Forms I and II can be obtained. We note that MPBA as an additive promotes the
formation of the metastable form of 2,6MeOBA [64]. As the polymorphs of both substances
differ by syn- and anti conformers in the structure, it is possible that the 2,6MeOBA syn
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conformation stabilizes the MPBA anti conformation by forming hydrogen bonds, therefore
allowing easier nucleation of Form II.

Serendipitously, we discovered that evaporation of the filtrate obtained in crystalliza-
tion from toluene in the presence of all the surfactants (OGP, Polysorbate 80, Span 20 and
Tween 20) resulted in formation of Form II crystals. Therefore, surfactants were selected
for further additive crystallization experiments. Crystallization was performed using two
different approaches: cooling and evaporation crystallization. In the cooling crystallization
with these additives, almost exclusively Form I was obtained (see Figure 5), whereas the
metastable Form II was obtained in only one of the experiments. In contrast, Form II, Form
III, or their mixture was obtained in evaporation crystallization in the presence of Span 20,
Tween 20, and OGP. We observed that the presence of Span 20 and OGP stabilizes Form II
but not Form III, because it very rapidly transformed into Form II as observed by the PXRD
analysis. However, Form II was stable for up to one month in the presence of these two
surfactants. We also observed that evaporation with stirring prevented crystallization of
the metastable forms. Among the tested conditions, the best for obtaining metastable forms
was solvent evaporation at 50 °C without stirring. Under these conditions, the presence
of Span 20 and OGP in the initial solution resulted in crystallization actually occurring
from a MPBA solution in the surfactant after the evaporation of the initial solvent when the
obtained mixture was cooled to room temperature. The crystals obtained in this procedure
were very small, and pure polymorph III crystallized in the presence of Span 20 and OGP.
Nevertheless, single crystals were not obtained, and the presence of the wide peaks of Span
20 and OGP also prevented structure determination from the PXRD data.

Cooling of
. Evaporation — surfactant-MPBA
St at 25°C solution
Stirring  Off On Off On Off

@ @ @® @ ©

@®Form1 @ Form III @ Forms 1+ 1l ®@Forms I+ 11+ 11T
Form II @ Forms I+ III © Forms IT + III

Figure 5. Polymorphic outcome in crystallization from toluene in the presence of surfactants using
different crystallization methods. Each third of the circle represents one of the parallel experiments.

MPBA-Span 20 solution was also obtained using other solvents to determine whether
the initial solvent has a role if the crystallization is performed in this way. Five solvents were
selected: four solvents from which only Form I was previously obtained and isopropanol
from which Form II was obtained. A clear MPBA solution in Span 20 later crystallizing
at room temperature was obtained after the evaporation of all these solvents. Pure Form
II was obtained in all 15 experiments. Therefore, the formation of Form II under these
conditions is purely determined by Span 20.
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Span 20 and OGP at 50 °C are viscous liquid substances. Therefore, other viscous liquid
substances were also examined. Crystallization was performed using cooling crystallization
and evaporation crystallization without stirring, as the stirring did not allow for formation
of the metastable forms. The results showed that the formation of metastable forms is not
provided by any viscous liquid, as among the tested, only PEG 600 showed the potential
for crystallization of Form II in evaporation crystallization (see Figure 6). Therefore, the
main reason for polymorph control apparently is the intermolecular interactions between
the surfactant molecules and the MPBA.
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Evaporation

QP Q@O O@
@ @ @@ va

@®Form I Forms [+ 11

Figure 6. Polymorphic outcome in crystallization from toluene in the presence of viscous liquids
as additives using different crystallization methods. Each third of the circle represents one of the
parallel experiments. Abbreviations: PEG—polyethylene glycol; PolyTHF—poly tetrahydrofuran;
PPG—polypropylene glycol; PAS—poly(acrylic acid).

3.4. Theoretical Analysis of MPBA Crystal Structures

To find the intramolecular energy of MPBA in its crystal structures, two conformers—
syn-anti and anti—were considered. The anti conformer with two intramolecular hydrogen
bonds between boronic acid hydroxyl groups and methoxy groups (as in B molecule of
Form II) was found to be the global energy minimum. The syn-anti conformer (similar
to conformation in Form I but with the boronic acid group almost in plane with the
benzene ring and therefore having one intramolecular hydrogen bond) was found to be
less efficient by 12 kJ-mol~! (see Supplementary Materials, Table S6). Not surprisingly,
the intramolecular hydrogen bonds in MPBA result in differing energy of conformers
compared to those reported in studies of phenylboronic acid in aprotic solvents and in
vacuo, where generally the syn-anti-conformers are energetically more stable than the anti
by ~5 kJ-mol~! [65]. The geometry optimizations with constrained torsion angle between
the benzene ring and boronic acid group were used to calculate the intramolecular energy of
MPBA. These calculations showed that in Form II, the B molecule almost fully corresponds
to the global energy minimum, the twisted anti conformation of A molecule in Form II has
intramolecular energy of 18 kJ-mol~?, and the twisted syn-anti conformation of Form I has
intramolecular energy of 15 kJ-mol~!. Therefore, the intramolecular energy of Form II is
lower by 9 kJ-mol 1.

For the calculation of intermolecular energy, the crystal structure of Form I in the mon-
oclinic Pc space group without disorder in the dimers formed by the syn-anti-conformers
was used. Therefore, the lattice energy calculations are somewhat approximate and can
have some deviations because of the lower symmetry used. Based on the obtained results,
Form I has 8.5 k]-mol~! lower intermolecular energy than Form II (see Table 2). Therefore,
the lattice energy of both polymorphs is almost identical, with that of Form II being calcu-
lated as 0.7 kJ-mol ! lower, corresponding to the typical energy difference (<5 kJ-mol 1) of
organic polymorphs [61,66]. Although the calculated relative energy contradicts Form I
being determined as the thermodynamically stable polymorph, the possibility for different
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hydrogen atom arrangement in dimers could provide an entropy increase, resulting in
lowering of the free energy of Form L

Table 2. Selected crystallographic data and the calculated intramolecular, intermolecular, and lattice
energies of MPBA polymorphs.

Polymorph Form I Form II
CSD Ref. code UJACITO1 (original P4n2 structure) UJACIT
, 4/0.5 (for P4n2 structure)
2z 4/2 (for Pc structure) 12/1.5
Eintra, kJ-mol ! 15.2 6.0
Einter, kJ-mol ™! —144.4 _135.9
(Eele + Epol)/Edisp 1.3 1.0
Elattice, kJ-mol ! —129.2 ~129.8

The pronounced differences in the hydrogen bonding in both polymorphs, as described
above, result in high differences in the lattice energy component contributions and energy
frameworks of both forms. As shown in Table 2, the electrostatic energy in Form I is the
dominant component of the lattice energy, which can be associated with the extensive
strong hydrogen bond network in this structure. Interestingly, despite the presence of
hydrogen bonded chains in the structure of Form I, the electrostatic (Coulomb) energy (see
Figure 7) is dominated by the interactions between the molecules that form the homodimers
in the bc plane, while the interactions between the adjacent dimers in adjacent layers are
notably less efficient. The strongest dispersion energy is observed between two molecules
forming a CH3 ' 7 interaction along the a-axis. In contrast, the electrostatic energy and
dispersion energy in Form II have a very similar contribution in the lattice energy, because
of a much smaller amount of intermolecular hydrogen bonds and higher importance of the
aromatic interactions, including 7t-* 7 stacking. This is also observed in the electrostatic
energy framework of Form II, as the strongest interactions observed between the molecules
in the trimer are still notably less efficient than those in Form I. However, in this structure
there are several molecule pairs with efficient dispersion energy in a different spatial
arrangement, with the strongest dispersion interactions observed between the adjacent B
molecules connected in a shifted 7t-- 7 stacking manner and forming the hydrogen bonded
trimers in a perpendicular direction. To sum up, despite overall more efficient dispersion
interactions in Form II, the notably stronger hydrogen bonds in Form I are the reason for
the higher intermolecular energy of this form, which could also explain its higher stability.
The ability of hydrogen bonding to provide stabilization of the crystal structure has been
shown before, e.g., in studies of proteins [67,68] and ritonavir [69].

Differences in the intermolecular interactions of both forms can also clearly be seen on
the Hirshfeld surfaces and in the analysis of their 2D fingerprint plots (see Figure 8). As could
be expected from the artificially decreased symmetry, both symmetry independent molecules of
the structure in the Pc space group have identical 2D fingerprint plots with hydrogen bonds
forming the boronic acid dimers and chains, and different -H -+ C- and -C --* H- interactions
(particularly from CHj - 7 interactions) being the main observable interactions. Logically,
both molecules (A and B) of Form II had different Hirshfeld surfaces and their 2D fingerprint
plots. Both molecules A and B have only one sharp peak corresponding to being a donor (A)
or acceptor (B) of the strong intermolecular hydrogen bond, as can be seen in the fingerprint
plots. Also, interactions associated with 7t 7t stacking are present for molecule B, as also
demonstrated by the energy framework diagrams of this polymorph.

3.5. Use of Full Interaction Maps to Understand Polymorph Stability and Effect of
Crystallization Additives

The Full Interaction Map (FIM) visualizes regions around the molecule where, based
on pre-extracted IsoStar interaction data from the CSD [52], intermolecular interactions are
expected, allowing to evaluate whether interaction preferences within the lattice are satisfied.
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FIM analysis has been shown to allow prediction of the stability of polymorphs [61,70,71].
Moreover, we speculate that if in a structure there are regions of the molecule in which
the crystal lattice interactions are not satisfied, the additional interactions provided by the
additives may stabilize the respective polymorph.

Coulomb Energy Dispersion Energy

NN

Total Energy

Figure 7. Energy-framework diagrams for Ecqy1, Eqis and Egot for MPBA Forms I and II. All images
have the same tube size.
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Figure 8. Hirshfeld surfaces and their 2D fingerprinting plots of MPBA Forms I and II. In the labels,
the atom on the left is inside the Hirshfeld surface.
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Form I

FIM analysis was performed for the original disordered Form I structure in the P4n2
space group and for this polymorph with removed disorder in the Pc space group. Nearly
identical FIMs were obtained for both symmetry independent molecules of the Pc structure,
and they were highly similar to FIMs of this polymorph in the P4n2 space group (except that
the hydrogen bond donor and acceptor sites in dimer were discriminated) (see Figure 9).
The MPBA molecule has two hydroxyl groups able to act as both hydrogen bond acceptors
and donors. In the homodimers as in Form I, most of the interaction preferences are
satisfied. Both hydrogen bond donors and acceptor sites in the boronic acid group are
involved in dimer formation and hydrogen bonding between the dimers. Apart from this,
both methoxy groups are potential hydrogen bond acceptors, and there is a preference for
the involvement of aromatic C-H in weak hydrogen bonds or aromatic interactions and also
a preference for aromatic 7 electrons to be involved in some interactions. These preferences
are partly fulfilled by formation of weak hydrogen bonds, CH3 *** 7t interactions, and other
aromatic interactions. In contrast, only half of the interaction preferences for hydrogen
bonding are satisfied in Form II (see Figure 9). According to the FIM, the boronic acid group
of molecule A prefers to be involved as the hydrogen bond acceptor with two donors, but
instead only weak hydrogen bonds with the benzene C-H and methoxy groups (with C---O
distance of 3.55 A and 3.58 A, respectively) are formed. There is an identical preference also
for molecule B, and it is fulfilled for one of the oxygen atoms by the hydrogen bond Ox-
H---Og, but the second oxygen atom forms a weak hydrogen bond with a methoxy group
(C---O distance 3.32 A). Therefore, the hydrogen bonding in Form IT does not match the
interaction preferences as in the CSD, and the three unsatisfied hydrogen bond acceptors
may be the reason for the low stability of Form II and formation of this polymorph only
under specific conditions. All the hydrogen bond donor capabilities in Form II, however,
are satisfied by two Ox-H:--Op bonds for molecule A and the intramolecular hydrogen
bonds for molecule B.

Form II

v\v
Pc Molecule A Molecule B

Figure 9. FIMs for MPBA polymorphs. Regions of hydrogen bond donor probability are shown in
blue, hydrogen bond acceptors are shown in red, and hydrophobic interactions are shown in green.

If the morphology generated from the Form I structure in the P4n2 and Pc space groups
are compared, the effects of disorder in the P4n2 structure and the lower symmetry of the
Pc structure are visible. Because of the symmetry generated redundant hydrogen atoms
in the disordered structure, FIMs on the P4n2 Form I crystal have a larger hydrogen bond
donor probability than on the Pc Form I crystal facets, which have a larger hydrogen bond
acceptor probability (see Figure S9). Nevertheless, we analyse FIMs on P4n2 morphology
due to the loss of crystal symmetry in the Pc space group.

Overall, there are large differences between both polymorphs when FIMs on crystal
facets are compared (see Figure 10). Form I crystals have a larger probability of being
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involved in hydrophobic interactions (green) and interact with hydrogen bond acceptors
(red) when compared to Form II. The largest facets {110} of Form I (space group P4n2) have
exposed benzene rings and grow through interactions with the benzene ring. The benzene
rings on these facets can act as weak hydrogen bond acceptors (blue colour). This facet also
grows by formation of dimers and requires attachment of a hydrogen bond acceptor such
as oxygen (red colour). Smaller facets {101} and {101} of Form I are growing by formation
of dimer chains; therefore, the probability of interacting with hydrogen bond donors (blue
colour) is higher for these facets.

Figure 10. FIMs combined on the BFDH morphology of MPBA Form I (a) and Form II (b). Regions of
hydrogen bond donor probability are shown in blue, hydrogen bond acceptors are shown in red, and
hydrophobic interactions are shown in green.

The Form II crystal has a larger probability of interacting with hydrogen bond donors
on the largest facets when compared to Form I (see the increase in blue coloured regions
in Figure 10). On the largest edges {002} and {110} of Form II, in contrast to Form I, many
hydrogen bond acceptor groups are exposed. On these facets, the oxygen atoms of the
boronic acid groups in anti-planar conformation are forming hydrogen bonds and are grow-
ing by formation of trimers, so hydrogen bond acceptors are exposed and there is a great
propensity to interact with hydrogen bond donors by these facets. Therefore, surfactants
can interact as hydrogen bond donors with these facets more easily if compared to Form I,
for which hydrogen bond acceptor groups cover a smaller area. The interactions between
the crystals and additives could be similar to those Kim et al. [17] demonstrated between the
crystals of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and amphiphilic additives using
molecular simulations. Span 20 and OGP both have hydrogen bond donors (three and
four, respectively) that can interact with the boronic acid group of MPBA and stabilize
Form II crystals. Additionally, the hydrophobic site of the surfactants can decelerate phase
transition by forming micelles or hemispheres and therefore prevent the reorganization
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of molecules required for the transformation of Form II to Form L. This can also explain
the small crystal size of Form II obtained in the experiments using these surfactants. It is
possible that the hydrophobic part of the surfactants in surfactant micelles or hemispheres
could inhibit crystal growth by steric effects preventing attachment of new growth units to
the crystal facets.

4. Conclusions

Our studies of MPBA demonstrated that Form I is obtained in evaporation crystal-
lization from most solvents and cooling crystallization from almost all the tested solvents.
However, evaporation crystallization from alcohols produced Form II, and evaporation of
an isopropanol solution produced the new polymorph Form IIl. Thermal characterization
showed that Form I is the most stable polymorph and that both Form II and Form III are
monotropically related to Form I. We observed that Form II and Form III are unstable—Form
II transformed to Form I in <24 h, whereas Form III transformed to Form Il in <1 h.

The MPBA molecule in planar anti conformation is the most stable conformer as
shown in the ab initio calculations. Therefore, Form II has lower intramolecular energy.
However, Form I has lower intermolecular energy, and its structure is mostly stabilized
by the electrostatic energy of strong hydrogen bonds, whereas in Form II the electrostatic
and dispersion energy contributions are almost equal, partly because of the less efficient
hydrogen bonding. Nevertheless, the lattice energy obtained as sum of the intra- and
intermolecular energy of Form Il is slightly lower.

More extensive exploration of the crystallization from toluene and water showed that
the cooling rate and supersaturation do not affect the crystallization polymorphic outcome.
By performing crystallizations in the presence of additives, we found that Span 20 and
OGP provide crystallization of the metastable forms in evaporation crystallization at 50 °C.
We also showed that the solvent does not play any role in regulating the crystallization
outcome in the presence of Span 20 under these conditions, as crystallization is actually
occurring from a MPBA solution in liquid Span 20. Moreover, OGP and Span 20 stabilize
Form II for up to 1 month at ambient temperature. Although Span 20 also allowed for the
crystallization of Form III, this form was not stabilized by Span 20. We showed that not
every viscous liquid allows crystallization of the metastable forms because, among several
other viscous additives tested, only PEG 600 facilitated crystallization of Form II.

We propose that Span 20 and OGP provide crystallization and stabilization of Form II
by intermolecular interactions. On the crystal edges of Form I, mostly atoms keen to form
hydrophobic interactions and hydrogen bond donors (boronic acid groups and benzene
rings) are exposed, whereas the edges of Form II can interact with hydrogen bond donors
because of the many exposed hydrogen bond acceptor groups (boronic acid oxygen atoms).
Furthermore, for Form II, the FIM regions where interactions with hydrogen bond donors
are likely to occur are larger and more sterically available than for Form I. Although many of
the tested additives are hydrogen bond donors, only Span 20 and OGP efficiently interacted
with MPBA and provided crystallization of Form II. It is possible that the hydrogen bond
donor groups interact with Form II crystal edges, but hydrophobic parts of these additives
decelerate the phase transition and provide the stabilization of this polymorph.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12121738 /51, Table S1: List of additives used in the study;
Table S2: Approximate solubility of MPBA Form I in different solvents; Figure S1: CSD search results
for phenylboronic acid derivatives; Figure S2: Types of dimeric hydrogen bond motifs observed in
the crystal structures of phenylboronic acid derivatives in CSD; Figure S3: Types of non-dimeric
hydrogen bond motifs observed in the crystal structures of phenylboronic acid derivatives in CSD;
Table S3: Polymorphism observed in phenylboronic acid derivatives; Table S4: Types of dimeric
structures from CSD search results for phenylboronic acid derivatives; Table S5: Types of non-dimeric
structures from the CSD search results for phenylboronic acid derivatives; Figure S4: Hydrogen
bonding phenylboronic acid derivative structures containing chains and dimers; Figure S5: DSC/TG
curves of MPBA Form [; Figure S6: DSC/TG curves of MPBA Form II; Figure S7: DSC/TG curves of
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MPBA Form III; Figure S8: Results of the crystallization in the presence of additives from toluene and
water; Table S6: Intramolecular energies and torsion angle data of MPBA polymorphs; Figure S9: FIMs
combined on the BFDH morphology of MPBA polymorph I using different crystal structure models.
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ABSTRACT: Concomitant crystallization of polymorphs is a major
problem for the pharmaceutical industry, and in general, a better
understanding of this phenomenon is necessary to ensure the
crystallization of just one desired polymorph. Isonicotinamide (INA)
forms six polymorphs which often crystallize concomitantly. Here,
we studied whether the use of crystallization additives can facilitate
the formation of INA metastable forms and prevent concomitant
crystallization. Crystallization of INA was explored under different
conditions by performing cooling and evaporative crystallization
from different pure solvents and in the presence of crystallization
additives. Some additives, such as naphthalene-1,5-diol, 4-carbox-
ybenzeneboronic acid, and 2-picolinic acid, provided achieving
crystallization control. Theoretical calculations allowed us to gain
partial insight into the factors responsible for the polymorphic
outcome of INA crystallization. The crystal structures of INA polymorphs II, IV, and VI, which often crystallize concomitantly, are
almost identical. Therefore, it is possible that the energy barriers of nucleation and crystal growth rates for these polymorphs are
highly similar, whereas, in the presence of additives, the crystallization of structurally more different Forms III or I could be achieved
by altering these energy barriers.

/ WHAT POLYMORPH
WILL YOU
NUCLEATE IN?

WE CAN HELP YOU
TO DECIDE!

Bl INTRODUCTION other templates”). Structurally related additives have been
used to obtain metastable forms of paracetamol,”*™** para-

Polymorphism is the ability of a substance to crystallize in
aminobenzoic acid,®> benzamide,** etc. It has been demon-

different crystal lattices.”” The polymorph control is crucial in

many industrial processes, e.g, in the production of strated tl;;glrgzetacetamol allowed the formation of paracetamol
pharmaceuticals,® ™ dyes,(”7 explosives,8 etc. Even though Form II"™"* by blocking the growth of Form I via strong
most of the substances are polymorphic,2 highly polymorphous adsorption on the main crystal faces.>? Similarly, structurally
systems are rare, as only ~2% of polymorphic compounds have related benzoic acids provided the selective formation of the
more than four polymorphs.” The formation of different metastable and difficult-to-obtain para-aminobenzoic acid f
polymorphs is determined by crystallization kinetics and form by inhibiting crystallization of the stable a form.*®
thermodynamics. The main step responsible for the poly- Additionally, the relative stability of benzamide polymorphs I
morphic outcome is nucleation.'® A metastable polymorph can and III has been reversed using nicotinamide as an additive
nucleate due to kinetic aspects, but it can then transform to the because of the formation of a solid solution.’* The apparent
thermodynamically stable form in solvent-mediated phase relative stability and crystallization polymorphic outcome can
transformation (SMPT).""~"* Concomitant nucleation of two be reversed also by structurally unrelated additives, as
or even more polymo.rphs later CO"_“PEtiflg in growth is also demonstrated for nitrofurantoin.®® Although these few
possible. © Concomitant nucleation is reported to be examples show the potential of crystallization additives to

commonly observed if the lattice energy differences between
polymorphs are lower than a few kJ mol™'.>’

Therefore, common crystallization approaches often cannot
provide crystallization of a pure polymorph. In such cases,
other crystallization methods or approaches are introduced: )
antisolvent crystallization,'* ultrasound-assisted crystalliza- Revised:  October 28, 2023
tion,"* laser-induced nucleation,'® crystallization in gels,'”"® Acce_Pted: October 30, 2023
and in the presence of additives (including tailor-made or Published: November 13, 2023

control the polymorphic outcome, there is still no general
understanding of how to select an appropriate additive and

. CRYSTAL
Received: June S, 2023 CROWTH
DESIGN

19,20 1,22
structurally related additives,"”*° polymers*"** and surfac-
23 24-26
tants™”) and templates (self-assembled monolayer or
H H © 2023 American Chemical Societ https://doi.org/10.1021/acs.cgd.3c00687
A2 ACS Publications Y gsea Cryst. Growth Des. 2023, 23, 85848596
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predict which polymorph would be facilitated in the presence
of this additive.

In this study, we explored the use of crystallization in the
presence of additives for minimizing concomitant crystalliza-
tion that is often observed for pharmaceuticals®™>* by
studying isonicotinamide (INA) as the model substance.
INA is widely used as a common conformer for the
cocrystallization of pharmaceuticals®*~*' and has the potential
for pharmacological effects.*”*’ INA is reported to crystallize
in six polymorphs**~* (corresponding to Cambridge Struc-
tural Database (CSD) entries EHOWIHO01-06), two mono-
hydrates,*” and few solvates.** "> INA Form I contains amide
homodimers arranged in isolated corrugated sheets.*’ In
contrast, all the other INA polymorphs contain hydrogen
bond chains formed by amide functionals and by amide and
pyridine moieties.”>™* In a detailed comparison of the
differences in the INA crystal structures, Fellah et al.* have
shown that crystal structures of Forms II, IV, and VI are very
similar and these polymorphs tend to crystallize concom-
itantly.>* We note that different authors have used different
INA polymorph designation schemes. Here, we use the scheme
in which the dimer structure (EHOWIHO1) is designated as
Form I and the hydrogen bond chain structure (EHOWIHO02)
as Form IL>>*%%!

Although Form I has been shown to be the stable
polymorph in ambient conditions,*”***® it is not the
polymorph usually obtained in the crystallization.*>*” Crystal-
lization of INA in the presence of additives and templates has
been studied previously,*”*”>* but selective and repeatable
crystallization of any of the polymorphs was not achieved. The
presence of allopurinol facilitated the crystallization of Form
VI, but this form still crystallized concomitantly with other
polymorphs.*” TiO, facilitated the crystallization of Form III,
but it still crystallized concomitantly with Form IL.>* Form V
has been obtained only in the presence of 3-arylbutanoic acid,
but Form V crystallized together with Form IV.*® Therefore, in
this study, we investigated the crystallization of INA in the
presence of numerous additives and showed that there are
many additives repeatably providing crystallization of pure
Form III or Form I from different solvents. We also used
crystal structure analysis and theoretical calculations to provide
a possible explanation for the polymorphic outcome control in
the presence of these crystallization additives.

B EXPERIMENTAL SECTION

Materials. INA (purity 99%, polymorphs I and II with a small
impurity of hydrate I) was purchased from Alfa Aesar and
ThermoScientific. Before the experiments, INA was kept at 120 °C
to prepare pure Form I Naphthalene-1,5-diol (ND, 95%), 4-
carboxybenzeneboronic acid (4CPBA, 98%, quarter-hydrate), 2-
picolinic acid (2PA, 98%), benzene-1,2,3-triol (BTriol, 95%),
phloroglucinol (PhGlu, 99%, anhydrous), and nicotinic acid (NA,
95%) were purchased from Fluorochem. S-Hydroxy-2-nitrobenzoic
acid (SOH2NBA, 98%) was purchased from Carbosynth Ltd.
Molecular structures of INA and selected additives are shown in
Figure 1. Water was deionized in the laboratory. Other additives (see
Table S1, Supporting Information) and organic solvents of analytical
grade were purchased from commercial sources.

Powder X-ray Diffraction (PXRD). PXRD patterns were
measured at ambient temperature on a Bruker D8 Advance
diffractometer using copper radiation (Cu K,; 4 = 1.54180 A) and
a LynxEye position-sensitive detector. The voltage and current of the
tube were set to 40 kV and 40 mA, respectively. The divergence slit
was set at 0.6 mm. The anti-scatter slit was set at 8.0 mm. The PXRD
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Figure 1. Molecular structure of INA and selected additives.

patterns were recorded from 3° to 35° on the 26 scale using a scan
speed of 0.2 s/0.02°.

Crystallization from Pure Solvents. Common solvents (see
Table S2) from different solvent classes were selected for the
crystallization of INA. For evaporation crystallization, 30—50 mg of
INA were dissolved in 2—3 mL of solvent and the obtained solutions
were evaporated at 25 and 50 °C. For cooling crystallization, INA was
dissolved at 40—80 °C, depending on the boiling points of the
solvent, and the obtained solutions were filtered and cooled to § °C.
The obtained products were collected by filtration, air-dried, and
characterized with PXRD.

Cooling crystallizations were performed using Crystall6 (Tech-
nobis). Solutions of different supersaturation (isopropanol (IPA) ¢/c*
1.5—4; 1,4-dioxane; c/c* 2—9; nitromethane c¢/c* = 7-16;
acetone ¢/c* = 2, where ¢/c* is a supersaturation ratio, c is the initial
concentration and c* is the solubility at 25 °C) were prepared in situ.
The required amount of INA was weighted in an HPLC vial, 1 mL of
solvent was added, and the vial was placed in Crystall6, where it was
heated to achieve dissolution and then cooled with a cooling rate of
10 °C min™" and a stirring rate of 900 rpm. Selected solutions (IPA
and 1,4-dioxane with ¢/c* = 3; nitromethane with ¢/c* = 12; and
acetone with ¢/c* = 2) were cooled with different cooling rates —20,
10, 1, and 0,1 °C min™" to determine the effect of the cooling rate on
the polymorphic outcome. Four parallel crystallization experiments
were performed in all cases. The obtained products were collected by
filtration after the set end temperature of 10 °C was reached, air-dried,
and characterized with PXRD. The supersaturation ratio was
calculated using solubility reported in the literature: I
PA 44 mg mL™.> 1,4-dioxane 18 mg mL™%** nitromethane 3 mg
mL™.>* and acetone 25 mg mL71>!

Crystallization in the Presence of Additives. The effect of
soluble additives on the crystallization polymorphic outcome was
tested in IPA and 1,4-dioxane using cooling crystallization. In 2 mL of
IPA, 20—25 mg of a solid additive or 2—3 drops (60—80 mg) of a
liquid additive and 260—270 mg of INA (c/c* & 3) were dissolved at
70 °C, the solution was filtered and cooled to S °C. In 2 mL of 1,4-
dioxane, 20—25 mg of a solid additive or 2—3 drops (60—80 mg) of a
liquid additive and 110—120 mg of INA (c/c* ~ 3) were dissolved at
70 °C, and the solution was filtered and cooled to S °C. Three parallel
crystallization experiments were performed for each additive. The
obtained products were collected by filtration, air-dried, and
characterized with PXRD.

The additives allowing the control of crystallization polymorphic
outcome were chosen for further cooling crystallization using
Crystall6. These were PhGlu, NA, 4CPBA, BTriol, SOH2NBA,
ND, and 2PA for crystallization from IPA and 2PA, 4CPBA, and ND
for crystallization from 1,4-dioxane, acetone, and nitromethane.
Solutions with ¢/c* = 3 and additive concentration of 10 mg mL™!
were prepared in situ (similar as described above) for all the additives,
except for the ND and 4CPBA. The solutions were heated to 70 °C

https://doi.org/10.1021/acs.cgd.3c00687
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(IPA) or 9S °C (1,4-dioxane) and then cooled using a cooling rate of
20, 10, 1, or 0.1 °C min™' and a stirring rate of 900 rpm. ND and
4CPBA solutions, except for 4CPBA solutions in IPA, were prepared
differently, as ND solubility in these solvents is less than 10 mg mL™,
and 4CPBA significantly decreased the solubility of INA in 1,4-
dioxane, acetone, and nitromethane and has a solubility <10 mg mL™*
in nitromethane. These solutions were prepared by adding the
required amount of INA, 0.3 g of additive, and 30 mL of solvent to
the flask boiling under reflux, and stirring for 2 h. After boiling, the
solution was kept at S0 °C (acetone), 70 °C (IPA), or 90 °C (1,4-
dioxane and nitromethane) in a thermostat and filtered. One milliliter
of the solution was transferred to preheated HPLC vials which were
placed in Crystall6 at the same temperature as used in the thermostat
and cooled identically to the solutions prepared in situ. Four parallel
crystallization experiments were performed in all cases. The obtained
products were collected by filtration after the set end temperature of
10 °C was reached, air-dried, and characterized with PXRD.

Three additives were chosen for crystallization using different
stirring rates: 2PA, 4CPBA, and ND in IPA and 1,4-dioxane, and 2PA
and ND in acetone. The crystallization experiments were set up as
described above, but the cooling rates were 10 and 1 °C min~! and
the stirring rates were 0, 400, and 1250 rpm. The obtained products
were collected by filtration after the set end temperature of 10 °C was
reached, air-dried, and characterized with PXRD.

The same additives as in the experiments evaluating the effect of
stirring rate were chosen for SMPT studies with a cooling rate of
1 °C min™" and a stirring rate of 900 rpm. The obtained products
were collected by filtration immediately after nucleation and 10, 20, or
30 min after the nucleation.

Theoretical Calculations. Molecular packaging of INA poly-
morphs was compared with Crystal CMP*>*>* using crystal structures
from the CSD database (Form I — EHOWIHOL;* Form II —
EHOWIHO02;* Form III — EHOWIHO03;** Form IV — EHO-
WIH04;*° Form V — EHOWIHOS;* and Form VI — EHO-
WIHO06").

The geometry of five INA polymorph crystal structures (forms I—
IV and VI) was optimized in Quantum ESPRESSO 6.4.1.°° by
relaxing the positions of all atoms. The initial structure models were
taken from the CSD database. All calculations were performed using
the PBE functional with ultrasoft pseudopotentials from the original
pseudopotential library and a 90 Ry plane-wave cutoff energy with
vdW interactions treated according to the D3 method of Grimme®’
using a 2 X 2 X 2 k-point grid. The geometry-optimized structures
were used for further analysis performed using Crystal Explorer 21.‘?8
To calculate the lattice energy including the conformational penalty,*
full geometry optimization of INA molecules and geometry
optimization of INA molecules with torsion angle between the
benzene ring and the amide group constrained to the value as
observed in the crystal structures were performed. These geometry
optimizations were carried out in Gaussian 09°° with the density
functional theory M06-2X and 6-31++G(d,p) basis set in the gas
phase. Intramolecular energy was calculated as the difference between
the energy of the conformer as in the crystal structure and the global
minimum energy. The calculations of the pairwise intermolecular
interaction energy in crystal structures were performed at the B3LYP-
D2/6-31G(d,p) level in Crystal Explorer 21. The sum of all the
pairwise interaction energies with molecules for which there are atoms
within 15 A of the central molecule was used to calculate the
intermolecular energy. The lattice energy was calculated by summing
the calculated intermolecular energy and the intramolecular energy.
Crystal Explorer 21 was also used to calculate the Hirshfeld surfaces,
their 2D fingerprint plots summarizing the information about
intermolecular interactions, and generate the energy frameworks
from the calculated pairwise interaction energies and their electro-
static and dispersion components. Form V was not analyzed because
this form was not obtained in any of the performed crystallization
experiments.

Generation of Full Interaction Maps (FIM) providing molecule
interaction preferences and analysis of Bravais—Friedel-Donnay—
Harker (BFDH) morphology®' were performed with Mercury
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2020.3.0.°> FIMs of crystal structures with crystal faces of BEDH
morphology and structure slicing along the crystallographic planes
corresponding to faces present on the crystal morphology were
generated for each polymorph.

B RESULTS AND DISCUSSION

Summary of the Published Studies of INA Crystal-
lization. Crystal structures of the first two INA polymorphs
Form I (EHOWIHO1) and Form II (EHOWIHO02) were
described in 2003.*° Form I was crystallized from nitro-
methane and Form II from tetrahydrofuran and 1,4-dioxane. In
2010, a new Form III (EHOWIHO03) was crystallized from
chloroform.** In 2011, two additional forms, Form IV
(EHOWIHO04) and Form V (EHOWIHOS), were unexpect-
edly crystallized as impurities during cocrystallization experi-
ments in acetone.*® It was noted that Forms II and IV often
crystallize together.*®

Kulkarni et al.> studied the link between the self-association
of INA in different solvents and the polymorph obtained from
this solvent. They noted that in strong hydrogen bond
acceptor solvents, INA form chainlike associates and crystallize
in chainlike structures (Form II), whereas in weak hydrogen
bond acceptor solvents, INA form dimers and crystallize in
structures containing dimers (Form I). They also report> that
from chloroform, in which dimers or chains were not observed,
a new structurally uncharacterized polymorph Form VI is
obtained. In 2018, Vicatos et al.*” obtained and structurally
characterized Form VI (EHOWIHO06) in cocrystallization
experiments.

Caridi et al.®> observed that in the crystallization of INA
from ethanol at low supersaturation only Form I could be
obtained, whereas at higher supersaturation, in the presence of
anatase, a mixture of Forms II and III formed. Kulkarni et al.,*>
however, observed crystallization of Form I from ethanol,
whereas Forms II and IV were obtained from ethanol-
nitromethane and ethanol-nitrobenzene, respectively, although
in part of the experiments these polymorphs crystallized
concomitantly with Form L

Hansen et al.’' investigated INA crystallization from various
solvents and found that Form I is obtained using low
supersaturation levels, whereas Form II is favored at higher
supersaturation.

Recently Fellah et al.” conducted an extensive study of INA
crystallization from both melt and solution. Only Form II
could be crystallized from the melt, whereas from solutions,
mixtures of different polymorphs could be obtained.’® The
results show that higher supersaturation is required to obtain
Form III due to its higher solubility and free energy, although
Form IV should be obtained more easily if compared to Form
1L Similar to the study of Vicatos et al,*” in the experiments
performed in this study, Form V could not be obtained.

A summary of INA polymorph obtained in different
crystallization experiments as presented in various articles,
including the current study, is provided in Table S2.

Crystallization from Pure Solvents. INA was crystallized
from pure solvents under three different conditions: using
cooling crystallization and evaporation at 25 and 50 °C. In
most of the conditions, several INA polymorphs were present
in the obtained crystallization products (see Table S2) which
agrees with the results from other studies.*”*” Usually, Forms
II and VI or Forms II and IV crystallized together, but from
some solvents, a mixture of all these three forms was obtained.
In cooling crystallization from acetone Form I was favored, in

1.39
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agreement with the study of Kulkarni et al.>> Form I with
impurities of other forms was obtained by evaporation from
acetonitrile in agreement with the study of Fellah et al.* In
cooling crystallization from 1,4-dioxane Form III was favored,
but in the evaporation, more stable forms were favored. In
addition, Form III with impurities of other forms was obtained
from tetrahydrofuran and IPA. Nitromethane was the only
solvent from which under all three crystallization conditions a
mixture of the same polymorphs, Forms II and IV, was
obtained. In contrast, Aakerdy et al.** and Fellah et al.** report
obtaining Form I in some of the experiments from this solvent.
In general, however, the polymorphic outcome of the
crystallization does not correlate with the evaporation
temperature or the solvent used. Overall, the polymorph
obtained does not correlate with observations of Kulkarni et
al>® about the solvent type. For example, weak hydrogen bond
acceptors (acetone, 1,4-dioxane) in this study did not provide a
dimer structure (Form I), and this form was also not obtained
from strong hydrogen bond donors such as IPA and methanol.
In fact, despite Form I being determined to be the stable
polymorph,®”***® it was rarely obtained in the crystallization,
whereas Form II, the high-temperature polymorph, was the
most common crystallization outcome. IPA, acetone, and 1,4-
dioxane in which different polymorphs were obtained under
different conditions as well as nitromethane from which a
mixture of Forms II and IV was always obtained were chosen
for further crystallization experiments. Additionally, the
solubility of INA in these solvents was suitable for the selected
approach of performing the crystallization experiments.
Cooling crystallizations from the selected solvents with
different supersaturations were performed using Crystall6.
The crystallization products of IPA and 1,4-dioxane had
different compositions containing different forms (see Figures
2 and S1-S2; INA forms obtained in each experiment are

A B c D
cher=2 g ol =1.5. ot =8 . c/c"=2.
p

o =3 ‘ ot =2 . ok =1o.
=4 . ok =25 ‘ okt =12‘
=5 ‘ o =3 . ol =14.
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Forms Il +IVorVI @

ofc* =8 ‘ Forms | + 11, IV or VI
Forms Il +1I, IV or VI @
cle* =9 . Forms | and Il + I, IV or VI @

Figure 2. Summary of INA polymorphs obtained in crystallization
from 1,4-dioxane (A), IPA (B), nitromethane (C), and acetone (D)
with different supersaturation ratios (c/c*) using a cooling rate of 10
°C min™" and a stirring rate of 900 rpm. Each 1/4 of the pie chart
represents one of the parallel experiments.

given in Table S3). At the lowest supersaturations from both
solvents, pure Form III or its mixture with other forms was
obtained. The increase of the supersaturation ratio reduced the
possibility of the formation of Form III but increased the
possibility to obtain a mixture of Forms II, IV, and VI. Using
all five tested supersaturation ratios in nitromethane a mixture
of Forms II, IV, and VI, all containing similar intermolecular
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interactions, was obtained (see Figure S3). Only one
supersaturation ratio could be prepared for acetone, and in
this crystallization experiment a mixture of Forms II and VI
was obtained. IPA and 1,4-dioxane solutions with super-
saturation ¢/c* = 3 allowing the formation of Form III in a
mixture with other forms was selected for further experiments.
For the other two solvents solutions with experimentally more
convenient supersaturation of ¢/c* = 12 (nitromethane) or
¢/c* = 2 (acetone) were selected.

The solutions with the selected supersaturation ratios were
cooled with four different cooling rates to determine the effect
of the cooling rate on the crystallization polymorphic outcome.
Pure Form III was obtained from 1,4-dioxane using the fastest
cooling rate of 20 °C min~" (see Figure 3 and Table S$4), but

: N _ =
SEE S
$ 9 o s
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p
A. ‘ . ‘ @® Forml
@® Formll
B . J . 4 @® Formlll
© Forms |+l

Forms Il + IV or VI
Forms | + 11, IV or VI
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Figure 3. Summary of INA polymorphs obtained from 1,4-dioxane
(A), IPA (B), nitromethane (C), and acetone (D) solutions with the
selected supersaturations using different cooling rates and a stirring
rate of 900 rpm. Each 1/4 of the pie chart represents one of the
parallel experiments.

the decrease of the cooling rate facilitated the formation of the
more stable Forms II and VI, as determined by the lattice
energy calculations before.’” Different polymorph mixtures
containing Form III were obtained from IPA using the fastest
cooling rates of 20 and 10 °C min™’, but in longer experiments
(using a slower cooling rate), more stable forms were obtained.
In contrast, Form III did not form from nitromethane or
acetone. The slowest cooling and therefore the longest stirring
in nitromethane and 1,4-dioxane decreased the Form IV
content in the crystallization product which likely did not
nucleate as often as using a faster cooling rate or transformed
to more stable forms. The concomitant formation and similar
stability of Forms II and VI could be explained by their nearly
identical conformation (see section Theoretical calculation
below), with these forms only differing in the packing
arrangement.*”

Crystallization in the Presence of Additives. The
polymorphic outcome of crystallization in the presence of
additives is affected by complex and not fully characterized
interactions between the compound being crystallized, the
solvent, and the additives as well as by the crystallization
conditions (e.g., cooling and stirring rate). The polymorphic
outcome can be altered by changes in any of these aspects. In
this study, we are investigating crystallization in the presence of
additives by changing the crystallization conditions to better
understand the role of the additive on the crystallization
outcome.

Preliminary crystallizations in the presence of additives were
performed from 1,4-dioxane (Figures S4 and SS) and IPA.
Some of the tested additives facilitated the crystallization of

https://doi.org/10.1021/acs.cgd.3c00687
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Figure 4. Summary of INA polymorphs obtained in crystallization in the presence of selected soluble additives from 1,4-dioxane (A) and IPA (B).

Each 1/3 of the pie chart represents one of the parallel experiments.

pure Form III (see Figure 4A, and Table SS), and a few
additives such as 4CPBA and ND facilitated the crystallization
of Form I from 1,4-dioxane. In contrast to 1,4-dioxane, in
crystallization from IPA, the tested additives did not prevent
the formation of INA polymorph mixtures. Moreover, the
additives even facilitated the formation of polymorph mixtures
by facilitating the crystallization of Form III (see the increase
in the green-colored slices in Figure 4B and Table S6). The
presence of 2PA, however, facilitated the formation of Form I,
which previously from IPA was obtained only in a few of the
crystallization experiments as an impurity. ND, 4CPBA, and
2PA were selected for further crystallization experiments from
1,4-dioxane, as the first two facilitated the crystallization of
Form I and 2PA favored the crystallization of Form III also
from IPA. A larger number of additives (4CPBA, 2PA, BTriol,
PhGlu, NA, and SOH2NBA) were selected for further
crystallization experiments from IPA, as many of the tested
additives facilitated the formation of Form III. We note that
these additives also facilitated the crystallization of Form III
from 1,4-dioxane. In none of the performed crystallizations, in
the presence of 2PA, we observed the formation of INA-2PA
cocrystal reported in the literature.%*

We note that the seven selected additives can provide
different types of intermolecular interactions with INA (see
Figure S). For example, 2PA and NA are highly similar to the
INA molecule and can bond intermolecularly by forming
carboxyl acid—amide dimers and bonds with the pyridine
nitrogen atom. PhGlu and BTriol are isomers providing
various hydrogen bonding possibilities acting as donors and
acceptors. Similar hydrogen bonding is possible also with ND,
but the hydroxy groups are on different sides of the molecule;
therefore, simultaneously only one strong hydrogen bond with
INA can be formed. SOH2NBA can form carboxylic acid—
amide dimers and employ the hydroxy group as a hydrogen
bond donor or acceptor or the nitro group as a hydrogen bond
acceptor. 4CPBA can form hydrogen bonds using both of its
acid groups: boronic acid and carboxyl group. Moreover, all
the additives can interact with INA via aromatic interactions.

The effect of additives on the polymorphic outcome of
crystallization was tested at selected INA supersaturation with
different cooling rates to understand the ability of additives to
control the outcome of crystallization under different
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Figure S. Schematic illustration of possible intermolecular inter-
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conditions. Almost all the additives in IPA and 1,4-dioxane
facilitated the crystallization of Form III when the faster
cooling rates were used (see the increase in the magenta-
colored slices in Figures 6 and S6—S11), but this control effect
was not observed using slower cooling, where a mixture of
different polymorphs formed. We note that 2PA showed the
highest ability to provide crystallization of Form III from IPA
(see the first column group in Figure 6 and Table S7), as Form
III was obtained even using the cooling rate of 1 °C min™",
where, in the presence of other additives, mostly mixtures of
Forms II, IV, and VI were obtained. Using the slowest cooling
rate (0.1 °C min™") in crystallization from IPA, none of the
tested additives was able to provide nucleation of Form III
from the solution, and Forms II or VI dominated in the
crystallization products.

As demonstrated by the crystallizations from pure solvents
(see Figure 3), IPA and 1,4-dioxane have different effects on
the polymorphic outcome. This is also reflected in the
crystallization in the presence of additives, as Form III is the
main polymorph obtained in the crystallization from 1,4-
dioxane (see the second column group in Figure 6 and Table
S8), and additives ND and 2PA provided the most reliable

https://doi.org/10.1021/acs.cgd.3c00687
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Figure 6. Summary of INA polymorphs obtained in crystallization in the presence of selected additives from IPA (A), 1,4-dioxane (B),
nitromethane (C), and acetone (D) using different cooling rates. Each 1/4 of the pie chart represents one of the parallel experiments.

crystallization of pure Form III (see Figure S12). The effect of
2PA in this solvent was maintained only at fast cooling rates in
contrast to crystallization from IPA, whereas ND showed the
best ability to maintain Form III even in slow cooling rates,
where the obtained crystals were kept in a suspension until the
set end temperature of 10 °C was reached. Interestingly, in
contrast to the other two additives which facilitated the
nucleation of Form III from 1,4-dioxane, 4CPBA facilitated the
nucleation of Form I from this solvent (see Figure S13). We
note that the crystal structures of this additive® contain
synthons similar to those present in INA Form I. Furthermore,
this additive can form two different dimers with INA:
carboxylic acid-amide heterodimers and boronic acid-amide
heterodimers (see Figure S). In fact, the formation of Form I in
the presence of 4CPBA agrees with the observation of Kulkarni
et al>® that INA forms dimers in 1,4-dioxane solution and
subsequently forms pure Form I in crystallization, although
from pure 1,4-dioxane other polymorphs were obtained in the
current study and other studies’* (see Table S2). This
observation implies that the formation of associates in solution
does not provide a fully selective crystallization outcome;
however, the introduction of a crystallization additive can
provide the formation of the dimeric structure by maintaining
the associate throughout the processes of nucleation.

The most selective additives were also tested in acetone and
nitromethane, from which crystallization of Form III was not
observed in the previous experiments (see Figure 3). The
tested additives had different effects on the crystallization
outcome from acetone. In the presence of ND, different
polymorph mixtures were mostly obtained. In contrast, 2PA
and 4CPBA provided crystallization control, although facilitat-
ing the formation of different polymorphs than from IPA and
1,4-dioxane: 4CPBA facilitated the crystallization of Form III,
but 2PA — Form I (see the third column group in Figure 6 and
Table S9). In the presence of 2PA at the fastest cooling rate
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crystallization of Form III was facilitated, but at slower cooling
rates pure Form I was mostly obtained. We note that Form I
was obtained from acetone also in our previous experiments
and in other studies,>>* although in our experiments, Form I
was obtained mostly in a mixture with other polymorphs, and
overall, our results indicate that obtaining pure stable
polymorph, Form I, through direct crystallization is relatively
challenging. However, the addition of 2PA to the acetone
solution and crystallization with a slow cooling rate facilitate
the formation of the thermodynamically stable form.

In the presence of all three tested additives, the formation of
pure Form III was facilitated from nitromethane using the
fastest cooling rates, whereas ND provided the formation of
pure Form III using all four cooling rates (see the fourth
column group in Figure 6 and Table S10). In contrast to the
other solvents, Form I was never among the crystallization
products from nitromethane, which, however, does not agree
with part of the previous studies.*>*

In further experiments, we tested the effect of the stirring
(agitation) rate on the crystallization polymorphic outcome. In
previous studies, it has been shown that the agitation rate can
decrease the possibility of a dimer-containing form of m-
hydroxybenzoic acid, and it has been suggested that the
agitation rate affects the associates in the solution and
therefore inhibits the formation of the dimer form.®® In the
above-described experiments, in which the effect of cooling
rate on the INA polymorphic outcome was tested, a rather
high stirring rate of 900 rpm was used. In these experiments,
Forms I and III nucleated concomitantly from 1,4-dioxane in
the presence of 4CPBA and from acetone in the presence of
2PA. For the experiments testing the stirring rate, two cooling
rates were selected: 10 °C min™' as a fast-cooling rate and
1 °C min™" as a slow-cooling rate. Nitromethane as a solvent
and 4CPBA as an additive in acetone were not tested due to

https://doi.org/10.1021/acs.cgd.3c00687
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the low amount of solid obtained in such crystallization
experiments.

We observed that the use of fast cooling rate and slow
stirring rate or even crystallization without stirring facilitated
the formation of Form I from IPA (see Figure 7A and Table
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Figure 7. Summary of INA polymorphs obtained in crystallization in
the presence of selected additives from IPA (A), 1,4-dioxane (B), and
acetone (C) using two cooling rates and different stirring rates. Each
1/4 of the pie chart represents one of the parallel experiments.

S11). The crystallization of Form III, however, was facilitated
by the presence of the tested additives and the use of a faster
cooling rate. In the presence of 4CPBA pure Form III
crystallized more often than from pure solvents, but in some
experiments, impurities of other polymorphs were also present.
In the presence of 2PA without stirring, a mixture of Forms I
and III was obtained, and the application of stirring facilitated
the nucleation of pure Form III, whereas the fastest stirring
rate again favored the nucleation of pure Form I

In 1,4-dioxane, the crystallization polymorphic outcome
control by the tested additives was more reliable, particularly
using stirring (see Figure 7B and Table S12). From pure
solvent, Form III was mostly obtained but often contained
impurities of other polymorphs. The presence of any of the
additives provided the formation of the mixture of Forms I and
III when a fast cooling rate and no stirring were used. In fact,
Forms I and III crystallized concomitantly using any stirring
regime in the presence of 4CPBA, with some exceptions when
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pure forms were obtained. The most selective crystallization of
Form III was achieved in the presence of ND using the slow
cooling rate, and the stirring rate did not affect this. In the
presence of 2PA, however, Form III was obtained in
crystallization with stirring, whereas in crystallization without
stirring a mixture of Forms I and III was obtained.

The presence of 2PA facilitated crystallization of Form III or
I from acetone (see Figure 7C, Table S13 and Figure S14),
but, in contrast to 1,4-dioxane and IPA, in most of the cases,
still different polymorph mixtures were obtained. In these
experiments, ND did not provide control of the crystallization
outcome as observed in other experiments. We note that in
these experiments, we did not consider 4CPBA, the additive
providing the most reliable crystallization control from acetone
in the previously described experiments.

Overall, in the crystallization experiments, using the fastest
cooling rates, Form III was obtained, but in the experiments
using the slowest cooling rates, in which the suspension
obtained after the crystallization was stirred for a longer time
until the set end temperature of 10 °C was reached, more
stable polymorphs (Forms II, IV or VI*®) compared to Form
IIT were obtained. This resulted in almost all the additives not
being able to provide crystallization of Form IIT or Form I with
the cooling rate of 1 °C min™". Such results in general suggest a
possibility that Form III nucleates first and then by stirring the
suspension transforms into other more stable forms in SMPT.
For example, using the cooling rate of 1 °C min™" resulted in
stirring the obtained crystallization product up to 30 min.
Therefore, we investigated whether using the cooling rate of
1 °C min™" the more stable INA polymorphs form in SMPT or
are obtained right after the nucleation (see Figure 8 and Tables
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Figure 8. Summary of INA polymorphs obtained in crystallization in
the presence of selected additives from IPA (A) and 1,4-dioxane (B)
using 1 °C min™" cooling rate and different time when crystals were
collected after the nucleation. Each 1/4 of the pie chart represents one
of the parallel experiments.

S14, S15). The results showed that the crystal form obtained in
the presence of all the tested additives did not change notably
within 30 min after the nucleation, which is in agreement with
the SMPT seeding experiment by Kulkarni et al.®® in which
phase transition in ethanol solution took more than 7 h.
Therefore, the various polymorphic outcome using different
stirring rate is not because of an SMPT but instead because of
the distinct ability of additives to affect the crystallization
outcome. Most likely, this is because, when higher cooling

https://doi.org/10.1021/acs.cgd.3c00687
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Figure 9. Packing similarity dendrogram (A) and molecular packing (B) of INA polymorphs.

Table 1. Selected Crystallographic and Intramolecular, Intermolecular, and Lattice Energy Data of INA Polymorphs

polymorph CSD Refcode z/Z' E, oy KJ mol™*
Form I EHOWIHO01 4/1 0.46
Form II EHOWIHO02 8/2 0.05
Form III EHOWIHO03 8/1 0.51
Form IV EHOWIHO04 6/3 0.12
Form VI EHOWIHO06 8/2 0.04

Einter, KJ mol™* (Eete + Epo)/Eaip Epicor KJ mol™
—124.7 1.53 —124.3
—122.2 1.70 —122.2
—120.6 1.56 —120.1
—119.8 1.58 —119.7
—1214 1.70 —121.4

rates are used, the nucleation occurs at lower temperatures and
therefore at higher supersaturation, whereas, when slower
cooling rates are used, the nucleation occurs at higher
temperatures and therefore lower supersaturation. For
example, in crystallization from IPA at a cooling rate of
1 °C min™!, INA nucleated at 41—42 °C, whereas at a cooling
rate of 20 °C min™" only at 13—17 °C. In the presence of 2PA
as an additive, the nucleation temperature decreases to 38—40
and ~10 °C, respectively. Also, other additives decreased the
nucleation temperature by increasing the supersaturation, and
this in fact might be one of the potential effects of additives
that could alter the obtained crystallization products.

Theoretical Calculations. A comparison of molecular
packaging of INA polymorphs using Crystal CMP confirmed
that Forms II and VI are almost identical as previously
described by Vicatos et al.*’ (see Figure 9A and Table S16).
Moreover, Form IV is highly similar to Forms II and VI, having
packing similarity PS,, of only 4—5. A comparison of molecular
packing also showed that Form I is structurally the most
diverse polymorph (PS,, above 19), apparently because the
hydrogen-bonded dimers in this structure result in notably
different molecule arrangements. Moreover, the next most
diverse polymorph is Form III (PS,, with Forms II, IV, V, and
VI above 11), likely due to different arrangements of INA
molecules forming N,,,--H,N hydrogen bond (see Figure 9B).
In Forms II, IV, and VI all molecules forming the N~ H,N
hydrogen bond and lying in the same bc-plane are arranged in
identical directions, whereas in Form III INA molecules from
adjacent rows in similar planes (in this case in the ac direction)
are oriented perpendicularly.

Analysis of INA molecular conformation showed that in the
most stable conformation, the benzene ring and the amide
group are twisted and the torsion angle between them is 21.88°
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(see Table S17). Overall, in all the polymorphs, the INA
molecule adopts an almost identical conformation, with
differences being characteristic for conformation adjustments
because of different molecule packing. In one of the symmetry-
independent molecules of Form VI, the torsion angle value
corresponds to the global minimum value and results in Form
VI having the lowest intramolecular energy (see Table 1). In
Forms III and I, the amide group has a somewhat larger
deviation from the plane of the benzene ring (29°) than in
other polymorphs, resulting in these forms having higher
intramolecular energy, although the difference between all the
forms is very small, consistent with the minor conformation
differences. The five considered polymorphs also have highly
similar intermolecular interaction energy and therefore lattice
energies. The lowest lattice energy is calculated for Form I
(—124.3 kJ mol™), but the lattice energy of Form II is
2 kJ mol™" higher and is the second lowest of the lattice energy
values. All the other polymorphs have almost identical lattice
energy (—120 to —121 kJ mol™'), which supports the
concomitant crystallization of the polymorphs as observed
experimentally. Moreover, the energy difference between
Forms II and VI as well as Forms III and IV, often crystallizing
concomitantly, is less than 1 kJ mol™". Evaluation of the
different contributions in interaction energy shows that
electrostatic interactions are the most important energy
component in all INA polymorphs.

As expected, based on the highly similar intramolecular
interactions and molecular packing, all INA polymorphs,
except for Form I, have almost identical layouts of energy
frameworks (see Figures 10 and S15). The main interactions
stabilizing the crystal structure of all forms are dominated by
electrostatic energy components, and the dispersion energy
components are notably weaker than the electrostatic energy

https://doi.org/10.1021/acs.cgd.3c00687
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Figure 10. Energy framework diagrams for electrostatic, dispersion,
and total energy for a cluster of molecules in INA Forms I (A) and II
(B). Other frameworks are given in Figure S15. All images use the
same tube size for energy.

B

components. The most notable of electrostatic energy-
dominated interactions in Form I are interactions between
molecules forming hydrogen-bonded dimers. Each such dimer
additionally interacts by weak hydrogen bonds with INA
molecules from the layers above and below. In contrast, the
most notable interactions dominated by electrostatic energy in
all the other INA polymorphs are among molecules forming
hydrogen-bonded INA molecule chains in two spatial
directions and therefore forming hydrogen-bonded INA
molecule layers. The interactions having the most negative
dispersion energy in Forms I and III are between the same
molecules as those that also have the most negative
electrostatic energy. In contrast, in Forms II, IV, and VI,
these are aromatic and 7—7 interactions between oppositely
oriented molecules from adjacent INA molecule layers and
interactions with molecules hydrogen bonded to the
mentioned molecules from adjacent layers. Because of the
identical hydrogen bonding between INA molecules forming
the layer, the energy framework within the layer is identical for
Forms II, III, IV, and VI. There are, however, some differences
in the stacking of such INA layers between Forms II-VI (see
Figure S15) as the INA layers are not stacked face to face, but

with different orientations and relative displacements. Sim-
ilarly, Forms III and II also have a highly similar energy
framework with the difference being in the framework
representing the stacking of INA layers.

The 2D fingerprint plots of INA Forms II, IV, and VI were
highly similar, but notable differences were observed in those
of Forms I and III (see Figure 11). In the Hirshfeld surface
fingerprint plot of Form I, there are two sharp peaks
corresponding to interactions CO---H,N, whereas for all the
other forms, these peaks are wider and each corresponds to
two interactions: N,-"H,N or CO-H,N. In the fingerprint
plots of Forms II, IV (except for one of the symmetry-
independent molecules shown in the middle in Figure S16),
and VI, there is a distinct peak in the middle of the plot
corresponding to —CH---HC— interactions. Another difference
between the fingerprint plots of these three forms and Forms I
and III is present in the region corresponding to 77—
interactions in the middle of the plot. Moreover, in the
fingerprint plots of Forms IV and VI, there is a larger peak
corresponding to z---HC interactions.

Because of the highly similar molecular packing, the BFDH
morphology and FIMs plotted on the crystal faces of Forms II,
IV, and VI are very similar (see Figure 12, Table S18, and
Figure S17). The largest crystal faces of these polymorphs
grow by attaching molecules linked by different 7—z and
CH:--7 interactions, whereas the smallest faster-growing planes
by attaching molecules linked by hydrogen bonds. In contrast,
for INA Forms I and III also on the largest planes hydrogen
bond acceptors and donors are exposed and therefore these are
among the interactions formed by the growth of these faces.
Face group {100} of Form I grows by the formation of amide
R3(8) homodimers, therefore hydrogen bond donors such as
2PA or 4CPBA can interact with this plane or facilitate the
growth of polymorphs with such surfaces by activating the
growth site. Plane groups {111} and {002} of Form III grow
by the continuation of CO---H,N chains. Moreover, based on
the analysis of FIMs, the relative area of the exposed hydrogen
bond donors and acceptors on these faces are notably higher if
compared to that on {100} of Form I, {100} of Form IV, and
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Figure 12. FIMs combined on the BFDH morphology of INA Forms I-III. Regions of hydrogen bond donor probability are shown in blue,
hydrogen bond acceptors are shown in red, and hydrophobic interactions are shown in green. (A) Simulated BFDH morphology; (B) FIMs

combined on the BEDH morphology.

{002} of Form VI. Therefore, it is possible that the additives
are adsorbed on the largest faces of Forms I and III, therefore
facilitating the growth of these polymorphs.

Bl CONCLUSIONS

In summary, in crystallization from pure solvents, mostly
several INA polymorphs crystallized concomitantly. From
nitromethane and acetone, mostly polymorph mixtures not
containing Forms I or III were obtained, whereas pure Form
IIT or its mixture with other polymorphs formed in
crystallization from lower supersaturation IPA and 1,4-dioxane
solutions. The decrease of supersaturation at the moment of
nucleation resulted in acquiring more stable INA polymorphs
as crystallization products.
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Crystallization in the presence of additives facilitated the
acquisition of Form III by reducing the content of other
polymorphs in the crystallization products or by fully inhibiting
the nucleation of other forms. Some of the additives (2PA,
4CPBA, ND) also facilitated the crystallization of Form I,
which was rarely obtained in crystallization from pure solvents.
Additives allowed the crystallization of pure Form III using fast
cooling rates, but almost all the additives lost their ability to
provide Form III as the final crystallization product using lower
cooling rates. The additives allowed better control of the
crystallization polymorphic outcome in solvents where the
respective INA form was already the primary crystallization
product. Interestingly, 4CPBA in 1,4-dioxane and 2PA in
acetone facilitated the crystallization of Form I, even though in
other solvents, these additives facilitated the crystallization of

https://doi.org/10.1021/acs.cgd.3c00687
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Form III Crystallization of Form I was also facilitated by the
absence of stirring, but under such conditions, it crystallized
with impurities of other INA polymorphs. SMPT of the
obtained polymorphs to more stable forms was not observed
by stirring the obtained suspensions for up to 30 min as used in
the experiments with the lowest cooling rate.

Theoretical calculations provided some insight into the
polymorphic outcome of INA crystallization. The calculations
and analysis showed that molecular packing and therefore
lattice energy, energy frameworks, and Hirshfeld surface
fingerprint plots of the INA polymorphs often crystallizing
concomitantly (Forms II, IV, and VI) are almost identical.
Therefore, it is possible that the energy barriers of nucleation
and crystal growth rates for these polymorphs are highly
similar, whereas in the presence of the additives, the
crystallization of structurally more different Forms III or I
can be achieved by altering these factors.
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B ABBREVIATIONS

PEG polyethylene glycol

Poly THF  poly(tetrahydrofuran)
PMMA poly(methyl methacrylate)
PVC polyvinyl chloride

tSt trans-stilbene
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HPC hydroxypropyl cellulose

brPU 1,3-diphenylurea

OGP octyl -p-glucopyranoside

PPG polypropylene glycol

Poly 80 polysorbate 80

PU polyurethane

Bis-Tris bis(2-hydroxyethyl)amino-tris(hydroxymethyl)-
methane

PhGlu phloroglucinol

4CPBA 4-carboxyphenylboronic acid

PCL polycaprolactone

CA cellulose acetate

ND naphthalene-1,5-diol

NA nicotinic acid

2PA 2-picolinic acid

BTriol benzene-1,2,3-triol

SOH2NBA 5-hydroxy-2-nitrobenzoic acid

Tris 2-amino-2-(hydroxymethyl)propane-1,3-diol
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ABSTRACT: We present an investigation of solvate formation of isonicotinamide (INA) with
linear monocarboxylic acids and several other solvents and characterization of the obtained
solvates, their structure, and structural similarity with INA polymorphs and multicomponent
phases. We report the crystal structures of four new INA solvates and present the results of
crystallographic analysis of a total of eight solvates. All eight solvates crystallize in a monoclinic or
triclinic crystal system and have similar hydrogen-bonding patterns. To characterize and better
understand the formation of INA linear monocarboxylic acid solvates, these phases were
characterized by using thermal analysis and their crystal structures by using theoretical |,
calculations, energy frameworks, and Hirshfeld surface fingerprint plots.

H INTRODUCTION

Active pharmaceutical ingredients (APIs) can form different
crystalline solid forms." These include single-component solid
forms (polymorphs) and different types of two- and multi-
component systems such as solvates, cocrystals, and so forth.
The European Pharmacopoeia and Food and Drug Admin-
istration describe solvates as crystal forms, which contain
stoichiometric or variable amounts of a solvent,”® but
cocrystals as materials composed of two or more different
nonionized molecules in the same crystal structure in a
stoichiometric ratio.”® The main difference of solvates and
cocrystals is the state of matter of at least one of the pure
components.6

Solvates and cocrystals usually have physicochemical
properties different from those of the pure API These
properties have an 1mpact on the drug dosage form and the
manufacturing route.” Therefore, crystal engineering opens
new opportunities to obtain APIs with better physicochemical
properties.”® Solvates and cocrystals often have better
solubility and dissolution rate than phases formed by pure
API and, therefore, increase bioavailability and drug
eﬂicacy69 '3 synergistic effect, and lower the necessary drug
dose,” or just have more optimal properties for the
manufacturing processes.'* Changes in the crystal form can
also enhance the chemical stability of APL'®

Isonicotinamide (INA) is widely used as a coformer in
cocrystals, with application in pharmaceutical and other
industries.'"'°7*° Cocrystals with INA have been used to
improve drug solubility'' and efficacy.”' INA is reported to
crystallize in six polymorphs,"®**™>* and often several
polymorphs crystallize concomitantly.”>*® INA does not
form solvates with most of the commonly used solvents such
as methanol, ethanol, 1,4-dioxane, tetrahydrofuran, and so
forth,*>*° but it is reported to form two hydrates,l(’ acetic acid
(AA)," formic acid (FA),”” propionic acid (PA),*® and

© 2024 American Chemical Society

7 ACS Publications

2082

154

& o< Al
J‘E& B ﬁﬁ*}.

:::;;:;L ﬁnlcuunel
e 5

formamide (FAM)® solvates. INA is reported to form
cocrystals with alkyl carboxylic diacids, and they have been
extensively studied by Vishweshwar et al.>* and Thompson et
al®’ In this study, however, we investigate the solvate
formation of INA with linear saturated monocarboxylic acids
and selected noncommon solvents. Part of the linear saturated
monocarboxylic acids (formic and acetic acid) is classified as
class 3 solvents with low toxicity (accepted dose <50 mg/day),
but acids with C > 3 even are not classified in the ICH residual
solvent guideline®* or European Pharmacopeia® as residual
solvents. The obtained solvates were characterized, and their
structural relationship with INA polymorphs and cocrystals
was studied. To compare the newly obtained solvates with
those already known, we additionally characterize all the INA
solvates (except for the hydrates) using thermal analysis and
theoretical calculations.

Bl EXPERIMENTAL SECTION

Materials. INA (purity 99%, a mixture of forms I and II with a
small hydrate I impurity) was purchased from ThermoScientific.
Before use in crystallization, INA was heated to remove the hydrate
impurity. Organic solvents of analytical grade were purchased from
commercial sources and used without further purification.

Crystallization. Common organic solvents (see Table S1) chosen
from different solvent classes were selected for the crystallization of
INA. Additionally, alkyl carboxylic acids were selected for screening
because INA is described to form acetic acid solvate'” (S,,) and
propionic acid disolvate®® (Syp,). Solid form screening was performed
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using cooling crystallization. 100—150 mg of INA was dissolved in 2—
3 mL of the selected solvent at 50—90 °C, depending on the boiling
point of the solvent. The solutions obtained were filtered and cooled
to S or —10 °C depending on the solvent melting point. Solid
products formed within minutes after the solutions were cooled; they
were collected by filtration, air-dried (if needed), and characterized
with powder X-ray diffraction (PXRD). PXRD patterns not matching
with the known INA solid forms were obtained from 2,2,2-
trifluoroethanol (TFE), butyric acid (BA), FA and PA. A repeated
crystallization was performed to prepare single crystals suitable for
crystal structure determination by single-crystal X-ray diffraction
(SCXRD). If crystals suitable for SCXRD could not be obtained,
crystal structures were determined using PXRD data. Butyric acid
monosolvate (S,54) was obtained by heating the butyric acid
disolvate (Sggp) at SO °C for 1 h, whereas the propionic acid
monosolvate (S,ps) was obtained by crystallization at S °C. In
contrast, the propionic acid disolvate (Sgps) Was obtained in cooling
crystallization at —10 °C.

Powder X-ray Diffraction (PXRD) and Crystal Structure
Determination. The PXRD patterns for phase identification were
measured at ambient temperature on a Bruker D8 Advance
diffractometer using copper radiation (Cu K, 1 = 1.54180 A)
equipped with a LynxEye position sensitive detector. The voltage and
current of the tube were set to 40 kV and 40 mA. The divergence slit
was set at 0.6 mm and the antiscatter slit at 8.0 mm. The patterns
were recorded from 3 to 35° on the 20 scale using the scan speed of
0.2 5/0.02°. To prevent desolvation, during the analysis, the samples
were covered with a 10 ym polyethylene film.

The PXRD patterns for crystal structure determination were
measured on a Bruker D8 Discover diffractometer using copper
radiation (Cu K; A = 1.54180 A), equipped with a LynxEye position
sensitive detector in transmission mode. Samples were sealed in
rotating (60 rpm) borosilicate glass capillaries of 0.5 mm outer
diameter (Hilgenberg glass No. 10), and a capillary sample stage with
upper and lower knife edges was used. The diffractometer incident
beam path was equipped with Gébel 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 collected using 36 s/0.01°
scanning speed from 3 to 70° on the 26 scale.

Indexing, space group determination, and structure solution from
PXRD data were performed using EXPO2014** for formic acid
solvate (Sgs), Smpa, and S,pa. 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 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 INA was taken from the crystal
structure of Form L,>* but those of solvents were taken from INA
propionic acid disolvate,”® butyric acid disolvate (determined from
the SCXRD data), and R-encenicline formic acid disolvate.*”
Simulating annealing algorithm was used to optimize the INA and
solvent models 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 as 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 nonhydrogen atoms,
and for hydrogen atoms, it was set to 1.2B,.

Single-Crystal X-ray Diffraction (SCXRD) and Crystal
Structure Determination. Single crystals of INA Sy, and 2,2,2-
trifluoroethanol solvate (Syg) were investigated on a Rigaku XtaLAB
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Synergy-S dualflex diffractometer equipped with a HyPix6000
detector and a microfocus-sealed X-ray tube with copper radiation
(Cu Ky 4 = 1.54180 A). Single crystals were fixed with oil in a nylon
loop of a magnetic CryoCap and set on a goniometer head. The
samples were kept at 150 K during data collection, and @ scans were
performed with a step size of 0.5°. The structures were solved with
the ShelXT* program using intrinsic phasing and refined with the
full-matrix least-squares method using SHELXL.* For Syy,, positions
of amide H atoms were found from the difference Fourier synthesis
and refined isotropically. For Stgg, positions of amide H atoms were
generated using AFIX 93 and refined in the riding mode, and for the
OH group, AFIX 147 was applied to choose the torsion angle which
maximizes the electron density. All the other H atoms were added
geometrically and refined with the riding model.

Differential Scanning Calorimetry/Thermogravimetry (DSC/
TG). DSC/TG analysis was performed using Mettler Toledo TGA/
DSC2. Samples of S—11 mg mass were used. The nitrogen flow rate
was 100 mL min~". Open 100 ym aluminum pans were used. The
heating of the samples from 25 to 200 °C was carried out at a heating
rate of 10 °C min~".

Crystal Structure Analysis and Theoretical Calculations. The
search for crystal structures of INA cocrystals with different alkyl
carboxylic acids was performed using ConQuest 2022.2.0"* in
Cambridge Structural Database (CSD) version 5.43."° A total of
652 structures containing the INA fragment were found. From these,
a set of structures with different alkyl carboxylic acids and their
derivatives was selected for the analysis.

Hydrogen bonds were identified and displayed in Mercury
2020.3.0°° using the default settings. Hydrogen-bond lengths and
distances between molecules were calculated from experimental
structures.

Geometry optimization of crystal structures of all INA solvates
(except for the hydrates) was performed in Quantum ESPRESSO*"*®
by relaxing the positions of all atoms The initial geometry was taken
from the CSD (refcodes JAWWAG for S,,, HANBOO for Syp, and
GAVHER for Sguy) or from the structures determined in this study.
All the calculations were performed using the PBE functional with
ultrasoft pseudopotentials from the original pseudopotential library
and a 90 Ry plane-wave cutoff energy with vdW interactions treated
according to the D3 method of Grimme*’ using a 2 X 2 X 2 k-point
grid. As during the geometry optimization because of a proton
transfer the formic acid solvate transformed into a structure of a salt,
for the geometry optimization of Sg, the coordinates of the hydroxyl
group of formic acid were constrained.

The geometry-optimized structures were further analyzed using
CrystalExplorer 21.°° Calculation of the pairwise intermolecular
interaction energy in crystal structures was performed at the B3LYP-
D2/6-31G(d,p) level. The sum of all pairwise interaction energies
with molecules for which the atoms are within 15 A of the central
molecule was used to estimate the total intermolecular energy, which
is equal to the lattice energy, as in all the structures INA adopt an
essentially identical conformation, and conformations of both
components correspond to the global energy minimum. Crysta-
IExplorer 21 was also used to generate the Hirshfeld surfaces, their 2D
fingerprint plots summarizing the information about intermolecular
interactions, and for the generation of energy frameworks from the
calculated pairwise interaction energies and their electrostatic and
dispersion energy components.

B RESULTS AND DISCUSSION

Crystallization Outcome and Characterization of the
Obtained Solvates. In crystallization from selected common
solvents (see Table S1), only INA polymorphs were always
obtained, with crystallization usually resulting in obtaining a
mixture of polymorphs. In contrast, crystallization products
with distinct and differing PXRD patterns from the known INA
polymorphs or solvates (see Figure 1) were obtained in cooling
crystallization from FA, PA, BA, and TFE. In crystallization
from AA and FAM, the already known INA solvates'”** were

https://doi.org/10.1021/acs.cgd.3c01411
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Figure 1. Experimental and simulated PXRD patterns (obtained from
crystal structures) of INA solvates.

obtained. Molecular structures of INA and the solvents
forming solvates can be seen in Figure 2.
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H
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Figure 2. Molecular structure and atom numbering scheme of INA
and the solvents forming solvates.

The DSC/TG analysis (see the section Thermal Character-
ization below) indicated that the obtained phases are solvates,
which was additionally confirmed by crystal structure
determination using the SCXRD or PXRD data. Moreover,
in the cooling crystallization from BA, a disolvate Sgz, was
obtained, and heating of Sggs at SO °C for 1 h resulted in the
formation of a monosolvate S ;.. In contrast, monosolvate
Smpa Was the primary outcome of the cooling crystallization
from PA in S °C temperature, whereas the already known
disolvate Sgp, was obtained in a cooling crystallization at
—10 °C. This confirms that disolvates are more stable at lower
temperatures, whereas monosolvates at higher temperatures.
Upon storage at ambient temperature, all solvates desolvated
by forming a mixture of INA forms II, IV, and VI, but the rate
of desolvation differed. Transformation of Sgp, to S, pa was
very fast (<15 min) and was followed by the desolvation of
Smpas With complete transformation occurring in less than an
hour. The desolvation of Sga, Saa, Smpas and Sppp occurred
within a few days, but Sy, and Sgay were the most stable of
the obtained solvates and desolvated in about a week.

Thermal Characterization. The desolvation process of the
solvates was also studied by DSC/TG analysis. The reported
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weight loss was measured for the most distinct weight loss
stage in the TG curve, and for S, and S, p, additionally using
the end of the desolvation peak in the DSC curve. For Sg, and
Smpa the theoretical weight loss is notably higher than the
observed weight loss, as evaporation of the respective high-
boiling solvents still continued after the desolvation event
characterized by the steepest weight loss. As the weight loss for
Spam and S, 4 was not associated with the desolvation event in
the DSC curve and occurred at a notably high temperature, the
experimental weight loss is not reported for these solvates. It
was observed that Sg, has a desolvation temperature close to
the boiling point of the solvent (see Figure 3), whereas other
solvates start to desolvate below the boiling point of the
respective solvent. Both disolvates are characterized by two
distinct endothermic desolvation peaks, followed by a wide
endothermic peak corresponding to the evaporation of the
solvent. Using PXRD, it was confirmed that the first peak is the
decomposition of the disolvate by forming the respective
monosolvate, and the second peak is the decomposition of the
monosolvate, after which a moist sample containing INA
polymorphs is obtained. In contrast to the other solvates, upon
heating, melting of Sgay occurs, and the melting point is very
low if compared to the high boiling point of FAM. In the DSC
traces of most of the characterized solvates, the INA melting
peak at ~156 °C is present, as also observed in previous
studies.'®***%* Moreover, in the DSC/TG traces of S,pa,
different INA polymorph phase transformations are observed,
as in the desolvation a mixture of forms II, IV, and VI is
obtained.

Comparison of the Solvate Structures. The crystal
structures of solvates S pa, Sppar Sasas and Syppg are reported
here for the first time, and their crystallographic data are given
in Table 1 along with the crystallographic data of Sg,. The
crystal structures of Sy, Spayy and Sgpy, however, are available
in the CSD (JAWWAG, GAVHER, and HANBOO,
respectively) and described by Oswald et al.”*** and Bhogala
et al.'” The crystal structure of Sgy, although not deposited in
the CSD, is described by Oswald,”” and it is reported that Sg,
at low temperatures (below 240 K) transforms into a salt, with
hydrogen being disordered between the sites linked to N4 of
INA and O10 of FA.

It can be seen that all the INA solvates crystallize either in
the monoclinic or triclinic crystal system. Almost all the
monoclinic solvates crystallize in the P2,/c space group except
for S,5a (C2/c), and all the triclinic solvates crystallize in the
PI space group. In all the structures, INA adopts an essentially
identical conformation, with the amide group being close to
planar to the pyridine ring; see Table 1.

In INA solvates, two distinct types of hydrogen-bonding
motifs can be observed, which can further be divided into five
subtypes based on additional hydrogen bonding and relative
arrangement of the hydrogen-bonded units. The first hydro-
gen-bonding motif contains typical INA R3(8) homodimers
(see Figure 4) formed by N9—HO9A---O8 interactions, and the
linkage between INA and the solvent is provided by O10—H---
N4, therefore, resulting in hydrogen-bonded tetramers
solvent---INA dimer---solvent. Isolated hydrogen-bonded tet-
ramers, as observed in S p,, are classified here as hydrogen-
bonding type Al. In other structures, however, the hydrogen-
bonded tetramers solvent---INA dimer---solvent are addition-
ally linked to other tetramers by hydrogen bonds N9—H9B.--
O11. The resulting hydrogen bonding is classified as type A2 if
the linked tetramers lay in the same plane, as observed in Sg,

https://doi.org/10.1021/acs.cgd.3c01411
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Figure 3. DSC/TG traces of INA solvates (heating rate of 10 °C min™"). The onset temperatures are used to describe each process observed in the

DSC traces.

and Sp,, or as type A3 if the linked tetramers are lying
perpendicularly to each other by creating packaging with the
adjacent molecule planes arranged perpendicular to each other,
as observed in S, and also Spgp (in which, however, the
adjacent tetramers are linked by N9—H9B---O10 due to the
different molecular structure of the solvent).

The second motif type B is substantially different, as INA
homodimers are not employed. In both subtypes of B, INA
forms R3(8) heterodimers with the carboxylic acid (see Figure
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4), employing hydrogen bonds N9—H9A:-O11 and O10—H:+
08, and this dimer is linked to another carboxylic acid by a
hydrogen bond O10—H:--N4, resulting in a trimer solvent--
INA:solvent (where “---” represents a hydrogen bond and “:” a
hydrogen bond pair; see Figure 4). In hydrogen-bonding type
B1, adjacent trimers lying in the same plane are linked by N9—
HO9B--O11, as observed in Sygs. In type B2, however, trimers
are hydrogen-bonded by N9—H9B---Oll to two other
perpendicularly aligned trimers, as observed in Syp,, thereby

https://doi.org/10.1021/acs.cgd.3c01411
Cryst. Growth Des. 2024, 24, 2082—2093
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Table 1. Crystallographic Data of INA Solvates Determined in This Study”

Ska Smpa Sopa Saa Stee
CSD identifier 2236716 2236717 2236718 2302845 2237737
formula CHN,0-CH,0,  CHN,0-C;HO,  CHN,0-CHO,  CHN,02C,HO,  CeHN,0-C,H,F,0
Mg mol™! 168.15 196.20 210.23 298.33 222.17
method of structure solution powder powder powder single crystal single crystal
crystal N/A N/A N/A colorless needle colorless needle
crystal system monoclinic triclinic monoclinic triclinic monoclinic
space group P2,/c P1 C2/c P1 P2,/c
a A 3.8177(16) 5.88988 21.806(15) 5.24839(10) 15.2031(9)
b, A 27.480(11) 9.685489 10.505(7) 9.28144(13) 5.3244(12)
o A 7.565(3) 10.19433 11.190(8) 16.3015(3) 11.7225(7)
a, ° 90 112.4861 90 89.7515(12) 90
B ° 95.1158(12) 93.0070 114.2902(17) 89.8978(14) 91.303(6)
7 ° 90 105.726 90 80.7138(14) 90
z,7 4,1 2,1 8 1 2,1 4,1
volume, A® 790.486 509.192 2336.4 783.67(2) 948.7(2)
T, K 298 298 298 150.0(1) 150(2)
radiation Cu K, Cu K, Cu K, Cu K, Cu K,
A A 1.54184 1.54184 1.54184 1.54184 1.54184
R (F* > 20F%) 0.036 0.063
wR(F?) 0.103 0.177
S 1.09 1.09
R,, (R) 0.0514 (0.0349) 0.0627 (0.0422) 0.0579 (0.0395)
GoF 4.2 5.6 4.4 1.1 1.1
dihedral angle 08-C7-C1-C2/° 12.03 5.43 -7.34 4.71 —1.68

“Rietveld fit and structure overlays for the structures determined from PXRD data are depicted in Figures S1—S6.

R3(8) heterodimers

R3(8) homodimers

A - tetramers

/

B - trimers
AT
A
Type A1 ngs—L L
Type B1
O &
,. ®
Type B2
I Solvent

2 Isonicotinamide (INA)

Perpendicular tetramer

(bond with solvent)

™ Perpendicular trimer
(bond with solvent)

Perpendicular trimer

(bond with INA)

Type A3

Figure 4. Schematic representation of the characteristic hydrogen-
bonding motifs in INA solvates.

resulting in similar packing to that observed in the structures
containing the type A3 motif.

The hydrogen bonding in Sgay; is different from that in other
solvates and therefore does not correspond to the described
hydrogen-bonding types. In this structure, two different R3(8)
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homodimers are formed by INA (linked by N9—H9A---O8)
and FAM (linked by N10—H10A--O11), and these homo-
dimers are linked to each other by hydrogen bonds N10—
H10B---N4 and N9—H9B--O11 (see Figure S). This results in
a packing where FAM homodimers connect the layer of the
INA molecules, with the INA molecules from adjacent layers
being 7—n-stacked (distance between centroids, 3.75 A), and
in a perpendicular direction, solvent molecules form structure
channels.

Solvates Containing Tetramers: Type A Solvates. As
described above, type A solvates are divided into three
subtypes based on the bonding and relative arrangement of the
hydrogen-bonded tetramers consisting of INA homodimers
linked to two solvent molecules by two hydrogen bonds O10—
H--N4. In the first subtype (Al), there is no hydrogen
bonding between the tetramers. S p, belonging to type Al
crystallizes in the P1 space group (see Table 1), with one
molecule of each component in the asymmetric unit. The
molecule arrangement and hydrogen bonding in S p, are
illustrated in Figure 6 by showing the isolated PA--INA
dimer---PA fragments. Interestingly, adjacent tetramers in fact
form a weak interaction N9—H9B---O11, with the distance O--
N being 3.15 A. In the crystal packaging, INA and solvent
molecules form channels (see Figure 7).

In the second subtype (A2), each tetramer is linked to two
adjacent tetramers with hydrogen bonds N9—H9B---Oll.
These tetramers are essentially parallel to each other and form
tetramer layers (Figure 6). Sp, and Sy, belonging to type A2
contain one molecule of each component in the asymmetric
unit but crystallize in different space groups (P2,/c and PI,
respectively). Moreover, because of different relative arrange-
ments of INA molecules and acid molecules in the tetramers
(carboxyl groups aligned in the same direction in Sg, and in
opposite directions in S4,), FA- INA dimer---FA fragments are

https://doi.org/10.1021/acs.cgd.3c01411
Cryst. Growth Des. 2024, 24, 2082—-2093
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Figure 6. Hydrogen bonding in type A solvates.

linked by C3(11) chains and form R(26) rings, whereas AA---
INA dimer:--AA fragments by C3(13) chains and form R}(22)
rings. INA molecules in both solvates are 7—7n-stacked (the
distance between INA molecules is 3.82 and 3.92 A,
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Figure 7. Molecular packaging in the crystal structures of type A
solvates.

respectively). INA and solvent molecules in the Sg, crystal
structure form layers, whereas solvent molecules in the Sy,
crystal structure form channels (see Figure 7). In fact, the
molecular arrangement in the parallel layer formed from the
tetramers in S py is very similar to that in S,,. Apparently, the
difference in the solvent size results in differences in the ability
to form hydrogen bonds between the tetramers within a layer
and different arrangements of such layers.

In contrast to the other two subtypes, in the third subtype
(A3) in one of the directions, the adjacent tetramers are
arranged perpendicularly to each other, therefore resulting in
the final structure not consisting from the parallel molecule
layers. In Spgg and S, 34 belonging to type A3, each tetramer is
bonded by N9—H9B:--O10 (in Sgg) or N9—H9B--O11 (in
Smpa) to almost perpendicularly arranged adjacent tetramers
(see Figure 6). Such different packing could be caused by the
BA molecule being larger than the other solvents, whereas TFE
having only one O atom, therefore resulting in the hydroxyl
group being both hydrogen-bond donor and acceptor,
apparently leading to the tetramers not being able to arrange
in an efficient parallel packaging as in the above-described
solvates. Both solvates contain one molecule of each
component in the asymmetric unit but crystallize in different
space groups (P2,/c and C2/c, respectively). INA and solvent
molecules in the Sppg crystal structure form layers, whereas

https://doi.org/10.1021/acs.cgd.3c01411
Cryst. Growth Des. 2024, 24, 2082—2093
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Figure 8. Hydrogen bonding (a) and molecular packaging (b) in the crystal structures of type B solvates.

solvent molecules in the S, crystal structure form channels in distinct layers. Although parallelly arranged trimers are
(see Figure 7). shifted with respect to each other, the amide moieties provide
Solvates Containing Trimer Structures: Type B Solvates. n—n stacking of INA molecules (distance between centroids,

Both disolvates belong to type B solvates, which are further 4.20 and 4.18 A).
divided into two subtypes. In the first subtype (B1), the Crystal Structures of INA Cocrystals with Other Alkyl
solvent---INA:solvent trimer is linked with N9—H9B--O11 Carboxylic Acids. Considering the extensive studies of two
hydrogen bonds to an adjacent trimer related by the symmetry component phases formed by INA and the fact that only a
center (see Figure 8) and forms R§(22) rings, as observed in small number of alkyl carboxylic acids are liquids, we
Sasa which crystallizes in the PI space group (see Table 1) complement the crystallographic analysis with the available
with one INA and two BA molecules in the asymmetric unit. In crystal structures of INA and alkyl carboxylic acid cocrystals. A
the molecular packing in Sgps, INA molecules are situated in a total of 31 different crystal structures formed in 22 nonionized
structure channel (see Figure 8), in contrast to other solvates two-component systems containing INA and different alkyl
in which channels were formed by solvent molecules. As carboxylic acids on some occasions in different stoichiometries
adjacent layers of parallel molecules are shifted with respect to were found in the CSD. In three of these systems (with citric,
each other, INA molecules are not z—zn-stacked (distance oxalic, and adipic acid), there was more than one polymorph
between centroids >5 A). (see Table S2). As two of the found structures (S,, and Syps)
Considering the packing, the second subtype (B2) is similar correspond to solvates and are described above, they are not
to type A3 as the solvent---INA:solvent trimers in one of the analyzed here. INA:alkyl carboxylic acid cocrystals usually
directions are arranged perpendicularly to each other by crystallize in triclinic (52%) or monoclinic (45%) crystal
resulting in a structure not consisting of parallel molecule systems, except for the INA:succinamic acid cocrystal which
layers, as observed in Sgps. This solvate crystallizes in the P1 belongs to the orthorhombic system. Furthermore, the INA
space group, with two INA and four PA molecules in the and alkyl carboxylic acid ratio in these structures is either 1:1
asymmetric unit. In this structure, each trimer forms two N9— (62%) or 2:1 (38%), with the ratio 2:1 observed only for the
H9B---O11 hydrogen bonds with two adjacent almost acids containing multiple carboxyl groups. Although the ratio
perpendicularly arranged trimers (see Figure 8). In the 1:2 as discovered in Sgp, and Sz, is not observed in any of the
structure, solvent molecules and INA molecules are arranged analyzed cocrystals, considering the proportion of INA:car-
2088 https://doi.org/10.1021/acs.cgd.3c01411
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Figure 9. Energy framework diagrams for Coulomb, dispersion, and total energy of INA solvates representing different hydrogen-bonding types. All
images have the same tube size. The frameworks of other solvates are provided in Figure S7.

boxyl group, the ratio 1:2 in fact is rather common. In INA
cocrystals with monochloroacetic acid and malonic acid, there
is a proton disorder similar to that reported for the FA solvate
by Oswald.”’

There is a high possibility that the structure will contain INA
homodimers, as 76% of the analyzed structures contain such a
motif, whereas 21% contain INA heterodimers with alkyl
carboxylic acid, as observed in the crystal structures of both
disolvates. Only one of the structures (INA:pimelic acid 2:1
cocrystal, HOFYOT®") contains a different synthon formed
from hydrogen-bonded INA chains (N9—H9A:--O8), with
pimelic acid hydrogen-bonded to N4 atom.

In contrast, in single-component phases, INA is not very
keen to form structures containing homodimers,”>*° as INA
homodimers are present in only one of the six INA
polymorphs, and formation of this polymorph is not favored
in the crystallization if compared to other INA polymorphs
containing hydrogen-bond chains.”® Therefore, it can be
concluded that INA prefers to crystallize in structures
containing homodimers in the case where a second component
containing additional hydrogen-bond donors is introduced.

In the solvates described above, there is an almost equal
probability to observe solvent layers and channels, whereas in
the analyzed cocrystals, coformer layers are present in only
~1/3 of the structures, whereas in the majority of structures,
the coformers are situated in channels. It can be concluded that
longer alkyl groups increase the possibility of formation of
layers in case the INA and acid are in equimolar stoichiometry,
which can be a result of efficient hydrophobic interactions
between the alkyl groups, whereas the ratio 2:1 mostly leads to
coformer channels. Isolated acid---INA dimer---acid tetramers
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asin S pa (type Al in Figure 4) are also rarely observed among
the cocrystals (present in one of the structures). Most of the
cocrystals, however, contain hydrogen-bonded tetramers linked
by additional hydrogen bonds, ie., type A2 (38% of the
cocrystal structures, similar motif in additional 7%) or A3
(10% of the cocrystal structures) motifs (see Table S2).

Theoretical Calculations. Intermolecular interactions in
INA solvates were characterized by calculating lattice energy
using pairwise intermolecular interaction energies calculated in
CrystalExplorer. The FA solvate has the least negative lattice
energy of all the considered solvates, related to it containing
the smallest of the solvents; see Table S3. Lattice energy of
other carboxylic acid monosolvates S,a, S.ps and S g, is
almost identical (difference below 2 kJ mol™"), meaning that
the increase of the size of alkyl group has almost no effect on
the total interaction energy. Logically, increase of the
solvent:INA stoichiometry from 1:1 to 2:1 lowers the lattice
energy (expressed per mole of INA) by ~80 to 100 kJ mol ™.
In all the solvates of alkyl carboxylic acids, the electrostatic
energy has a higher contribution than the dispersion energy,
with the electrostatic-to-dispersion energy ratio 2—2.3 for
almost all the solvates except for Sgp,, for which it is 1.8.
Overall, the lattice energy of Stgg and Sgay; is similar to that of
the carboxylic acid monosolvates. The contribution of the
electrostatic energy, however, is slightly smaller than that for
the carboxylic acid monosolvates, apparently because of the
different hydrogen bonding present in these structures.

Each solvate structure is characterized by a distinct energy
framework (see Figures 9 and S7), but the same trend as
observed for the hydrogen-bonding motifs can be identified: in
general, the strongest interactions for monosolvates are formed

https://doi.org/10.1021/acs.cgd.3c01411
Cryst. Growth Des. 2024, 24, 2082—2093
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Figure 10. Hirshfeld surfaces and their 2D fingerprint plots with the indicated location of the most characteristic intermolecular interactions for
INA solvates with different hydrogen-bonding types. Hirshfeld surfaces and their fingerprint plot for other solvates are provided in Figure S8.

in solvent---INA dimer---solvent tetramers and for disolvates in
solvent---INA:solvent trimers. In most of the carboxylic acid
solvates in which INA molecules form homodimers, the
interaction with the strongest electrostatic energy is between
the molecules linked by the hydrogen bond O10—H:-"N4 (Sy,,
S.pas Sapa), but the interaction between the INA molecules
forming homodimers is slightly weaker. In contrast, the
opposite is true for Spy and Srpg, where the strongest
interaction is between INA molecules forming homodimers.
In both disolvates, the strongest interaction is between INA
and acid forming the heterodimer. The electrostatic energy
between molecules linking such tetramers or trimers (thus
linked by hydrogen bond N9—H9B---O11 or N9—H9B:--O10
in Srpgp) is almost 2—3 times weaker than that between the
molecules linked by hydrogen bonds forming a tetramer or
trimer. Sgay has a notably different energy framework due to a
completely distinct hydrogen bonding in this structure, with
equally strong electrostatic (Coulomb) energy observed
between molecules forming INA homodimers and FAM
homodimers and the energy between the molecules providing
hydrogen-bond linkage between these dimers being almost 2
times lower. The dispersion energy between any molecule pairs
in all INA solvates is rather weak if compared to the
electrostatic energy, which in a summarized version is
illustrated in Table S3 as a notably lower total dispersion
energy. The main source of dispersion energy in these
structures is the 7—z stacking of INA molecules (in Sgy, Sas
Seany Smpas Sapay and Sypa) or weak —CH---HC— interactions
(in Sppa Stpp), with 7—r stacking in general resulting in 2

2090

162

times more efficient dispersion energy compared to the weak
—CH---HC- interactions.

For each molecule in the asymmetric unit of INA solvates,
we additionally calculated the Hirshfeld surfaces and
constructed their 2D fingerprint plots (see Figures 10 and
S8). Logically, distinct fingerprint plots were obtained for each
different solvent molecule, whereas for INA molecules, the
plots were similar. In all the plots, the peak representing INA
being a hydrogen-bond donor is rather wide and correspond to
several different intermolecular interactions, including the
hydrogen bonds in INA homodimers N9—H9A---O8 or dimers
with carboxylic acid N9—H9A---O11 as well as hydrogen bond
with the solvent N9—H9B--O1l. Moreover, at the larger
distance regions of this peak, also weak hydrogen bonds C2/
C5-H--010/011 (C--O distance 3—4 A) contribute.
Interactions in which INA is a hydrogen-bond acceptor,
however, appear as two very sharp and in some structures fully
overlapping peaks. One of these peaks correspond to the
hydrogen bonds in INA homodimers O8---H9A—N9 or dimers
with carboxylic acid O8:--H—O10 and the second peak to the
hydrogen bond between INA and the solvent O10—H:--N4.
The relative length of these peaks indicates that based on the
similarity of hydrogen-bond geometry the solvates can be
divided in two groups, first consisting of Type A solvates Sg,,
San Stee Smpa, and S.pa and the second of Sgyy and both
Type B solvates. For part of the solvates, 7—7 stacking of INA
or C---C interactions between INA and solvent molecules can
also be observed in the plots. In the plot of S s, there is a
wide wing on the right side formed by C--H interactions
between the INA pyridine ring carbon atoms and BA alkyl
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chains. In Spgp, a strong interaction between INA and the
fluorine atom of TFE CS/6—H-:--F can be observed.

In the Hirshfeld surfaces and their 2D fingerprint plots of
carboxylic acids apart from the interactions with INA
molecules, acid---acid interactions can also be observed. In
the fingerprint plot of FA, a weak hydrogen bond C5—H:--O10
can be observed. An increase in the size of the alkyl group leads
to an increase in CH--HC interactions, appearing as a wide
peak in the middle of the plot. The fingerprint plots of PA and
BA in the monosolvate and disolvate are different. The
fingerprint plots of the solvent in S p, and S, 4 contain a wide
wing on the left side arising from H:--C interactions between
the hydrogen atoms of PA/BA alkyl chains and the carbon
atoms of the INA pyridine ring. Additionally, in S, p,, there is a
sharp and short peak arising from the weak hydrogen bond
C14—H--010 (with a C---O distance of 3.636 A) between the
solvent molecules. Despite a similar interaction also being
observed in the Hirshfeld surface of S, no separate peak
could be detected in the fingerprint plot. For Syp, and Syp,, the
fingerprint plots of solvent molecules forming the INA:acid
dimer are similar, all containing sharp peaks from the
interactions N9—H9A:--O11 and O8--H—010. Additionally,
the weak hydrogen bonds formed between solvent molecules
C13—H--0O11 (with a C---O distance of 3.541 A) in Syp, and
C15—H--010 (with a C--O distance of 3.862 A) in Sz, as
well as the hydrogen bond with the INA molecule C13—H---
08 (with a C---O distance of 4.057 A) in Sy, contribute to
these peaks. The plots of the other solvent molecules are
different, but all contain identical peaks from the weak
hydrogen bond C13/15—H--010/11 between the solvent
molecules. The fingerprint plot of FAM resembles that of INA
but contains four sharp peaks. The two central peaks arise from
the interaction N10—H10A--O11 forming FAM dimers, but
the outer peaks from the hydrogen bonds O11--H10B—N10
and N10—H10B:--N4 formed with INA molecules. Addition-
ally, the interaction N10--C12 from the parallelly stacked
FAM molecules can also be seen. The fingerprint plot of TFE
is notably different from the plots of other solvents (see Figure
S8). It contains a sharp peak corresponding to the hydrogen
bond O10—H:-N4, a wider peak corresponding to the
hydrogen bond O10--H9B—N9, as well as smaller sharp
peaks from weak hydrogen bonds C11—H:--F between solvent
molecules. In the middle of the plot, an area corresponding to
F---F interactions can also be observed.

Bl CONCLUSIONS

Crystal structures of four new INA solvates are reported, and
structures of in total eight solvates are described and
characterized in this study. In all of these solvates, similar
hydrogen-bond patterns can be observed. All the monosolvates
contain INA R2(8) homodimers, whereas disolvates contain
INA:solvent R3(8) heterodimers. Based on the hydrogen-bond
motif present, almost all solvates can be divided in two distinct
types: type A (containing solvent---INA dimer---solvent
tetramer) and type B (solvent:INA dimer--solvent trimer),
except for Spsy containing INA dimers and FAM R3(8)
homodimers. Based on the additional interactions and
packaging, type A solvates are divided in three subtypes:
type Al solvates (S,ps) in which tetramers are isolated, type
A2 solvates (Sy, and Sps) in which hydrogen-bonded
tetramers form layers, and type A3 solvates (Sygg and S,za)
in which hydrogen-bonded tetramers are arranged perpendic-
ular to each other. Also, type B solvates can be divided into
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subtypes: in type B1 solvate (Syp,), hydrogen-bonded trimers
form rings, but B2 solvate (Sgp,) is similar to type A3.
Hydrogen-bonding pattern as in type A is the most common
pattern also among the INA alkyl carboxylic acid cocrystals.
The lattice energies of most of the monosolvates are almost
identical, except for the formic acid and formamide solvates,
whereas those of the disolvates, as expected, are lower. The
similar hydrogen bonding in INA solvates results in high
similarity of their energy frameworks and Hirshfeld surfaces
and their 2D fingerprint plots, with the most notable
differences being observed in the fingerprint plots of solvent
molecules. Extension of the set of analyzed structures by
including also INA cocrystals allowed to conclude that almost
all INA alkyl carboxylic acid solvates and cocrystals crystallize
in structures with highly similar hydrogen-bond patterns,
which in general could allow the prediction of intermolecular
interactions and molecular packaging for new solvates/
cocrystals with structurally similar solvents/coformers.
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